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ABSTRACT

Mechanical strength measurements have been widely performed on pharmaceutical
compacts which often involve only one or two techniques that are not utilised to their
full potential.
Four approaches to the tensile strength measurement of cylindrical compacts were
used (diametral compression, modified diametral compression, three-point flexure and
equi-biaxial fracture stress testing).

A change in the mechanism of failure was

demonstrated following diametral compression which was explained using a crack
propagation model. The mechanical strength for all tests was affected by specimen
geometry changes and explained by considering the loading configuration, imposed
stress state and site at which crack propagation is initiated during testing. The degree
of specimen inhomogeneity and inherent flaws were also considered.

Diametral

compression and three-point flexure testing were least influenced by specimen volume
changes for Avicel PH 102 and Methocel E4M 12mm diameter compacts prepared by
slow compaction. Thin, porous Methocel E4M specimens were unable to support the
compressive load during the former test thereby questioning the validity of using
materials possessing poor compaction properties.
The tests were also applied to bevelled-edge larger diameter Avicel PH I02 specimens
prepared by fast compaction. This demonstrated the time-dependent nature and strain
rate sensitivity o f the material which sometimes dominated specimen volume effects.
With all specimens the equi-biaxial fracture stress and modified diametral compression
tests were particularly sensitive towards volume changes, although the equation for
tensile strength for the latter may require modification. All of the tests appeared to
infer a non-consistent change in the specimen physical structure or volume reduction
characteristics with specimen thickness.
Compression testing on 12mm diameter equi-dimensional compacts illustrated a
complex mechanism of failure. The compressive to tensile (diametral compression)
strength ratio was constant with specimen porosity.

A clear linear relationship

between the natural logarithm of the compressive strength and porosity was shown.
Larger diameter specimens with length/diameter ratios of 0.5 were shown to have
invalid geometries for compression testing.
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specimen cross-sectional area

ANOVA

analysis of variance

b
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intercept
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1.1

Introduction
Although over the last 10 or more years there has been much interest in novel drug

delivery systems, the pharmaceutical compact (more familiarly known as the tablet) still
remains the most popular dosage form for the administration of drugs. It represents about
70% of all ethical pharmaceutical unit dosage systems produced. Between 1982 and 1990,
44% of new chemical entities were formulated as tablet dosage forms and their importance
as a form of administration is reflected by the number of tablet monographs within the
British Pharmacopoeia (277 in the 1993 edition).

The reasons for their continued

popularity become evident on considering their advantages. Tablets enable an accurate
dosage of medicament to be administered simply. This can vary fi-om low levels of potent
drugs (0.1 mg) to large doses such as those that might be required in veterinary medicines
or for large dose active medicaments (2g). As a dosage form, tablets are easy to transport
in bulk and are convenient for the patient to carry thus patient compliance is generally
good. The final product is uniform as regards weight and appearance and provides a
system in which the drug is stable. The unit dose can be manufactured in a variety of
shapes to facilitate coating and packing (to ensure a minimum volume) and in addition can
be coloured for subjective reasons such as the need to make the product distinctive. The
release of the drug from the tablet within the body can also be controlled to meet specific
release and absorption profiles as is the case with controlled and sustained release
hydrophilic matrices. Enteric coated tablets protect acid-labile drugs fi*om the harmful
environment of the stomach, facilitate accurate targeting of the active medicament to the
desired point of uptake and allow the drug to have a pharmacological effect over a period
of hours. Such dosage forms thereby improve patient compliance. Perhaps the most major
advantage of tablets over other dosage forms, fi'om an industrial point of view, is their
manufacture as they can mass produced simply, quickly and economically.
An important part of any manufacturing process is quality control. Tableting is
predominantly a batch process involving many stages where strict tolerances must be
adhered to and the conditions carefully controlled. Thus in-process control is becoming
more popular. Of foremost importance the quantity of drug in each unit should be between
specified limits.

The dose quantity is controlled by weight, although unit doses are

standardised by volume. It is therefore important that the tableting mix has a uniform
distribution of contents. The content uniformity requirement is particularly stringent when
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the dose is low (<5mg). In these cases the ability to form a tablet is governed by the
appropriate selection of excipients that will aid compaction and the uniform distribution of
drug throughout the system. In the case of large unit doses the quantity of carrier must be
limited to allow patient acceptability in terms of dosage size. Excipients such as fillers,
binders, disintegrants and glidants are used in formulation and perform an important
function within the tablet by facilitating the manufacturing process so their use must be
carefully controlled.

Some formulations require pre-processing to improve the

compressibility/compactibility of the formulation and must therefore undergo wet or dry
granulation or slugging whereas others can be tableted directly (direct compression
formulations). Even after tablet manufacture, operations such as tablet coating require
further quality control.
The finished product is then usually subjected to a battery of tests to ensure its
quality and efficacy.

These include such tests as uniformity of weight, friability,

disintegration time, dissolution profile and tablet hardness. Of these tablet ‘hardness’ (and
thus the mechanical properties of the specimen) is perhaps the most important because it
has a direct bearing on all of the other tablet properties with the exception of tablet weight.
The mechanical strength or tensile strength of a tablet however, is a far more useful
measurement than the traditionally reported values of so-called tablet hardness. The latter
is really only a measure of the crushing strength and is not technically a measure of the
hardness which is a surface property involving the resistance of the compact to a solid
producing local permanent deformation (Çelik and Driscoll, 1993).

Tablet hardness

measurements are also not independent of the specimen dimensions. Thus tablet strength is
important because it determines how robust a tablet is and therefore gives an indication of
the degree of particle-particle bonding. The strength of the tablet must be great enough to
resist damage in transit and everyday handling but at the same time it must not be so great
as to prevent optimal disintegration and dissolution.
The physico-mechanical properties of both the drugs and excipients used in tablet
manufacture vary considerably. The process of tableting involves the application of a force
to a bed of powder. Therefore a study of how these materials respond to the different
forces subjected upon them should be fundamental in understanding the compaction
process. Unfortunately in the past the pharmaceutical industry has been concerned almost
solely with the chemical and biological characterisation of drugs and excipients. Even now
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the current trend in the pharmaceutical sciences is with newer drug delivery systems. Only
recently has industry become interested in characterising pharmaceutical materials using a
material sciences approach. Traditionally procedures have usually been aimed at the final
product, and formulations have been designed on an ‘experience’ basis. This has impeded
fundamental research into both material properties and compaction, and means that the
tableting process is still poorly understood.

1.2

Mechanical Properties of Materials

1.2.1

Introduction
A wide variety of literature exists which has examined the mechanical properties, in

particular the mechanical strength, of a wide range of materials. A knowledge of the
physical and mechanical behaviour of materials is very important for a number of reasons. It
determines the basic mechanical properties and characteristics of a material and allows a
database of information to be compiled. This can then be accessed before using materials
and designing new formulations to determine or predict their processing performance in
operations such as compaction. If a material has a significant bearing on the manufacturing
process, the uniformity of the process can be controlled by monitoring certain specified
characteristics.

This in turn leads to a more eflScient use of materials.

Mechanical

measurements are sometimes useful for obtaining information about other material
properties which are not easüy or directly measured. In these cases it is sometimes possible
to use a functional or empirical relation between the observed and the desired property.
Roberts and Rowe (1993) have demonstrated this approach by determining the solubility
parameter (ô), the fi’actional polarity (Xp) and the cohesive energy density (CED or 5^) for
microcrystalline cellulose fi’om Young’s modulus of elasticity and critical stress intensity
factor measurements. Most importantly, mechanical measurements are fundamental in
developing theories which help to understand the mode of deformation and failure
characteristics of a material.
Before considering the mechanical behaviour of materials the terms ‘stress’ and
‘strain’ must be defined. The stress, often denoted as a, is the force applied per unit area of
the test specimen. Strain, denoted as e, is the change in length of the specimen under a
stress or AL/L, where AL is the change in length and L the initial length. Two other
important mechanical properties relating to material stffiiess rather than strength are
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Young’s modulus (E) and Poisson’s ratio (u). Young’s modulus is defined as the ratio of
stress to strain (a/e) in a uniaxial stress system. Poisson’s ratio is defined as (minus) the
ratio of the lateral strain to the longitudinal strain in a simple tensile specimen. The latter is
not easy to determine directly and often a value has to be assumed for it in fracture stress
calculations.

1.2.2

Brittleness and Ductility
Mechanically, materials can be classified as brittle and ductile. Materials which are

brittle tend to fail or fracture very rapidly and sometimes explosively or catastrophically.
This is because these materials are unable to sustain a load or stress whether applied
statically or dynamically once failure has begun. Brittle materials can undergo small elastic
strains or deformations within the structure which are fully recoverable, resulting in no
permanent deformation on removal of the load as long as the elastic limit of the material has
not been exceeded. The material does not distort before failure and once the applied stress
exceeds the elastic limit, it causes fracture and subsequent crack propagation at a
tremendous rate. Fracture generally occurs by means of a clean crack or series of cracks
throughout the material, which represents the total separation of two adjacent layers of
atoms or molecules under a tensile stress with the rest of the material remaining
undisturbed.
Ductile materials on the other hand, do not fail rapidly and the fracture process is
much slower. Upon application of a stress the material behaves elastically in the same
manner as a brittle material until the elastic limit of proportionality is reached. Beyond this
the stress produces plastic deformation of the specimen and thus permanent deformation of
the material occurs on removal of the load. Before the specimen fractures resulting in two
separate pieces there is extensive plastic flow, similar to that of a viscous liquid. This is
caused by the adjacent atoms sliding past each other and means that ductile materials
usually fail eventually by shearing in tension. Some materials {e.g, metals) can be stressed
repeatedly many times before they fail because the bonds reform after sliding over each
other or are even strengthened which is known as cold working.
Perhaps the most logical way to review the measurement of the mechanical
properties of materials is to consider whether they are of a brittle or ductile nature because
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it is this which often governs the design and application of the test procedure. The intended
application of the material also plays an important part in the choice of the test.
Pharmaceutical drugs and excipients provide an interesting and varied range of
materials. Those which are organic {e.g. microcrystalline cellulose, maize starch and spraydried lactose) deform in a predominantly plastic manner during compaction demonstrating
ductile behaviour, whilst those which are inorganic {e.g. calcium carbonate, dicalcium
phosphate dihydrate) deform predominantly by elastic deformation, fi'acture and
fragmentation indicating a brittle nature. Thus pharmaceutical materials do not exhibit
solely one mechanism of deformation but usually a mixture. For this reason the mechanical
testing of pharmaceutical materials will be considered under their own heading of
brittle/ductile materials as it is these measurements with which we are particularly
concerned.

1.2.3

Mechanical Testing of Brittle Materials
Many of the materials which are encountered in the engineering, nuclear and space

sciences and are utilised for constructional purposes are of a predominantly brittle nature
e.g. concrete, ceramics and coal. Mechanical testing of these materials forms an essential
part of their design and quality control because often they are used under tremendous
stresses and at elevated temperatures. Brittle materials however, present much greater
difficulty in their mechanical strength testing and for certain reasons the traditionally
reported direct tensile testing procedures used for metals {i.e. ductile materials) are
inappropriate.

If direct tension testing is applied to these types of specimen various

problems are encountered. Inevitable small misalignments of the specimen through the
grips can cause the introduction of additional stresses (such as a bending component) and
consequently the specimen fails in an invalid manner elsewhere than at the central crosssectional area. The presence of a bending component is acceptable in ductile material tests
{e.g. metals) because they are able to compensate by plastic flow thus ensuring that the
results are not significantly aflfected. Brittle materials however, possess little capacity to
flow and large errors with a serious lowering of the measured strength occur if the loading
of the specimen is non-axial (Eamshaw and Smith, 1966; Rudnick et al, 1963). Thus brittle
materials are much more severely influenced by uncontrolled testing variables than are
ductile materials. The use of a figure-of-eight briquette which is accepted for the testing of
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some materials is of little use for brittle materials like concrete. The maximum stresses at
the central cross-section have been shown to be greater than the average stress, and photo
elastic studies have shown large stress concentrations at the loading grips. Failure often
occurs between the grips and the central section which means that the strength calculations
used do not consider the true stress state within the specimen. Consequently, measured
strengths reported are lower than the true material strength (Mitchell, 1961). Because of
the nature of brittle materials their fracture strength must be assessed statistically. Brittle
materials contain many microscopic defects as a consequence of the material itself and the
structure of the formed specimen compact. These defects include small voids, fractured
particles, boundaries, etc. which can act as stress concentrators initiating and propagating
fracture when a load is applied. The defects are randomly distributed throughout the
material and vary in severity. Thus brittle materials possess an inherent variability in their
strength when examining nominally identical specimens which can even outweigh the
strength variation as a result of small differences in specimen composition and manufacture.
There is therefore a need for a greater number of tests to be performed than is the case for
ductile materials. It is essential that batches of nominally identical specimens are tested
rather than individual specimens so that good average strength values and measures of the
associated ‘spread’ or variability {i.e. the Weibull modulus, m) can be obtained (Stanley,
1985). In fact, because of this variability the Weibull distribution fimction (Weibull, 1951)
has been widely used as a statistical treatment for the analysis of fracture stress variability.
A more appropriate test procedure must therefore be chosen which eliminates these
problems and allows the use of a test specimen of similar design to its intended use.
Whatever the test procedure, it is of paramount importance that the design and specimen
geometry chosen are such that a calculable stress state exists at the point where the
specimen fails thus allowing the fracture stress to be derived from the fracture load. The
geometry of the test specimen should also be as simple as possible to minimise the need for
loading attachments whilst at the same time allowing tests to be performed using the
standard testing machines available (Stanley, 1985). The tests that have been used for the
assessment of the mechanical properties of brittle materials are reviewed below.
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1.2.3.1

Diametral Compression Tests
Within the Civil Engineering field concrete is the most widely used structural

material. Wright (1955) commented that tensile strength is the most fimdamental and
important property of concrete but that a satisfactory tensile test had not been developed.
Traditional direct-pull tests and their associated specimens (Figure 1.1) suffered fi'om the
problems discussed above (Section 1.2.3). The alternative flexural or modulus of rupture
tests (Figure 1.2) used for concrete beams were acceptable in some applications but often
yielded values that were in excess of the true tensile strength. Cameiro and Barcellos
(1953) in Brazil and Akazawa (1953) in Japan independently developed the indirect tensile
test, also known as the Brazilian disc test or Diametral compression test. This new test was
straightforward and used simple cylindrical specimens which meant that the same shaped
specimens could also be used in the assessment of compressive strength on the same testing
machine. Specimens are loaded in compression diametrically through the platens of a test
machine which causes the specimen to fail in tension through a vertical crack from platen to
platen (Figure 1.3). A complete biaxial stress state analysis for the test exists (Timoshenko,
1934; Frocht, 1948) although it is based on a number of assumptions from which concrete
deviates. Concrete is not homogeneous and does not demonstrate Hookean behaviour {i.e.
it is not perfectly elastic) and thus the stress distributions within the specimen may be
affected. The test also assumes a state of plane stress which is valid for thin discs but is not
the case for long cylinders which exhibit plane strain (Wright, 1955). Wijk (1978) has
confirmed this in a theoretical discussion of the exact stress states within rock materials
subjected to the diametral compression test. Using three-dimensional rather than twodimensional elasticity theory because of the deviation from plane stress near to the applied
load, he corrected the analytical solution and showed its significance even in thin disc
specimens. However, the diametral compression test procedure has remained unchanged
and is still widely used in many material tests.
To ensure the correct stress state results in a valid tensile failure and strength
measurement the loading of the specimen needs to be modified by means of packing strips
inserted between the specimen and platens (Peltier, 1954). Wright (1955) examined the
type of packing material and found that soft strips which conformed to the surface
irregularities of the concrete provided the most optimal conditions. Packing strip
dimensions were shown to have little effect on strength determinations although Mitchell
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Figure 1.1 Direct tensile-pull specimens:
(a) Briquette (square cross-section at middle), (b) Bobbin (circular section),
(c) Cylinder or prism with embedded studs.
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Figure 1.2 Schematic representation of the flexural beam test:
(a) Three-point bending configuration, (b) Four-point bending configuration.

33

LOAD

LOAD
Specimen

M.

thickness

LOAD

TT
LOAD

Figure 1.3 Schematic representation of the diametral compression test indicating
the tensile stresses generated.
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(1961) showed that they significantly affected the type of rupture.

It was therefore

suggested that in all future testing the packing plate type and dimensions along with the
mode of failure are reported. Both Wright (1955) and Mitchell (1961) showed that smaller
concrete specimens yielded higher tensile strengths with a greater standard deviation.
The effect of specimen surface condition on the central failure and tensile strength
of the test specimen was also studied by Mitchell (1961). Cracking, crazing and wall
effects had no effect with the diametral compression test and did not cause premature
failure unlike the other tests mentioned previously. Other test variables examined included
moisture effects and testing speed. Wet cylinders fi^actured slowly but cleanly with a
possible lowering of the tensile strength whereas those that were dry, shattered and gave
high tensile strengths. Increasing the speed of testing also gave elevated values for tensile
strength.
Mitchell (1961) demonstrated a new type of failure with Keene’s cement, a cement
which has a very small particle size and thus has a homogeneous nature.

Specimens

exhibited a central tensile failure with an additional gouging out of the cylinders. Mohr
failure envelope theory showed that failure occurred along the lines of maximum shearing
stress and that as the tensile to compressive strength ratio for a material increased the
diametral compression test became less applicable. The test was therefore acceptable for a
ratio of < 1:10 but for Keene’s cement the ratio was 1:5 to 1:6 which meant that failure
occurred at an angle of 45°, the maximum shear plane. The material behaved in a similar
manner for compressive cube tests and compressive strength determinations could not be
made.
Chapman (1968) also reviewed the test and compared it with the previously used
cube crushing strength test. A number of different sized aggregates were examined to
check that they would produce pavement concrete of the required quality. Care in the
alignment of packing strips and the specimen was warranted and surface effects were
shown to be absent (i.e. cylinders could be made in cheap disposable cardboard moulds
rather than the normal steel moulds).
The diametral compression test has been shown to have a further use in determining
the mechanical properties of concrete, steel and cement mortar. Hondros (1959) reported a
technique whereby the diametral compression test could be extended to directly measure
the Young’s modulus (E) and Poisson’s ratio (u), with subsequent calculation of the
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rigidity modulus, using strain gauges attached to the specimen. The technique was simply
performed, required no specialised laboratory equipment and showed reasonable agreement
with the theory.
Davies (1968) presented a modified version of the diametral compression test
which allowed the complete load-deformation characteristics for plain concrete to be
followed beyond its nominal splitting load. By restraining the deformation of the concrete
through loading it via a mild steel beam in parallel the concrete was able to ‘shed’ some of
the load to the steel beam as the load increased. Therefore the specimen did not fail
suddenly in a brittle manner as is the case when the stifi&iess of the specimen and testing
machine are similar, or the testing machine lacks rigidity. By measuring the strain in the
steel beam with increasing load it was possible to calculate the strain in the concrete
specimen.
The ceramics industry has also suffered with similar problems when testing the
tensile strength of their materials. The direct uniaxial tension test was initially replaced by
the beam bending test but this suffers fi'om a non-uniform stress distribution which
accentuates the surface condition effects on measured strength Rudnick et al (1963)
performed a thorough analysis of the diametral compression test to verify its applicability
for ceramic specimens (which are very different materials fi'om concrete with a much larger
elastic moduli and much smaller specimen size). Thorough photo-elastic stress analysis
showed that the success of the test through correct distribution of the load depended on the
mechanical properties of the specimen and loading platens. Padding was shown to ‘iron
out’ surface irregularities thus enabling a uniform applied load to be distributed along the
specimen length. In addition, the padding reduced the magnitude of the compressive and
shear stresses but made the central tensile stress less uniform. Selection of the padding
material type and size was determined on an experimental basis because it was a function of
the mechanical properties of the specimen. Rudnick et al (1963) also commented on and
illustrated the different modes of failure possible with the diametral compression test and
stated the importance of distinguishing a tensile mode of failure fi'om that caused by high
shear and compressive stresses. A mode of failure termed ‘triple cleft failure’ was shown to
be a valid variation of the normal tensile failure although it had been first reported by
Mitchell (1961) who discounted it as failure due to shear stresses. Rudnick et al (1963)
also made two points that are fundamental to evaluations of mechanical strength. It was

36

commented that no mechanical test gives a ‘true tensile strength’ but that a given test gives
a characteristic statistical distribution of strengths for a given material which is determined
by the test stress state condition, the specimen and padding size. Furthermore, it is not
possible to link different tests using a universal constant because the relationship depends
upon the stress distributions in the test, the specimen size and most importantly the nature
of the test material. The diametral compression test was found to be very useful for
ceramics allowing small easily fabricated specimens to be used.
Addinall and Hackett (1964) also studied the effect of platen hardness on the tensile
strength of plaster specimens. Soft padding materials gave high tensile strengths with large
standard deviations because of the increased contact area between platen and specimen. If
the padding was very soft the conditions of plane stress were destroyed, specimens failed in
the plane of the specimen because of the greater lateral constraint on the specimen and the
fracture pattern became less symmetrical. Hard platens (steel alone) gave the lowest tensile
strength but photo-elastic stress analysis showed the best stress distribution resembling the
theory closely. This further reinforces the comments of Mitchell (1961) and Rudnick et al
(1963) that the choice of padding material should be made by experimental determination.
The diametral compression test also found application in the tensile strength testing
of dental plasters and die stones (Eamshaw and Smith, 1966). An examination of the effect
of water/plaster ratios on both tensile and compressive strength gave a valuable insight into
the chemistry of setting of gypsum materials. The tensile to compressive strength ratio was
not always linear when compared with compressive strength which demonstrated that
previously measured compressive strengths alone were not a satisfactory guide to the
strength properties of materials.
More recently the diametral compression test has been employed to investigate
fracture mechanics. Kendall and Gregory (1987) investigated the fracture toughness of
radially edge-cracked Perspex discs.

They compared the three loading techniques of

diametral compression, pin loading and edge-opening. The edge-opening results fitted the
theoretical solution most closely while pin loading proved useful only if the crack was
>70% of the specimen diameter. Diametral compression was not suitable as there were
problems with plastic flow at the loading points and crack propagation was unstable due to
the lateral constraint of the specimen.
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Using Weibull statistics, the fracture load dependence on the angle between the
loading axis and the fibre alignment in silicon carbide fibre-reinforced borosilicate glass
specimens when subjected to diametral compression has been studied (Okada, 1990). Shear
stress was found to have a negligible effect on the fracture of the specimens. Below 30° the
fracture load was found to increase with increasing angle inclination and fracture was
initiated at the loading point and ran along the fibre. Above 30° the fracture load was
constant and fracture occurred in the plane of the disc due to increasing expansion of the
compressive zones when increasing the angle of inclination.

1.2.3.2

Flexural Tests (Beam Bending)
Following the introduction and adoption of the diametral compression test, various

workers performed a comparison of this test with the previously employed tests, namely the
flexural, compressive and direct tensile strength tests.

Berenbaum and Brodie (1959)

conducted a thorough analysis of the direct-pull, diametral compression, three-point bend
and indentation test (involving a cube specimen compressed diametrically between square
indenters). Homogeneous plaster of Paris specimens were used with a view to evaluating
the tests for use in the coal industry. Wright (1955) had previously demonstrated that the
diametral compression test gave tensile strength values higher than those given by a direct
tensile test but lower than the modulus of rupture beams. The diametral compression test
results also showed greater uniformity than previously used tests except when compared
with compressive tests on cube specimens. Berenbaum and Brodie (1959) were concerned
with the undetermined stresses in these tests particularly near to the loading points and
conducted photo-elastic investigations. All the tests were shown to subject the specimen to
large shear stresses near to the points of loading but because of their brittle nature failure
usually occurred in tension first. When the results were normalised with respect to the
direct-pull tests the beam bending tests gave tensile strength values 2.3 times greater while
both the diametral compression and indentation tests values were 0.8 and 0.85 times that of
the direct technique respectively. Although the diametral compression and indentation tests
both relied on a biaxial stress state they were found to give the most reliable results with the
diametral compression test being particularly useful for materials having anisotropic tensile
strength properties {e.g. coal). Problems associated with the direct-pull tests have been
highlighted previously. Although the beam bending test was ideal in that it produced a pure
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State of tension, this had the effect of increasing the sensitivity of the test to the surface
condition. The authors were able to show that the beam specimens possessed a ‘surface
skin’ which increased the tensile strength value significantly. This reduced the usefulness of
this test particularly with specimens prepared in moulds or machine-finished which could
affect the surface properties.
Other workers have reinforced these findings with concrete specimens. Although
Grieb and Werner (1962) found a linear relationship between flexural and diametral
compression test strengths, they commented that the flexural test unlike the diametral
compression test suffered fi'om a lowering of the strength caused by the effects of moisture
which was attributed to a surface effect. Raphael (1984) reviewed test data for direct
tension, diametral compression and flexural tests and found that strengths measured using
direct-pull tests were lower because drying of the specimens caused the appearance of
surface cracks which were vulnerable to the applied stresses. Diametral compression test
specimens were not affected by these problems because of the compressive load applied
which tended to close the cracks and thus resulted in more accurate values for the concrete
strength. Tensile strengths derived fi'om bending tests were higher which was attributed to
the fact that the modulus of rupture (MOR) is based on elastic theory. Concrete is not
completely elastic to the point of failure and so a corrected theoretical equation for tensile
strength was derived using a factor dependent upon specimen shape and mode of failure
which for rectangular beams was % of the MOR.

1.2.3.3

Ring-tensile Tests
Malhotra and Zoldners (1974) reported a technique for measuring the tensile

strength of concrete which was shown to have a high correlation with compressive strength
tests in addition to the tests described above. The test used a hollow cylindrical specimen
and applied a uniform maximum tensile stress radially across the entire internal periphery of
the ring by means of an internal hydrostatic pressure. Other advantages of the test were the
avoidance of misalignments and because of the uniformity of the stress (unlike diametral
compression or flexural tests) failure would occur by the weakest link theory resulting in a
true tensile strength. However, the test involved a number of assumptions, namely that the
specimen was an ideal elastic material and that there were no compressive stresses
generated internally (i.e. that the test did not produce a biaxial stress state). The test was
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also likely to be influenced by surface condition and moisture efiects and so was not
deemed to be of any more use than existing tests.

1.2.3.4

Equi-biaxial Tensile Fracture Stress Tests
Another particularly useful test for measuring tensile strength involves the

transverse loading or biaxial bending of a disc specimen.

Specimens are uniformly

supported on a circular ring and are either loaded by a point load (ball) or second
concentric ring. This test has become widely used for the testing of ceramics and has in
some ways replaced the uniaxial three or four-point beam bending tests because the test is
simpler to perform, specimen manufacture is easier and the failure is independent of the
edge condition (Rabie, 1981).
Stanley and Sivill (1978) examined the biaxial fi'acture strength of reaction-bonded
silicon nitride using the ring-loaded, ring-supported test (RL-RS), the ball-loaded ringsupported test (BL-RS), the four-ball disc test and the four-point beam bending test.
Frictional effects were shown to be important in the beam tests although with the RL-RS
test they were not entirely clear. Of the three disc tests the RL-RS test gave unit strength
values which were similar to the beam bending results, whereas the BL-RS and four-ball
disc test results were very similar but were significantly different fi'om those of the beam
test. These differences were attributed to possible errors arising in the computed numerical
stress values because of the small area and volume of the specimen over which the stresses
act. Thus the RL-RS test is preferred because of the larger volume and area of the
specimen subjected to the maximum stress.

Rabie (1981) in tests on plaster discs

commented on the possibility of the equi-biaxial stress state being changed or reduced if
fiictional effects between the loading ring contacts and specimen became too great. Roundedges were deemed more appropriate than knife-edges.
As with the other mechanical strength tests described above the tensile fi'acture
stress derived fi'om this test is not strictly equivalent to that obtained fi'om beam bending or
diametral compression tests because of the different stress states imposed upon the
specimen. The value calculated in this test is derived fi'om an equi-biaxial stress state and is
known as the equi-biaxial fi'acture stress (Stanley, 1985). The test method and rig are
described in Chapter 2, Section 2.3.3.4 and a simplified theory can be found in Stanley
(1985).
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1.2.3.5

Shear Strength Tests
The shear strength of a material is another very important material property to

consider. If a material is to be exploited to its fijll potential then its mechanical behaviour in
all planes should be considered. Indeed most materials are subjected to a mixture of forces
either during their manufacture or application including shear stresses. Conventional shear
strength testing involves the use of a hollow or solid cylindrical bar which is subjected to a
torque loading (Figure 1.4).

Although this form of testing is used for some brittle

specimens it can present difficulties with specimen design thus its use is limited and
alternatives have been devised.
Aoki and Sato (1976) studied the mechanical fracture behaviour of hollow and
solid blackboard chalk cylinders under hydrostatic pressure when subjected to a torque
loading, in order to gain a better understanding of the behaviour of the material when
formed by hydrostatic extrusion. By raising the pressure above a critical value they showed
distinct difierences in the deformation and fracture characteristics of specimens and were
able to determine the point of initiation of crack propagation and its subsequent helical
propagation with increase in twist angle.
Taylor et al (1967) on reporting the mechanical properties of reactor graphite
examined the influence of fast neutron irradiation on the shear strength and found it to
cause an increase. They used a double shear apparatus comprising of an interlocking T and
U piece (Figure 1.5), where the test piece was sheared by applying a direct tensile-puU
perpendicular to the axis of the specimen. Unfortunately the test configuration was not
discussed and it is doubtful whether an accurate measure of the shear strength is in fact
obtained particularly as it is possible for misalignment and subsequent bending effects to be
introduced adding a tensile component to the test.
Within the forestry industry the measuring of the internal bond strength of
particleboard (the tensile strength perpendicular to the plane of the board) is an important
quality control tool. In addition, it reveals the quality of the glue bond and hence allows
estimates of related properties. The standard test involves the lamination of specimens
between steel or hardwood blocks to facilitate the application of a direct tensile-pull.
Suchsland (1977) devised an alternative test which still retains the advantages of the
original test, namely that failure occurs in the weakest plane and that both thick and thin
specimens can be tested. The test which showed good correlation with the standard test.
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Figure 1.4 Schematic representation of a shear strength test through the loading of a
cylindrical bar.

Specimen

LOAD

LOAD

Figure 1.5 Schematic representation of the double shear test (Taylor et al, 1967).
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was less time-consuming and was simpler to perform and is known as the compression
shear test. The centre plane of the particleboard was oriented at 45° to the direction of an
applied compressive force by means of a simple cutting and laminating operation (Figure
1.6). Thus planes parallel to the centre plane of the specimen became planes of maximum
shear stress. The test showed less variability because there were no stresses generated at
the glue-lines between the platens and specimen as is the case with the standard test.
To obtain the ultimate shear strength of a material the loading configuration should
produce a uniform pure shear stress state in the section of the specimen under test
throughout the elastic and plastic ranges until failure at the section occurs (losipescu,
1967).

Such conditions are reported to be met when a symmetrically notched beam

specimen is loaded in a special way (Figure 1.7). The introduction of two symmetrical 90°
notches creates isostatic lines which cross the section at 45° and hence indicate a state of
pure shear. The notches also ensure that failure occurs at this section and by varying the
depth of the notches the stress distribution across the section can be made uniform
(losipescu, 1967). Rabie (1981) discussed the principles of the test and verified the stresses
generated using photo-elastic analysis with Araldite test specimens. He then designed a test
rig (Figure 1.8) for measuring the shear strength of plaster beam specimens through the
application of a compressive load. Balance weights were used to ensure that the dead
weight of the fixture passed through the roots of the notches and hence the central section
of the specimen experienced a zero bending moment. A notch depth equal to one quarter
that of the beam depth was found to produce the optimum shear stress distribution. When
the shear strength values obtained were compared with modulus of rupture strengths the
former were found to be lower. However, because of the different volumes of material
subjected to the applied stresses and the differing nature of these stresses this was easily
explained (Rudnick

a/, 1963; Stanley, 1985).

Since the adoption of the losipescu in-plane shear test its use has been widely
accepted, particularly for very brittle materials because of the advantages over the torsion
test.

Walrath and Adams (1984) verified the applicability of the test for composite

materials. Through a modification of the test rig they gained several improvements and
were able to measure the shear strain of the test specimens. Seerat-un-Nabi et al (1990)
used this test to study the shear properties of SiC-fibre-reinforced Pyrex matrix composites.
By mounting two torque strain gauges at ±45° to the specimen axis between the notches
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Figure 1.6 Schematic representation of the compression shear test (Suchsland, 1977)
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Figure 1.7 Schematic representation of an losipescu (1967) shear test specimen with
90° symmetrically introduced notches. Pi and ? 2 represent the applied
compressive loads and Si and S: the isostatic lines which cross the
notched section at 45° indicating a state of pure shear.
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Figure 1.8 Schematic representation of a fixture used to test the shear strength of
plaster beam specimens through the application of a compressive load
Rabie (1981).
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they were able to measure the shear moduli of the materials in addition to the shear
strength. Two types of composite weave pattern were investigated to measure the in-plane
and interlaminar shear properties. For both matrices the shear moduli were found to be
identical whereas in the case of the shear strength both composites exhibited two values.
The lower stress was linked to the onset of matrix and interface cracking in and around the
notch areas, whereas the higher value represented the ultimate shear strength where a
critical damage level had been reached above which all flexural rigidity was lost. This latter
value was found to be equivalent to short-beam shear strength measurements made using a
three-point bend. Thus the losipescu method provides useful details about the fi'acture
mechanisms of composite materials in addition to accurate values of shear strength.

1.2.3.6

Compression Tests
Brittle materials such as concrete are generally stronger in compression than tension

and thus they are used in the construction and engineering industries for their high
compressive strength. Therefore a knowledge of their deformation and failure
characteristics under compressive stresses is of paramount importance. Unfortunately, the
compressive testing of materials is a very complex procedure and most test procedures do
not subject the test specimen to a purely uniform compressive stress. There has therefore
been substantial detailed research of compression testing techniques predominantly within
the concrete testing field with a view to the adoption of a standard test.
Traditional uniaxial compression tests involve the use of prismatic or cylindrical
specimens which are placed between the platens of a standard testing machine and
compressed axially. Hawkes and Mellor (1970) questioned the validity of indirect strength
tests such as the diametral compression test or beam bending test because the stress fields
generated depend on the material properties. Furthermore, linear elasticity with equal
moduli in both tension and compression are assumed which is known to be invalid for many
specimens. With direct tests the stress field of isotropic materials is determined directly by
the applied loading and boundary conditions irrespective of the material properties. They
concluded these tests to be of more significance and convenience as the principal stress is
varied whilst the other two are held constant. Both the uniaxial compression and tensile
tests are such examples and are special cases of the triaxial test.

They presented an

extensive review of the factors to be considered when performing uniaxial tests in rock
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mechanics laboratories including the physical and mechanical properties of the material,
porosity-strength relationships, sample history and thermal and moisture eflfects.

The

fracture mechanism and deformation behaviour of specimens subjected to uniaxial
compression testing was considered. In many cases specimens fail in shear forming double
cones and wedges at the ends of the specimen. This is due to inappropriate boundary
conditions at the specimen-platen interface.

Displacement boundary conditions are

preferred where rigid non-rotating platens are used to ensure that the specimen is
constrained, deforms symmetrically and therefore experiences a uniform loading. Frictional
effects at the platen, rough specimen surfaces and lateral deformation of the platen can all
induce shear and tensile stresses in the specimen which cause it to fail by axial cleavage.
Soft packing materials at the platens can be extruded which induces similar stresses and
leads to elevated determinations of strength. The drive system and crosshead of the test
machine should be checked for flaws as this can lead to non-uniform loading during tests.
In addition, the machine should be ‘stiff so that there is no abrupt uncontrolled release of
the elastic strain energy stored in the machine which can cause violent platen acceleration
and subsequent explosive specimen destruction. In all tests the loading rate should be
reported. The shape and dimensions of the specimen are also very important and it is
thought that cylindrical specimens are better than prisms because they lack the sharp
comers which can produce complex stress fields. If the length to diameter ratio (L/D) is
less than or equal to unity the end restraint effects can occur throughout the specimen
producing barrel-shaped specimens.

With specimens of L/D >4 problems with load

misalignment can easily occur. Specimens of L/D 2.5 have been shown to be the most ideal
as the mid-portion usually experiences a uniform stress distribution and lateral deformation.
Hawkes and Mellor (1970) also recommended that the platen diameter should be 25%
larger than that of the test specimen.
Newman and Lachance (1974) performed a detailed study of the uniaxial
compression test for brittle materials after commenting on the validity of the standard test.
They stated that for the compressive strength test results to be used to examine the
fundamental properties of concrete, independent of the testing method, one of three
conditions would have to be satisfied. Either the fiictional restraint would have to be
known, or alternatively eliminated, or the test method must produce a critical zone of
uniaxial compression. Detailed experiments examining testing machine effects, specimen
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end conditions, packing material types and dimensions and specimen size and dimensions
for concrete cylinders and prisms were performed whilst monitoring both longitudinal and
lateral deformation of the platens and specimen using extensometers and strain gauges.
Their findings with respect to the testing machine and specimens were very similar to those
reported by Hawkes and Mellor (1970). They recommended that a uniform critical zone
for measurements in the elastic range and up to failure could be achieved in the middle third
of the specimen by always using a test specimen with a L/D ratio of not less than 2.5 and by
loading it through rigid steel platens having the same cross-section as the test specimen.
Alternatively fiictional end-eflfects could be eliminated through the loading of the specimen
by intermediary specimens of the same material having the same cross-section and a
thickness equal to its width or diameter.

By adopting these new procedures a truer

evaluation of the compressive strength for a material could be obtained where failure
occurred under the action of a uniform compressive stress.
Yoda et al (1987) developed a method for crushing cylindrical brittle specimens
using the triaxial stress apparatus. Specimens were first subjected to a uniaxial compressive
stress by means of a piston with a lateral pressure then applied to an equivalent stress using
pressure oil. This was repeated in stages until the desired maximum pressure was attained.
On relieving the lateral confining pressure the specimen was subjected to a very high
uniaxial compressive stress and was crushed. The authors showed that multiple fi-actures
occurred where the size of the fi^agments was smaller, the greater the applied stress and the
smaller the L/D ratio. Fracture was shown to occur by shear failure (single or double coneshaped fi’acture) and subsequent longitudinal splitting leading to the formation of a tapering
triangular section around the circumference of the specimen. A model was proposed which
showed that this fi’acture was created through an internal pressure acting circumferentially
in a tensile manner. In conclusion it was shown that the fi*agment size was dependent on
the ratio of this internal stress to the tensile strength of the specimen determined by
applying an internal oil pressure to a hollow cylindrical specimen. The fi’agment size was
found to be independent of the ratio of the unconfined compressive strength to the tensile
strength for the specimen as was initially thought.
Taylor et al (1967) used a triaxial compression test of very similar design to
examine the effect of fast neutron irradiation on the mechanical properties of reactor
graphite. The axial compressive strength was shown to increase with increasing hydrostatic

48

pressure and irradiation dose and a similar effect was seen in uniaxial compression tests on
cylindrical specimens. The increase in strength of the graphite with irradiation dose was
shown to be due to a decrease in plastic flow (through the pinning of glissile dislocations)
and a reduction in microporosity into which deformation could take place (through a
change in crystal dimensions).
Although triaxial compressive tests present the test specimen with a much more
uniform applied stress they do suffer fi’om the fact that they are much more timeconsuming, are of greater expense, require more expertise and in some cases are limited to
the laboratory (i.e. they cannot be used in field testing).
Adams and Sines (1976) examined the compressive strength of commercial highdensity alumina ceramic under a number of biaxial compressive stress states. Problems
encountered when using traditional uniaxial tests included the inability of test specimens to
relieve high localised stresses by plastic flow (leading to failure and fi'acture at stresses
considerably lower than the actual strength), lack of a uniform stress state at failure and
extremely high stresses needed to break materials such as alumina which could cause
destruction of the test machine. As an alternative hollow cylindrical specimens were used
with the ends closed by means of a compliance tube and end-cap. Pressure was applied by
a fluid ensuring specimens were subjected to a uniform stress and avoiding the problems of
mechanical rams. Specimens were very carefully made and tests accurately performed so
that only a few tests were required unlike the traditional approach of using a population of
specimens and determining the statistical average. By devising different specimen and test
geometries and configurations the principal stress in the circumferential direction was kept
at a maximum of 1 while the axial stress was varied fi'om 0.01 to 1. The compressive
strengths measured were all very similar and were only slightly affected by varying the axial
stress. When comparing a uniaxial compressive strength measured by other workers with a
1:0.01 biaxial stress state the value was approximately half. This was attributed to the fact
that imperfect techniques in uniaxial tests create inadvertent tensile stresses where there is
no transverse compression to cancel these out and therefore failure occurs in the tensioncompression stress state. In the biaxial test failure occurs in the compression-compression
stress state and yields a much more realistic material strength. The authors concluded that
if the axial stress in biaxial states is shown to have little or no effect then a 1:0.5 state could
be used as a standard.
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Many workers have used the compression test to examine other mechanical
properties of materials. Baidar et al (1989) commented on the standard compression test
using cylindrical specimens to determine the Young’s modulus (E) and Poisson’s ratio (u)
of concrete. Using finite element analysis they were able to show that accurate values of E
and o could be obtained using strain gauges mounted at the surface of the specimen as is
currently used in standard tests and that measurements did not have to be made in the axis
of the specimen. Finite element analysis even demonstrated the achievement of a uniform
stress near to the ends of the specimen. The boundary conditions had surprisingly little
eflfect on the stress uniformity and the current length-to-diameter (L/D) ratio of 1.5 used in
standard tests was acceptable. They demonstrated that a L/D ratio of 1.25 was even
acceptable contradicting the findings of Newman and Lachance (1974).
Brock (1962) commented on the validity of traditional prism compression
procedures for measuring complete stress/strain curves for concrete.

Concrete was

assumed to be brittle because it exhibited only small strains (0.2%) and demonstrated
almost perfect elasticity with a sudden destruction of the specimen. This was shown to be
due to a lack of rigidity in the testing machine and the fact that all conventional testing
machines are load-controlled and not strain-controlled. Using a steel portal fi"ame to load
the concrete prisms Brock (1962) was able to convert the control of load to control of
strain resulting in strains of up to 1% with no specimen disintegration and an extension of
the stress/strain curve demonstrating some plasticity. Brock (1962) also recommended that
to measure an accurate crushing strength for concrete a L/D ratio of at least 2 was used and
that if end restraint effects were eliminated specimens of different L/D ratios would all show
the same strength.
Many concrete researchers have proposed empirical relationships for predicting the
splitting tensile strength of concrete fi’om uniaxial compressive strength measurements. In
fact the American Concrete Institute has adopted the relation where the tensile strength is
proportional to the 0.5 power of the cylinder compressive strength as a standard. Other
workers have found this value to be incorrect and other powers proposed range fi’om 0.55
to 0.79.

Oluokun (1991) examined collectively all of the proposed relationships and

developed a new relation involving the power 0.69 fi'om a review of all concrete test data
presented over the last 40 years. Regression analysis was used to derive the expression
which coincidentally was equal to the average of all of the proposed relationships
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previously presented. The new expression was found suitable for use with concretes made
under many conditions with a wide range of compressive strengths. The error associated
with the expression was approximately 7.5% with an overestimation of 40%.

The

derivation of an expression to correlate the different strengths of materials under different
stresses does seem surprising in view of the comments by Rudnick et al (1963) and Stanley
(1985).
From the above discussion it is patently obvious that compression testing is of a far
more complex nature than that of tensile testing. Even with the vast amount of detailed
research performed there still remains a considerable amount of disagreement between
workers with the lack of an agreement as to the most ideal conditions for a standard
compression test procedure. This view has also been the subject of a detailed review of
uniaxial compression test literature by Darvell (1990).

The validity of the term

‘compressive strength’ was questioned as the specimens tested are not open networks or
crystalline structures but are continuous in nature and thus are not reduced to powder
following an explosive failure. The author therefore suggested the term ‘bearing capacity’
as an alternative rather than compressive/crushing strength. The confusion concerning the
specimen L/D ratio was noted in addition to the fact that in almost every case failure occurs
as a result of unresolved shear and tensile stresses along with both lateral and plastic
deformation. As a consequence Darvell (1990) suggested that the ratio of shear strength to
tensile strength was a much more fundamental relationship than the compressive to tensile
strength ratio, especially as both shear and tensile failure processes are precisely defined.
Unfortunately little research seems to have been conducted in this area which has been
shown to be an important failure mode criterion. Many tests have reported a variety of
details of specimen collapse but in no case has the calculation of the failure stress taken into
account the mode of failure. The author concluded that despite the ease of compressive
tests the results were poorly understood and incorrectly interpreted destroying the
mechanical meaning of compressive strength.
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1.2.4

Mechanical Testing of Ductile Materials
Ductile materials are easily tested in tension using direct-puU tensile specimens as

discussed briefly above. Pharmaceutical materials are powders which when compacted are
usually of a fragile, brittle or semi-brittle nature and are commonly weaker in tension. For
this reason we are principally concerned with the mechanical testing approaches used with
brittle materials (Section 1.2.3) because it is these tests which have been adopted by the
pharmaceutical sciences for application to pharmaceutical materials.

However, a test

originally designed for the shear strength testing of metals is of particular interest as it has
been applied to the testing of brittle plaster specimens (Section 1.2.3.5).
losipescu (1967) stated that pure shear loading should determine the ultimate
strength of a material by producing only shear stresses in the test section without any
normal stresses. He reviewed existing shear test procedures by performing a thorough
analysis of them using photo-elastic stress state analysis in conjunction with a theoretical
consideration of the strength of materials and elasticity theory. The invalidity of all the
procedures including the torsion test for both solid and hollow cylinders and tests used to
assess the shear strength of concrete was demonstrated. The majority of tests did not
produce uniform shear stresses in the test section and introduced normal stresses or stress
concentrations at sharp angles in test specimens. Torsion tests on solid cylinders suffered
from non-uniform stress distributions on entering the elasto-plastic range with failure
initiated at the exterior proceeding in an undetermined way.
Using specimens as shown previously in Figure 1.7 and photo-elastic stress
analysis, losipescu (1967) devised a new test where failure occurred in the test section
under pure maximum shear stresses alone. A notch depth equal to one quarter of the beam
depth was shown to produce the most uniform shear stress between the notch roots
without introducing undesired stress concentrations. Lateral notches of 90° and 120° were
also introduced to aid failure of the specimen at the desired cross-section and were shown
not to affect measured strength values. Testing rigs of similar design to that in Figure 1.8
were constructed and used to measure shear strengths of metal railway sleepers and welds.
Small and large rigs were made for different sized specimens which could be tested by the
application of a compressive or tensile load using a conventional testing machine. The
author also used the test to measure the shear strength of brittle materials such as coal,
concrete, wood, mortar and rock. Following the wide acceptance of this test it seems
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feasible that the test could be applied to measure the shear strength of compacted
pharmaceutical powder beams providing further valuable information concerning their
mechanical properties.

1.2.5

Mechanical Testing of Pharmaceutical Materials
A review of the pharmaceutical literature from the last 30-35 years reveals a

substantial amount of research concerning the physical characterisation of pharmaceutical
materials. However, only recently has research attempted to gain a better understanding of
the relationship between ftindamental particle properties and tablet compressibility, with the
aim of making further improvements in excipients to increase their broad-spectrum
functionality and reduce process sensitivity (Staniforth, 1993). Such data gained through
good material property measurements aids an understanding of the mechanical behaviour of
materials when subjected to the complex force systems of tableting.

Furthermore, it

enables an understanding of the ftindamental compaction process. The small size of the
particles makes the direct application of a stress difficult, thus compacted powder
specimens are used with the assumption that they have similar mechanical properties.
However, because of the heterogeneous nature of tablets the measured strength depends on
the test procedure and represents a specimen measurement. The techniques which have
been utilised for assessing the mechanical properties of materials are discussed below.

1.2.5.1

Diametral Compression Tests
As part of an assessment of the compaction properties of two types of lactose Fell

and Newton (1968) adopted the diametral compression test devised by Cameiro and
Barcellos (1953) to measure the tensile strength of tablets prepared and tested using an
Instron Physical Testing Machine.

They were the first workers to apply the test to

pharmaceutical materials and commented on its superiority over the crushing strength test
which merely gave a tablet breaking force. The diametral compression test measured the
tensile strength and thus gave an indication of the tablet bonding strength and was
independent of specimen dimensions. A linear relation between compaction pressure and
tensile strength was demonstrated for all specimens and the results were able to illustrate
that both the form of lactose and its particle size affected the compact strength. Thus the
test proved useful for examining the different tableting characteristics of materials.
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Computer analysis was used to investigate the effect of tablet thickness on tensile
strength (Newton et al, 1971). If tablet breaking load was plotted against compaction
pressure separate regression lines were obtained for each thickness whereas the use of
tensile strength provided a common regression line. This demonstrated that the diametral
compression test measures the strength of the ‘as compacted’ material. However, the
thinnest tablets did not fall into the common regression line which was thought to be due to
voidage differences, larger fiictional and shear stresses due to the high surface area to
volume ratio, and maldistribution of the powder during die filling because of the small
volume of material. The importance of compacting tablets of different thicknesses to the
same tensile strength rather than crushing strength was shown if tablets of nearly identical
properties are to be obtained. The anomalous result for the thinnest tablets was explained
in later work (Newton and Rowley, 1972) by considering the duration of the applied force
on the single punch press. Thicker specimens (with a larger volume of material) were not
compacted to the same extent and it was shown that force-time curves were necessary to
provide a common regression line. Even the area under the curve or work done making the
tablet were insufficient as they did not consider the time-factor involved.
In a further communication Fell and Newton (1970a) used the diametral
compression test to predict the tensile strength of mixed component tablets prepared using
three types of lactose of equivalent particle size fi’action. From measurements made on
single component tablets it was possible to predict with reasonable accuracy the strength of
two or three-component tablets. However, in later studies (Fell and Newton, 1971a; Fell et
al, 1977) using mixed component tablets where the individual material’s volume reduction
and consolidation mechanisms were different, the tensile strength could not be predicted
fi-om the tablet composition. Tablet strengths were governed by three possible types of
particle bonding and the mixtures were likened to composite materials with the interception
of crack propagation (Gordon, 1976).
A detailed discussion of the stress state theory along with the considerations
necessary to ensure a valid test procedure was given by Fell and Newton (1970b). Using
different forms of lactose, tablets were prepared over a range of compaction pressures. The
different types of mode of failure were illustrated and the effect of padding materials
examined.

Three sheets of 0.03cm thick blotting paper were found to convert

compressive/shear failures obtained at high compaction pressures to valid tensile failures.
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When specimens failed with a valid tensile failure the variance was low and was unaffected
by the presence of padding. However, the use of padding gave higher tensile strengths than
when padding was absent resulting in two different strength values for the same material.
This reinforced the comment of Rudnick et al (1963) that a true material strength cannot be
measured but that the value obtained is ‘true’ only for the conditions under which the test is
performed. Thus a comparison of the tensile strengths of materials must be performed
under the same conditions. The authors concluded that for weak, soft tablets padding was
unnecessary because the correct stress state was achieved but that for very hard, strong
tablets padding would be required.
Rees et al (1970) examined the variability in reported strengths for the diametral
compression test and investigated whether this was operator dependent or varied due to the
use of different testing machines. They found that for the different testers examined there
was variation in the rates of loading which caused discrepancies in strength determinations.
In general, the higher the rate of loading the larger the calculated tensile strength.
The problem of the variability in the strength of powder compacts has been studied
by Newton and Stanley (1974). As mentioned in Section 1.2.3 brittle materials show an
inherently variable scatter in their nominally identical strengths due to the presence of
random flaws.

The authors found that the Weibull distribution function (a statistical

mathematical model), along with the mean fracture stress, could be used to completely
characterise the strength properties of the specimens.

However, when assessing the

variability of tablets produced on commercial tablet presses the variation in the machine
operation makes the determination less accurate. Kennerley et al (1979; 1982) studied this
problem and provided a modified Weibull function to account for this.
The effect of specimen dimensions on strength variability has also been considered
(Stanley and Newton, 1977; Kennerley et al, 1977). The Weibull modulus, a material
property, was found to be independent of specimen dimensions unlike the mean fracture
stress which represents a property of the specimen. This could be explained in terms of the
differing physical structure of the compacts {i.e. the larger the specimen, the less
homogenous it is) and the stif&iess of the testing machine when producing compacts.
The adoption of the diametral compression test for testing tablets was reviewed by
Ridgway (1970). Traditionally used testing devices have measured hardness and crushing
strength (although the use of these terms is technically incorrect) and in many cases the
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loading and stress distributions were not completely defined.

The new diametral

compression test had less variance and was not affected by surface conditions or inherent
effects as is the case for bending tests. The author commented that the test would be of
particular value if it was used to follow fi-acture events and could be modified for use with
the commercially produced convex tablets. The latter of these was first examined by
Newton et al (1972) who derived an empirical solution for the apparent tensile strength of
deep concave tablets in the absence of stress analysis. Convex tablets failed in the usual
manner when subjected to diametral compression testing. By assuming that these tablets
had the same tensile strength as flat-faced tablets made at the same pressure (with a linear
relation between tensile strength and applied pressure) a strength could be calculated.
Further investigations were performed on doubly-convex cylindrical gypsum discs with
constant diameters and varying cylinder lengths and face curvature (Pitt, et at, 1988).
Fracture loads were correlated with stress data obtained fi’om previous photo-elastic
analysis. However, because of the small number of dimensions examined the stress factors
proved of limited use.

An empirical equation was therefore derived based upon a

comparative factor relating the fi'acture load for a plane-faced and convex disc which was
valid for all brittle materials and related the tensile strength to the fi'acture load and
dimensions of the disc. In a further experiment this equation was used to assess the effect
of specimen dimensions upon the tensile strength of aspirin tablets (Pitt et al, 1989). The
central cylindrical section of the specimen was shown to have the greatest effect on tensile
strength and only at thin cylinder dimensions did the effect of face curvature become
important. The face curvature used in industrial tableting was found to provide the most
optimum tensile strength.
The diametral compression test has also been used to assess additional material
characteristics. Butcher et al (1974) studied the tensile failure planes of powder compacts
after diametral compression and used scanning electron microscopy to give an indication of
particle bonding. Particle size effects on tensile strength and the deformation properties of
particles were also investigated giving an insight into the consolidation mechanisms of
pharmaceutical materials.
The deformation behaviour of materials was further examined by Rees and Rue
(1977) and Rees et al (1977). They used the diametral compression test to measure the
work of failure of tablets thus including an indication of the deformation and consolidation
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properties of the material by including the diametral deformation. In further work this test
along with the non-recoverable deformation (NRD) was used to assess the elastic and
visco-elastic (or plastic) properties of tablets. NRD was measured by loading specimens to
75% of their breaking load whilst measuring the deformation with a displacement
transducer.

The rate of testing was also investigated and the tests proved useful in

assessing the compaction behaviour of materials and the effect of variables such as
compaction rate.
The effect of the strain rate during diametral compression on the mechanical
strength of tablets was also considered by Newton et al (1986). Aspirin and ammonium
sulphate tablets were formed at different compaction pressures and then subjected to
diametral compression testing at differing strain rates. For both materials increasing the
strain rate caused a lowering of the tensile strength. In contrast, Pitt et al (1990) examined
the influence of the rate of compaction on the tensile strength of convex-faced aspirin
tablets where the rate of diametral compression was maintained constant. Tablets formed
at high compaction rates were significantly weaker than those formed at lower compaction
rates. Thus such tests demonstrate the importance of considering the method of formation
and testing when attempting to characterise the mechanical properties of materials. Brittle
materials are more susceptible to strain rate changes and thus such tests are of potential use
in characterising material compaction properties.
The diametral compression test has also been used to measure the critical stress
intensity factor (Kic) of radially edge-cracked tablets, a measure of a materials resistance to
crack propagation thereby giving an indication of the degree of brittleness (Roberts and
Rowe, 1989 as described previously by Kendall and Gregory, 1987). The Kic can be
measured in beam bending tests (see Section 1.2.5.2) but the diametral compression
specimens are simpler to prepare and are the same shape as a tablet. However, the edgeopening technique was preferred since crack propagation was stable and the effects of
crack length were minimal. The diametral compression technique was limited to certain
crack lengths because of unstable propagation.
Darvell (1990) suggested fi'om a consideration of stress theory that failure in the
centre of a diametral compression test specimen was unlikely.

However, the crack

propagation in tablets subjected to diametral compression has been followed using a high
speed recording video camera capable of taking 500 fi’ames/second (Mashadi and Newton,
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1987a; Mashadi, 1988). The authors found that specimens formed from materials with a
high yield pressure {i.e. brittle materials) had a relatively faster rate of crack propagation
with the crack initiating from the loading points (the point of highest stress concentration).
In contrast, specimens made from plastic materials (with a low yield pressure) had slower
rates of crack propagation with the crack emanating from the centre of the tablet.
Darvell (1990) has commented upon the variation in diametral compression test
conditions throughout the material testing literature and the lack of agreement of an
optimum protocol. The limitations of the test and the assumptions such as homogeneity
and elasticity of the specimen (which is known to be invalid for many materials) have been
commented upon. However, although the diametral compression test is by no means
infallible its widespread ease of use illustrates its worth

and indicates thatconsiderable

progress has been made in the field of material science.

1.2.5.2

Flexure Tests (Beam Bending)
An alternative test for measuring the tensile strength of tablet-shapedspecimens

known as the fiexure test was described by David and Augsberger (1974). Specimens were
supported on two fulcrums and loaded in compression on their opposite face by a knifeedge until they fractured uniformly resulting in two halves. An equation for tensile strength
was derived which gave strength values independent of specimen thickness. However,
because of an invalid assumption at the last stage the equation was incorrect by a factor of
two. The test showed good correlation with the diametral compression test (although the
coefficient of variation was higher), was as easy to perform and was of particular use for
very strong tablets because the forces required were of a bending nature and were therefore
much lower than those needed in diametral compression tests. In the case of very weak
tablets though the distance between the fulcrums had to be reduced.

However, it is

possible that if the diameter of the specimen (with respect to the thickness) becomes too
small, then the specimen will not fail in a tensile manner but may fail under shear and
compressive stresses as evidenced by a crack running diagonally from the top centre of the
specimen to one of the supports.
Through the design of a new instrument Gold et al (1980) applied the test
procedure to capsule-shaped tablets, although they only determined the fiexure breaking
strength in kilograms. A linear relation was found between flexure breaking strength and
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tablet hardness determined by diametrically compressing specimens through their major
axes. The eflFect of capsule dimensions on strength was also investigated and it was found
that the more concave the specimen the greater the breaking strength.

However,

surprisingly the depth of the bisect bar had no significant effect on the strength.
The flexure testing of capsule-shaped tablets was further extended by Stanley and
Newton (1980) who derived an equation to calculate the tensile fi'acture stress.

An

approximation was also provided to ease determinations without the calculation of the
more complex parameters. Although this tended to give elevated values of tensile strength
it was intended to make routine tests easier.
The flexure test has found wider application with the use of compacted rectangular
beams (Figure 1.2). Although these specimens are more difficult to make and do not
resemble the shape of a tablet, they have a simpler pattern of stresses when subjected to a
bending force allowing the corresponding strain to be more easily determined (from the
deflection of the beam). This approach was used by Church and Kennerley (1982) who
measured the fracture stress and strain and calculated the Young’s modulus for beams
compacted at different pressures. Four-point bending was used rather than a three-point
configuration because the induced tensile stress is more uniform and shear stress
contributions are likely to be less. Both fracture stress and Young’s modulus (indicating
the degree of stiffiiess/rigidity) increased with pressure although the strain showed no trend.
In a further experiment using a more accurate technique (Church and Kennerley, 1983), the
fracture strength and Young’s modulus for different materials were found to be mutually
independent. Furthermore, the plastic or brittle behaviour of the particulate material during
compaction did not necessarily dictate the mechanical behaviour of the compact. They
concluded that the most ideal material for processing would have a high Young’s modulus
and fracture strength although none of the compacts tested fulfilled this.
The Young’s modulus (E) has been determined using four-point beam bending for
a range of pharmaceutical excipients and used to characterise their mechanical properties in
terms of elasticity and rigidity or stiffiiess (Bassam et al, 1988; 1990). Using the Sprigg’s
equation (Spriggs, 1961) to compare the Young’s modulus of compacts at zero porosity
(which gives a truer evaluation of the material properties) the authors ranked the excipients
in terms of brittle (high E) through ductile (low E) materials. The variability in E for
different sources of the same materials were explained in terms of the differing particle size.
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equilibrium moisture content, crystallographic structure and manufacturing pre-treatment
history. Similar findings have been found by Podczeck and Newton (1992a).
In a later study (Bassam et a l 1991) beam bending was used to examine the
Young’s modulus for beams of four binary powder mixtures containing a polymeric matrix
and filler. The predictive capability of diSerent published equations were tested although
only one relation described the mixture behaviour. The Young’s modulus for the mixtures
could not be described by the simple mixture rule and in all cases the lower E for the
polymeric matrix dominated the mixture value above a certain percolation threshold. These
findings would seem to corroborate the work of Fell and Newton (1971a) and Fell et al
(1977) which examined the tensile strength of multi-component tablets.
Bending tests using notched beam specimens can also be used to assess the fi'acture
mechanics of materials (Mashadi and Newton, 1987a; 1987b).

Unlike diametral

compression tests the stress state is simple {i.e. uniaxial) and such mechanical parameters as
the critical stress intensity factor (Kic), the resistance to cracking, the fi'acture toughness
(R), and the critical strain energy release rate (Gic) can be readily measured. The authors

found an increase in these parameters with increasing compaction pressure (hence
decreasing porosity) indicating a reduction in the material’s brittleness. Such measurements
provide a more extensive approach to the characterisation of the mechanical properties of
materials.
Other workers have used notched beam specimens to determine the Kic to rank
materials in terms of their brittleness with respect to crack propagation and fi'acture
mechanics (York et al 1990; Roberts et al 1993). A brittleness index was described (the
ratio of indentation hardness to the Kic) and in a comparison of organic pharmaceutical
materials with other material classes, pharmaceutical powders were categorised as brittle or
semi-brittle. The effect of beam notch dimensions were also examined and shown to affect
the determination of the mechanical properties. Differences in the Kic for different supplies
of the same material were attributed to differences in their processing history and solid-state
properties (York et al 1990; Podczeck and Newton, 1992b).
The use of beam bending procedures with notched and unnotched specimen
compacts has been fiirther extended to relate chemical constitution and molecular structure
properties to mechanical characteristics (Newton et al 1993; Roberts and Rowe, 1993).
The relationship between the Young’s modulus of molecular solids and their molecular

60

Structure based on intermolecular interactions using cohesive energy densities (CED) was
described by Roberts et al (1991). Young’s moduli measured by beam bending were lower
than those predicted from theory by CED which was attributed to specimen and
temperature effects. However, if single crystal elastic constants were used for theoretical
calculations of the modulus the agreement was improved. In a later study the solubility
parameter (5), fractional polarity (Xp) and CED (ÿ ) for microcrystalline cellulose were
determined from Young’s modulus and Kic measurements made using three-point beam
bending. These are important parameters describing solid-solid, solid-liquid and liquidliquid interactions which have been used to describe the interaction of lubricants in binary
and ternary powder mixtures, the interaction of colourants with excipients and in predicting
optimum binders in wet granulations. Values were found to be in good agreement with
surface free energy measurements.
A dynamic mechanical approach for measuring the Young’s modulus through
flexure beam tests has also been described by Roberts et al (1989) using a thermal
mechanical analyser. This has proved as accurate as the traditional method using physical
testing machines with the added advantage that specimens using 200mg of material can be
used rather than the normally large amounts required. Furthermore, these small specimens
are less likely to crack or laminate as lower compaction pressures can be used to form
them.
The above discussion has illustrated the valuable information that flexure tests can
provide which diametral compression tests are unable to determine because of the more
complex stress state. However, as mentioned in Section 1.2.3.2 the test does suffer from
certain disadvantages. Beam specimens are more difficult to prepare and cannot be related
to the properties and structure of a tablet. Tensile strength determinations are also likely to
be elevated or affected when compared with diametral compression values. This will be
due to surface effects and the change from a compressive stress state in the top half of the
beam (through a neutral mid-point) to a tensile stress state in the lower part of the beam.
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1.2.5.3

Double Torsion Tests
An alternative test for determining the Kic of compacted powders is the double

torsion method using grooved plate specimens (Mashadi and Newton, 1988). Unlike the
notched beam bending test the crack length and displacement do not have to be measured.
The introduction of a notch is unnecessary, which can be difficult for porous specimens and
may not always be reproducible, thus controlled pre-cracks are easily introduced along the
groove by specimen pre-loading. Measurements of the Kjc were higher when compared
with notched beam bending specimens which was explained by a shearing mode in addition
to the opening mode solely present in notched specimens. The disadvantages of this test
are that specimens are usually limited to high porosities (because of the large volume of
material) and the assumption that porosity is uniform throughout the plate and groove.

1.2.5.4

Axial Tensile Strength Tests
An alternative test for measuring the tensile strength of tablets has been proposed

by Nystrom et al (1977). Tablet specimens are fixed between a pair of adapters by means
of a resin adhesive and subjected to a direct tensile force. Unlike the diametral compression
and flexural tests this procedure is presumed to generate a completely uniform stress
distribution and pure tensile stress in the whole of the specimen. In addition, the test
measures the strength of the specimen in the weakest plane normal to the axis of the tablet
unlike that of the diametral compression test which imposes a stress in a known plane.
However, it is possible that an additional bending stress (due to the mass of the adapters)
and a torsion stress (due to loading) could be introduced during the test if small
misalignments are not avoided thus destroying the meaning (Jarosz and Parrott, 1982).
Also the adhesive could have a deleterious effect on the test by affecting the specimen’s
strength or the stress state. Unlike the diametral compression test the axial tensile strength
test is slower to perform because of the curing of the adhesive and specimen preparation
necessary (at least 36 hours, Jarosz and Parrott, 1982).
When compared with diametral compression test results this procedure does
provide valuable information on the capping or lamination tendency of a formulation. The
radial tensile strength (diametral compression test) was found to continually increase with
upper punch pressure whereas axial strength rose and then fell with pressure due to capping
problems thus indicating that capping is not a random process (Nystrom et al, 1977). This
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was studied further where the effect of increasing binder concentration was shown to
improve the axial strength (by reducing the axial elastic recovery and hence capping
tendency) whilst radial strength remained relatively unchanged (Nystrom et al, 1978). The
strength isotropy ratio (axial/radial strength) was also shown to be a valuable parameter for
characterising the homogeneity of tablets with ideal, isotropic materials having a value of
unity. Low values approaching zero indicated incipient capping or lamination (Alderbom
and Nystrom, 1984).

However, this ratio has been shown to vary with compaction

pressure and should therefore be examined over a range. Duberg and Nystrom (1982) have
shown that this ratio in conjunction with scanning electron microscopy provides a rapid
method for evaluating the fragmentation propensity of tableting materials, with
predominantly brittle fragmenting materials having ratios of near unity illustrating their
homogeneous structure.
The homogeneity of compacted powders has also been demonstrated using an
indirect tensile strength technique (Newton et al, 1992). Cubical specimens were subjected
to both axial and indirect tensile determinations where the latter was performed by
compressing them using steel rods across opposite faces.

Specimen strengths were

measured in the same plane as the direction of compaction and at right angles to this plane.
In agreement with earlier work by Duberg and Nystrom (1982), materials undergoing
fragmentation (such as lactose) were shown to be more homogeneous than those
deforming by plastic and elastic deformation {e.g. Avicel PHlOl) using either technique.
A more direct approach might be possible using a technique described by Cocolas
and Lordi (1993). They developed a novel instrumented die using four piezo-electric force
transducers enabling axial to radial pressure transmission to be measured for tablet
excipients over the compaction profile. Compaction profile results were found to be similar
to those reported in the literature with the extent of die wall lubrication influencing the
shape of the profile.

1.2.5.5

Compression Tests
The Young’s modulus of elasticity for brittle materials, including pharmaceutical

powder compacts, can differ when measured in tension and compression whereas ductile
materials have similar values. This can be explained by the pores tending to increase in
volume when stressed in a tensile manner whilst decreasing when compressed (Kerridge,
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1988).

Consequently values determined by beam bending can be influenced by the

compressive-tensile stress state as described above and variations in porosity caused by
uneven filling of the die along the length of the beam. Compressive determinations of
Young’s modulus represent an alternative, with the advantage that specimens are easy to
prepare and represent a tablet shape. Measurements are also taken over the whole of the
specimen (where the stress state is simpler) and can be easily performed.

Such

determinations obviously allow the examination of the behaviour of a material under a
compressive stress. A procedure for measuring the compressive Young’s modulus of
cylindrical specimens has been described by Paddon and Wilson (1976) who measured the
slope of a stress-strain curve for a cylinder compressed between the platens of a testing
machine. They were able to link the mechanical behaviour of dental cements to their
molecular structure and chemical setting reactions.
Kerridge and Newton (1986) and Kerridge (1988) used the technique to examine
the compressive Young’s moduli for a selection of pharmaceutical materials. Using the
equation derived by Spriggs (1966) values of the modulus at zero porosity were calculated
to represent properties similar to the material rather than the specimen. Due to the effects
of fiiction at the specimen/platen interface it was suggested that the test could only be used
to measure comparative values rather than absolute values.
The compressive strength of pharmaceutical compacts is a poorly researched area.
Although most materials are weaker in tension than compression, so that they may well fail
in tension under a compressive stress, compression tests still represent an important
alternative form of loading. Newton et al (1993) have studied the compressive strength of
equi-dimensional lactose and microcrystalline cellulose compacts by compressing them
between the platens of a testing machine and monitoring the force-time curves. Preliminary
results were not influenced by the presence of Teflon sheets which were employed to
reduce fiictional eflfects. Tests were therefore conducted without the sheets. Lactose
specimens showed clear failure by crumbling and a drop in the maximum force whereas for
Avicel PH I01 internal failure was not evident and the maximum force reached a plateau
which was taken as the failure force. Specimens of the same dimensions were used for
diametral compression tests allowing the compressive to tensile strength ratio for the
materials to be calculated. The ratio for lactose was greater indicating its brittle nature.
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1.2.5.6

Brittleness and Hardness Determinations
A test for evaluating the brittle fracture propensity (BFP) of large square compacts

and ‘tablet-sized’ cylindrical compacts with a central hole has been described by Hiestand et
al (1977) and Roberts and Rowe (1986a) respectively. The BFP was calculated using an
equation which relates the tensile strength of compacts with and without a hole present and
was considered to quantify the amount of stress relief by plastic deformation of the compact
at the edge of the hole. Plastically deforming materials have low values as they can relieve
stress whereas high values indicate the tendency of a material to laminate during ejection.
Additionally, if the BFP increases with strain rate then a brittle material is indicated.
However, plastic materials show little change with strain rate indicating greater stress
relieving abilities (Roberts and Rowe, 1986a).

Although this test can provide useful

information about the mechanical properties of materials, specimen preparation can be
difficult and the stress state within the specimens may not be completely known.
Furthermore, the BFP has been shown to be dependent on specimen porosity which can be
explained by pores that have varying shapes and orientations and thus act as sites of
additional stress relief (Rossi, 1968). Nevertheless the BFP has been used to investigate the
effects of lubricants and binary powder mixture compositions on tableting performance
(Williams et at, 1989; Schulze and McGinity, 1993).
Hardness (H) or indentation tests represent another method for characterising the
mechanical properties of a material.

These quantify the resistance of a material to

deformation whereas tensile strength measurements quantify the resistance to fracture - the
two are competing mechanical responses for a material (Jetzer, 1986).

Traditional

techniques usually involve the application of a compressive load to a solid by means of a
spherical indenter with subsequent measurements made on the area of indentation/contact.
Such measurements can provide useful information on the visco-elastic behaviour of
materials including changes in mechanical structure with loading rate and the determination
of shear moduli (Sinko et al, 1992). Other workers have used the dynamic pendulum
impact indentation test (Hiestand and Smith, 1984). This is complicated by the fact that the
swinging pendulum induces its own state of compression. It has been suggested that the
dynamic indentation hardness is proportionally related to the shear strength of a material
under a standard state of compression. Formulation variable effects such as lubricant and
binder concentration on tableting performance have been measured using this method
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(Williams, 1989; Schulze and McGinity, 1993). Indentation tests may suffer in that they are
time-consuming to perform in large numbers and require measurements to be made
carefully and precisely.
Hiestand and Smith (1984) have described another useful parameter, the bonding
index (BI), which with the BFP and H parameters are collectively known as indices of
tableting performance. The BI is the ratio of the tensile strength to the dynamic indentation
hardness and is proportionally related to the true areas of contact surviving decompression.
Thus low values of BI represent compacts which undergo significant elastic recovery and
have a tendency to laminate or cap.
The tableting indices should be used under the same experimental conditions and
although they do not describe the complexity of the tableting process fully they can provide
useful information concerning the compaction behaviour of materials (Jetzer, 1986).

1.2.5.7

Defoimation and Densification of Powders
The assessment of the deformation and densification of a powder bed during

compression provides further usefiil information.

Early studies used physical testing

machines and monitored the load applied versus upper punch travel (or deformation)
(Varsano and Lachmann, 1966). Using various graphical relations the compressibility and
deformation behaviour of a material could be examined. Since then various workers have
studied the compaction behaviour of powders using a number of empirically derived
relations fi'om the material sciences field which describe the stages of compaction. Such
equations have been described by Cooper and Eaton (1962), Heckel (1961a,b) and other
workers although the Heckel analysis remains the most popularly used.

The Heckel

treatment involves the measurement of the relative density of the compact (calculated fi'om
its thickness) over a range of applied pressures. From various measurements on the plot
the densification due to particle rearrangement, the densification due to die filling and
particle rearrangement and the yield pressure can be determined.

This yield pressure

describes the resistance of a material to plastic deformation where the lower the value the
more plastically deforming a material is. Since the advent of the high speed compression
simulator (Hunter et al, 1976) such measurements have been more readily performed
allowing considerable progress in the area of compaction to be made. These simulators
enable punch displacement/time and force/time profiles to be accurately reproduced which
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encompass the range of punch velocities encountered with physical testing machines, single
punch machines and commercial high-speed rotary presses.

Such studies permit the

comparison of materials under a vast range of compaction conditions using small amounts
of material and eliminate any errors incurred due to machine variability. Measurements
taken from Heckel plots have been used to distinguish between the types of compression
behaviour for single and binary powder systems (York, 1978; Al-Angari et al, 1985;
Shivanand and Sprockel, 1992; Dkka and Paronen, 1993). However, the normal treatment
for Heckel analysis makes differentiation between plastic and elastic deformation difficult.
By applying the Heckel function to the complete compression cycle, including the
decompression phase, Duberg and Nystrom (1986) were able to consider the elastic and
plastic deformation separately, which with bonding information, gave them a more
thorough insight into the materials behaviour. Heckel analysis has also been used to study
the effects of particle size, shape and surface properties on the densification of powders
(Fell and Newton, 1971b; York, 1978; Roberts and Rowe, 1986b, 1987a; Pande and
Shangraw, 1994). A change in the particle size of a material can have a profound effect on
its mechanical and deformational properties.

Kendall (1978) has shown that the

comminution of very small particles by compression is impossible if the deformation zone is
small enough. Under such conditions crack propagation becomes impossible and even the
most brittle of materials flow plastically, such materials exhibiting brittle/ductile transitions.
Based on a geometrical model Kendall (1978) derived an equation to calculate the critical
particle size below which flow would occur. This is dependent on the Young’s modulus,
fracture toughness (R) and yield pressure of a material. Roberts and Rowe (1987b) have
determined brittle/ductile transitions for some pharmaceutical materials from yield pressure
measurements during compression with different particle sizes of materials. From critical
particle size estimations values for R were determined and found to be in agreement with
BFP trends. Other data generated was found to be consistent with known compaction
behaviour.
Early work by Rees and Rue (1978) examined the time-dependent deformation of
direct compression excipients by measuring their Heckel plots under different contact times
(the total time over which the die contents experience a force). Plastically deforming
materials were shown to consolidate more with increasing contact times whereas
fragmenting materials were unaffected. Similar trends were found when determining strain
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rate sensitivities by measuring the non-recoverable deformation at different loading rates
using diametral compression tests. Other workers have studied the effect of punch velocity
on the compaction behaviour of materials by measuring their yield pressures (Roberts and
Rowe, 1985, 1986b, 1987a; Marshall et al, 1993). This provides an alternative way of
evaluating the time-dependent deformation of a material. The yield pressure for plastically
deforming materials increases with punch velocity due to either a change from ductile to
brittle behaviour or a reduction in the time available for plastic flow. Materials which
consolidate by fragmentation show no change in yield pressure with strain rate. Due to the
curved nature of plots the strain rate sensitivity index (SRS) was introduced to describe the
change in yield pressure over a range of punch velocities (Roberts and Rowe, 1985). In a
later communication the effect of particle size on the SRS was studied and for fluid energy
milled materials an increase in brittle behaviour was demonstrated through strain-hardening
of the material (Roberts and Rowe, 1986b). A number of workers have investigated the
effects of processing on the mechanical properties of materials. Beten et al (1994) studied
the behaviour of microcrystalline cellulose in formulations containing 20%w/w
microcrystalline cellulose which were tableted by direct compression and slugging. The
compressibility of the mixtures was examined using Heckel plots and was found to be
negatively influenced by the slugging process. It appeared that the milling and grinding in
addition to the pre-compression applied in slugging significantly modified the yield pressure
and elastic coefficient. Lerk (1993) has also reported a decrease in the compactibility of the
granules of lactose powders following slugging.

Although the specific surface area is

increased the crushing strength and bonding are not improved indicating a change in the
internal granular structure. Mollan and Çelik (1993) examined the effects of spray diying,
fluidised bed agglomeration and roller compaction on the pre-, during and post-compaction
properties of five maltodextrins. Spray drying and fluidised bed agglomeration conferred
elasticity and plasticity on the materials whereas the roller compacted material exhibited
fragmentary behaviour.
Other workers have demonstrated the importance of environmental temperature
and compression energy during tableting which for some drugs {e.g. chlorpropamide) can
cause polymorphic transformations (Otsuka and Matsuda, 1993).
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Using the relationship between Young’s modulus, the indentation hardness and the
yield strength in conjunction with SRS data, it is possible to generalise and predict to some
extent the compaction behaviour of pharmaceutical materials (Roberts and Rowe, 1987c).
Despite the valuable information gleaned from Heckel analysis the technique does
suffer from some problems.

It is well recognised that no single equation adequately

describes the various stages of the compaction process (Rue and Rees, 1978; York, 1979).
Workers have shown that for many materials the Heckel plots are not linear.

More

importantly the analysis depends on experimental variables such as the state of lubrication
and whether relative density is calculated in or out of die. It is therefore important that the
experimental conditions under which measurements are made are always stated (Rue and
Rees, 1978; York, 1979, Geoffroy and Carstensen, 1991). Rue and Rees (1978) stated
that due to the lack of variables in the Heckel equation its use is limited and that relative
density versus applied force measurements for differing contact times represent a better
alternative.

1.2.5.8

Stress Relaxation Measurements
Stress relaxation (the time-dependent change of stress) can be determined by

compacting a specimen to a given load and monitoring the decay in the force as a function
of time (whilst held constant at total strain). Such measurements indicate a departure from
elastic behaviour and can be attributable to elasticity or plasticity. Cole et al (1975) made
stress relaxation measurements using an Instron Physical Testing Machine in conjunction
with mechanical strength and ejection force measurements to examine the consolidation
behaviour of materials under load. A small extent of stress relaxation indicated principally
fragmentation as the mechanism of deformation whereas a large degree of stress relaxation
confirmed plastic deformation. Shott et al (1984) also used an Instron to examine the
stress relaxation behaviour of different formulations by monitoring the force decay whilst
the volume of the compact was kept constant. Materials displaying a large degree of stress
relaxation, indicating plasticity, were considered to form better tablets.
David and Augsberger (1977) used a rotary tablet press to examine the plastic flow
and time-dependent behaviour of direct compression fillers. For plastic materials increasing
the duration of the maximum compressive force led to increased tensile strengths.
However, this study suffered from a number of problems and its applicability to practical
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situations was questioned by Rue and Rees (1978). Stress analyses were performed using
the Maxwell model which considers that there is only one stress relaxation time constant
which is not the case. Furthermore, the strain cannot be kept constant with a rotary press
because of the buflfering effect of the compression wheel springs. As the compact relaxes
the spring mechanism compensates by increasing the stress.
In a later study Rees and Tsardaka (1993) interpreted the compaction stress
relaxation of materials using a hyperbolic relation. Stress relaxation was used to quantify
the time-dependent deformation of materials which is facilitated by the presence of voids.
Tableting is a short duration process and thus stress relaxation in the early stages are of
particular importance which is rarely easily determined. Using the hyperbolic relationship
the instantaneous rate of stress relaxation (at time zero when peak load was reached), the
total visco-elastic force remaining at time zero and the relaxation half-life could be
determined.
Thus stress relaxation measurements can provide useful information on the
consolidation behaviour of materials where experiments are carefully designed. However,
such visco-elastic measurements cannot be used solely as indicators of tabletability. Other
additional information derived from measurements made on the material prior to
compaction, during compaction and on the finished tablets must be taken into account
when interpreting the meaning of a visco-elastic parameter (Malamataris and Rees, 1993).

1.2.5.9

Elastic Recovery
Elastic recovery occurs after tablet formation when some of the bonds are broken.

Such measurements can provide useful information concerning the elastic and plastic
behaviour of materials. The plasto-elastic properties of powders compressed into tablets
were assessed using a universal testing machine (Pilpel et al ,1992). Measurements of
compression and elastic recovery were made and correlated with BFP and tensile strength
measurements. Such measurements were made by determining the changes in thickness of
the specimens during and after the compaction process.

These proved to be useful

indicators of tabletability for single and multi-component powders as they varied
systematically with the nature of composition and coating of particle surface. However, the
authors commented on the importance of measuring such parameters under constant and
standardised conditions.
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The measurement of elastic recovery using a rotary tablet press usually presents
more difficulty requiring sophisticated equipment.

However, Dwivedi et al (1992)

presented a novel in-die, in-process technique which could be used to calculate the tablet
recovery during decompression. A direct relation between the punch force and machine
deformation was used to give a reliable estimate of in-die tablet expansion without the need
for specialised equipment. The Young’s modulus could also be calculated and showed
reasonable agreement with literature values. Work of decompression was also calculated
which represents the work done on the tablet machine by the expanding tablet. All of these
measurements could be made quickly under tableting conditions.

1.2.5.10

Bonding Mechanisms

Using the techniques described above much information can be gleaned concerning
the consolidation properties and the resultant strength of the tablet bond in a compacted
powder. Other workers have used more direct approaches to examine the mechanism and
formation of a tablet bond (Shotton and Ganderton, 1961). Early work examined the
fracture planes of tablets subjected to diametral compression. Microscopical examination
revealed a strong bond where fracture occurred across the particle and the strength of the
tablet was a function of the particle size. However, weak bonds fractured around particles
and were little influenced by particle size. The effects of lubricant films on particle bonding
and lamination were also discussed.
A more quantitative analysis of the bonding mechanisms in tableting can be
provided using surface free energy measurements to estimate Hamaker constants in media
of different dielectric constant. Luangtana-Anan and Fell (1990) examined the relationship
between Hamaker constants and tensile strength (after diametral compression) in media of
different dielectric constant. For some pharmaceutical materials the change in Hamaker
constant paralleled the change in tensile strength. Thus the bonding in pharmaceutical
tablets can be largely accounted for by van der Waals attractive forces.

Whilst the

technique can only predict trends rather than absolute values because of the complex
heterogeneous nature of tablets, it is valuable and could also be applied to aid an
understanding of tablet disintegration.
Karehill (1991) has used this approach to study bonding mechanisms and bonding
surface area in pharmaceutical compacts. Intermolecular forces (long range) were shown
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to be the most dominant by measuring compact strengths in media of differing permittivity
known to reduce bonding by intermolecular forces. Further support for this was given by
the addition of magnesium stearate as a lubricant film to coat particles thus reducing
compact strength. However, these long range forces could be restored, increasing compact
strength, by soaking the compacts to remove the lubricant. Mechanical interlocking by the
hooking or twisting of irregularly shaped particles was shown to be of minor importance as
a bonding mechanism and only occurred possibly with Avicel PHIOI. Sodium chloride
was the only material displaying evidence for bonding by the formation of close proximity
solid bridges.

Such bonds are unaffected by the presence of magnesium stearate and

require coarse plastically deforming materials which can melt during the compaction
process. The author considered that most pharmaceutical materials are not plastic enough
to bond by this mechanism. Gas adsorption was used to assess the surface area utilised for
bonding. For solid bridges this area is small whereas it is large for intermolecular forces.
Thus materials which fi^agment easily, or are very fine, or have pronounced surface
roughness should bond well by intermolecular forces. It was suggested that most plastically
deforming materials do not flow easily enough producing large zones that can take part in
interparticulate attraction by such forces.
Further studies by Karehill and Nystrom (1990) have related such bonding
mechanisms to the increase in strength upon ageing for some plastically deforming
materials. Strength was measured by diametral compression immediately after compaction
and again afl:er 2 days storage. Strength increases in unlubric^ted compacts occurred as a
result of stress relaxation causing increased areas of interparticulate attraction.
Intermolecular forces were the dominant bonding forces with only sodium chloride
showing strength increases due to solid bridge formation.
The importance of surface roughness on bonding was also assessed for materials
possessing different consolidation mechanisms (Karehill et al, 1990).

Double layer

compacts were prepared with the initial layer having varying degrees of surface roughness
and then subjected to axial strength testing. Materials with predominantly plastic behaviour
were very sensitive to surface roughness which was explained by an insufBcient degree of
plasticity to produce high surface areas for bonding.

However, materials with

predominantly fragmentary behaviour were little affected by surface roughness because
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they have an inherently high surface area for bonding.

Such studies provide useful

information in greater detail about tablet bonding.
Other workers have used theoretical models to describe the tablet bond. Hiestand
(1991) applied the theory of adhesion between two particles to interpret the strength of
compacts {i.e. the tablet bond). By multiplying this and considering it throughout the
cross-section the tensile strength could be obtained.

The model which describes the

processes involved in tablet bonding uses derived equations which describe the two
different mechanisms of separation of surfaces {i.e. the strength) following compression.
Mainly physical parameters which can be easily measured {i.e. tableting indices), estimated
or taken from the literature were used. An experimental check of the model was presented
for a number of materials (Hiestand et a l 1991). The ductile mechanism if it operates was
found to occur at the lower compression forces whereas the brittle mechanism operates at
the higher forces and is the only mechanism for some materials. For some of the materials
the model was complicated by particle fracture during compression or mixed regions where
both mechanisms occurred at different particles within the compact. The experimental data
showed reasonable agreement with the model with none of the data leading to the rejection
of the model. The model emphasised the difference in bonding characteristics principally
due to differing mechanical properties.

1.3

Aims and Objectives
From the above discussion it is obvious that the mechanical properties of

pharmaceutical materials have been widely researched using a vast battery of techniques.
When considering the different procedures the mechanical strength testing of compacts
seems to be an attractive choice. These measurements are not only routinely and easily
made but have the advantage that measurements are made on specimens with a tablet shape
and dimensions and can therefore be directly related to the tableting process itself. Such
measurements are ftindamental in compaction research and can also be used by industry as
a routine quality control parameter (Çelik and Driscoll, 1993).
Most research has been restricted to either the use of a single test or the
comparison of two tests. An assessment and characterisation of the mechanical strength
properties of tablet-shaped compacts using five complementary mechanical strength tests
therefore seems warranted.

Monocomponent systems are utilised as these make the
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assessment of strength and hence tablet bonding simple. Multi-component tablets present
problems with particle interactions and as shown above the simple additive rule does not
often apply.

Therefore the tests were evaluated using two materials of diftering

compactibility.
The use and value of the diametral compression test is widely established and has
therefore been included for comparison with the other tests. A modified version of this test
has also been used as a second counterpart (Chapter 2, Section 2.3.3.2) as the application
of a stress in a different orientation may provide interesting information.

This in

conjunction with the other tests could illustrate a lack of isotropy or variation in the density
within compacts due to the differing stress states and loading configurations imposed by the
tests. Such an approach may yield valuable information concerning the effect of specimen
volume on the homogeneity of the compact structure.
Although the use of the flexural test with rectangular compacts has been widely
reported the use of the test with tablet-shaped specimens does not seem to have been
widely accepted. It was decided to investigate this further, particularly as this configuration
leads to the generation of a uniaxial tensile stress state rather than a biaxial state as for the
other tests and could thus provide useful information.
The use of the equi-biaxial tensile fracture stress test seems appropriate as this test
has not been evaluated using pharmaceutical compacts and thus warrants further
investigation.

All of the above tests were chosen as they permit the use of circular

specimen compacts.

Such tests allow the same type of specimen to be used for

compressive strength testing, which remains a poorly researched area and in addition allows
the tensile to compressive strength ratios for the materials to be assessed. This can provide
usefiil information regarding the consolidation behaviour of pharmaceutical materials.
The effect on tensile strength of changing the specimen thickness to diameter ratio
over a range of pressures could show differing trends for the tensile tests described above
and thus will be investigated. Such data could in theory show an ideal tablet thickness for
optimal tablet strength.
The effect of tablet dimensions on tensile strength will be further extended by
examining the change in strength for differing thicknesses of larger diameter tablets where
the degree of inhomogeneity may be greater.
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Finally a study of the strength of specimens subjected to a longer contact time using
an Instron Physical Testing Machine versus an eccentric tablet press with a short dwell time
may yield useful information about the time-dependent nature of the material being
compressed.
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2.1

Materials

2.1.1

Choice of Materials
This study examined binders or sustained release polymeric matrices with a view to

quantifying binder performance.

Two materials were chosen for the preparation of

specimen compacts for mechanical strength evaluation.

When performing compaction

studies with a view to examining the resultant mechanical properties of the specimen the
model materials should be chosen with care. For such a study a simple model system
usually provides the most ideal approach, therefore a mono-component system was decided
upon. This means that the model material must be directly compressible over the range of
pressures available with the compaction equipment used. Furthermore, the material should
not require the addition of other excipients including lubricants or pre-processing. Ideally
the material should also possess low toxicity, be reasonably stable on storage and capable
of giving reproducibility on testing.
Avicel PH 102 (microcrystalline cellulose) is very readily compressible by virtue of
its excellent binder properties. Typically a concentration of 5 to 20%w/w is used as a tablet
binder in either wet granulation or direct compression formulations. It flows reasonably
well and does not require an internal lubricant during compaction and forms specimens with
a superior hardness at low compaction forces with low friability. Avicel PH 102 typically
has a moisture content <5%w/w and is stable on storage. Therefore Avicel PHI 02 was
chosen as the primary material to aid establishment of specimen preparation techniques and
subsequent mechanical test procedures.
A second material was selected with a different compactibility to that of Avicel
PH 102.

Methocel E4M EP (Hydroxypropyl methylcellulose) was chosen for this

evaluation after selection fr’om three materials (Chapter 3, Section 3.5.2). Methocel E4M is
used in tablet cores as a hydrophilic matrix to confer sustained release properties on dosage
forms although it retards tablet dissolution and erosion to a lesser extent than other
Methocel grades. Low viscosity Methocel polymers are used at concentrations up to about
10%w/w as tablet binders in direct compression systems whereas the higher viscosity
grades are used in extended release formulations. However, Methocel E4M has poorer
compressional properties than Avicel PHI02.
Methocel E4M flows reasonably well, requires no internal lubricant and forms
specimens of acceptable hardness at low compaction forces.

The moisture content is
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^% w /w and the powder is stable on storage. All materials were used as received and
were stored in plastic bags at ambient temperature and humidity.

2.1.2

Details of Material Suppliers
The materials used in this thesis together with their grade, source and batch number

are listed in Table 2.1.

2.2

Material Characterisation

2.2.1

Determination of the Apparent Particle Density
The apparent particle densities of the polymeric materials were determined to allow

calculation of the specimen compact porosities.

Values used within this thesis were

determined using a Mcromeritics Model AccuPyc
(Micromeritics, Bedfordshire).

1330 Helium Pycnometer

The instrument was initially calibrated with two steel

calibrating spheres supplied by the manufacturer.

Three purges were determined on

accurately weighed aliquots of each material and the mean value was used.
The densities obtained for the materials used are shown in Table 2.2.

2.2.2

Determination of the Moisture Content
Substantial work has been reported concerning the effects of moisture content on

the mechanical properties of microcrystalline cellulose. Khan et al (1988) showed that
moisture levels in excess of 3%w/w significantly affected the mechanical properties of
Avicel PHI 01. Such levels lead to a reduction in the yield pressure of the material and the
tensile strength of tablets by virtue of the water acting within the pores as an internal
lubricant and thus facilitating slippage and flow within the individual microcrystals.
Increasing amounts of water present in the structure lead to the disruption of hydrogen
bonding weakening compact tensile strength. Roberts and Rowe (1987d) have shown
similar effects for yield pressure with different sources of microcrystalline cellulose where
variability in compressibility was attributed to differing equilibrium moisture contents.
Examination of the change in equilibrium moisture content for Avicel PH 102 with
relative humidity shows a small change over a humidity range of 30-55% (Monograph for
microcrystalline cellulose. The Handbook of Pharmaceutical Excipients). Similar trends are
reported for the Methocel products. Thus the storage of both Avicel PHI 02 and Methocel
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Table 2.1

Details of materials suppliers

Material

Grade

Manufacturer

Batch

(Supplier)

7346
7534

Microcrystalline Cellulose
(Avicel PH102)

Pharmaceutical

FMC
Little Island
Cork
Ireland
(Honeywell & Stein
Sutton
England)

Hydroxypropyl
Methylcellulose
(Methocel E4M EP)

Pharmaceutical

Colorcon
Orpington
England

Magnesium Stearate

General Purpose
Reagent

BDH Chemicals Ltd
Poole
England

64415505

Hydroxypropyl Cellulose
(Klucel)
Type 99-MF EP

Pharmaceutical

Aqualon France
Cedex
France
(Honeywell & Stein
Sutton
England)

FP1010104

Sodium Alginate
(Manucol LD)

Pharmaceutical

Kelco Int. Ltd
Tadworth
England

E401

MM85050201E
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Table2.2

Density determinations by helium pycnometry

Material

Density

Coefficient of

g/cm^

variation %

Avicel PH102 (BN 7346)

1.59

0.0800

Avicel PH102 (BN 7534)

1.59

0.0002

Methocel E4M EP

1.29

0.0010

Table 2.3

Moisture content determinations by infrared moisture balance

Material

Moisture Loss %w/w

Avicel PH102 (BN 7346)

4.25

Avicel PH102 (BN 7534)

3.77

Methocel E4M EP

2.61
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E4M EP at varying ambient humidities should not greatly aJBfect their moisture contents.
The moisture content of the polymeric materials following storage was determined
to check that initial levels were not excessive. Values were determined using a Sartorius
Infrared Moisture Balance 7393 01/02 (Sartorius Instruments, Epsom, Surrey). The
Technoterm was calibrated using a NFL calibrated total immersion thermometer. Powder
samples were heated to an equilibration temperature of 82°C (heat setting 12) and dried for
three 9.9 minute intervals until the percent weight loss registered on the balance was
constant.
The percent moisture losses obtained are shown in Table 2.3. The results are all
below 5%w/w which conform to the BP and USP specifications for microcrystalline
cellulose and Hydroxypropyl methylcellulose respectively. Therefore any change in the
magnitude of specimen strength as a result of specimen geometry and physical structure
variation should be greater than a strength variation caused by the effects of moisture.

2.3

Experimental Techniques

2.3.1

Preparation of Powder Compacts using an Instron Physical Testing
Machine
All 12mm diameter powder compacts for this thesis have been prepared by single

ended compaction using an Instron Physical Testing Machine (Model TTCM, Instron, High
Wycombe, Bucks). This is a floor-standing model consisting of a moving crosshead which
is mechanically driven on two screw threads with attachments for either a tensile or
compressive load cell. In this case a compressive load cell was used (Model GR) with a
range of 0-50 KN. The sensitivity of the load cell can be adjusted by means of a selector
which alters the full scale load amplification of the load cell output. This allows diflferent
pressure ranges to be utilised. The crosshead rate can be varied between 0.05cm/min and
50cm/min by means of a gearing mechanism. These speeds represent much lower speeds
than those encountered on industrial tableting machines but allow reproducible compaction
conditions to be achieved with carefully controlled punch velocities (Armstrong, 1989).
Specimen compacts were produced in a die table arrangement designed to
accommodate Manesty Type D3A punches. This assembly is shown in Figure 2.1. The
lower punch was stabilised by means of an aluminium holder which rested on the Instron
load cell. A steel cylinder which did not come into contact with the load cell was placed
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Figure 2.1 Diagram of the punch and die assembly used to prepare
specimen compacts

Punch holder

Crosshead of
Instron

Upper punch

Die
Die table

Support

Lower punch

Aluminium punch
stabiliser
Load cell
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around this allowing a die table to be situated on top of the cylinder. This assembly was
designed in such a way that the die could be located in the centre of the experimental
arrangement. The height of the cylinder was manufactured so that with the lower punch in
place it would enter into the die. The upper punch was placed in a steel holder which
screwed into the crosshead of the Instron.

When in place both the upper and lower

punches and the die were centrally aligned.
The load cell arrangement was calibrated on a regular basis by dead weight loading
after selecting the appropriate pressure range. To allow specimens to be compacted to
reproducible pressures an electrical circuit was designed (Section 2.3.2).
Specimen compacts were prepared in three stages;(a)

Filling of the die

(b)

Compression

(c)

Removal from the die.
Die filling was achieved by weighing the required amount of powder onto an

accurate balance (O.OOOlg, Sartorius 2001 MP2). The powder was then introduced into
the centre of the die by means of a paper weighing sleeve. The powder was levelled by
rotation of the die and gentle tamping with a spatula. Compression of the die contents to
the desired pressure then commenced at the selected crosshead rate (0.5cm/min). The
compaction pressure attained was determined from the load cell output recorded by an X-Y
plotter (Model 6000, Gould Instruments, England) which also allowed compression
profiles to be monitored. Specimen compacts were pushed gently out of the die by hand
using a PTFE (Teflon) rod.

The specimen diameter, thickness and weight were then

immediately recorded to 0.01mm, 0.01mm and O.OOOlg respectively using a dial gauge
micrometer (Mitutoyo, Japan) and an accurate balance.
Specimens were numbered and stored in sealed plastic bags for a minimum of 14
days (at ambient temperature and humidity) until required for testing.
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2.3.2

Control of Compaction Pressure using an Electrical Circuit

2.3.2.1

Introduction
Physical testing machines are widely used for preparing both specimen compacts

and measuring mechanical properties such as tensile strength and Young’s modulus
(Church and Kennerley, 1982; Kerridge, 1988). The preparation of replicate specimen
compacts at identical compaction pressures is of paramount importance when measuring
these mechanical properties.
In this study an Instron Physical Testing Machine was used to examine the
reproducibility of 12mm diameter replicate specimen compacts (Section 2.3.1) prepared
using the gauge length return (GLR) mechanism available.

Having highlighted the

disadvantages of this technique an electrical device was developed for use with the testing
machine and a comparison of the two techniques was performed.
The only facility on the Instron allowing relatively reproducible compaction of
specimens is the gauge length return which is a mechanical device that stops the crosshead
after travelling a given distance.

Specimens are therefore compacted to constant

displacement and often show variation in their recorded compaction pressures. The setting
of the GLR involves a lengthy trial and error procedure and results in large material
wastage. During specimen preparation the GLR also requires continual readjustment as the
gauge setting has a tendency to drift. An electrical circuit, CCT, was therefore developed
to improve specimen compact reproducibility and is shown schematically in Figure 2.2.
This uses a comparator circuit to compare the output voltage from the load cell with a pre
calibrated value set to achieve the desired compaction pressure. The compaction pressure
is readily selected using a high-precision multi-turn dial potentiometer which can be
calibrated against the load cell. It is important that the load cell is calibrated with the circuit
connected to the Instron as the circuit tends to drain some of the load cell output voltage. It
is also advisable to calibrate the circuit with the material under investigation present in the
die rather than performing a punch-to-punch calibration (Section 2.3.2.3). A mechanical
relay disarms the crosshead motor upon attaining the desired compaction pressure thus
specimens are compacted to constant pressure which is less dependent on the die-fiU
weight.

Electrical circuit
Mains

Instron
load cell
output
voltage

Instron
crosshead
motor

Comparator
circuit

Mechanical
relay
Reference
voltage

Crosshead
arrested

Figure 2.2 Schematic diagram of the electrical circuit used to control compaction pressure with the Instron
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2.3.2.2

Experimental
Ten 12mm diameter Avicel PH 102 specimen compacts were prepared using the

punch and die assembly shown previously in Figure 2.1 at 50MPa using the GLR with a
compaction rate of 0.5cm/min (GLRs). The variation in weight from specimen to specimen
was less than 0.1% eliminating weight variation effects. A fiirther 10 compactions to
50MPa were performed with the specimen and die omitted (GLRo).

Ten specimen

compacts were then prepared as above using the CCT (CCTs) and a further 10
compactions were performed with the specimen and die absent (CCTo). Specimen weight
and thickness were recorded for comparison between the two groups.

2.3.2.3

Results and Discussion
Table 2.3 shows the variance ratios (F-test) calculated using the variance of the

compaction pressure, specimen weight and thickness. The F-ratios GLRw / CCTw and
CCTt / G LRt

show that between the groups there are no differences in specimen weight or

thickness allowing these to be eliminated as possible causative factors in the explanation of
the results (F-ratios insignificant).
The GLR is effective at producing reproducible conditions of compaction in the
absence of powder in the die. However, when a powder is introduced the reproducibility is
significantly reduced resulting in specimen compacts of variable compaction pressure (Fratio for GLRs / GLRo significant at p = 0.001).
In the case of the CCT the introduction of a powder in to the die did not affect the
reproducibility of compaction (F-ratio for CCTs / CCTo insignificant). However, it was
found that the CCT should be calibrated with a material present in the die because if a
specimen is compacted to a desired pressure selected following punch-to-punch calibration,
the actual recorded compaction pressure is usually lower. The presence of a material in the
die which behaves both elastically and plastically seems to affect the rigidity of the
compaction system.
Using the CCT it is possible to prepare reproducible specimen compacts because of
the greater sensitivity of the technique and the compaction to constant pressure. Another
advantage is that the use of the CCT produces specimens of constant thickness. The GLR
uses a crude, insensitive method for preparing specimens by compacting only to constant
thickness. The electrical circuit was used to prepare all 12mm diameter specimen compacts
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Table 2.4

Variance ratios (F-test) for specimens compacted using the gauge length
return (GLR) and electrical circuit (CCT)

F-Ratio

GLRs/GLRo

CCTs/CCTo

CCTt/GLRt

GLRw/CCT,

20.7240

1.5786

1.8595

1.4594

Legend
GLRo variance in the compaction pressure when using the gauge length

return with specimen and die absent
GLRs variance in the compaction pressure when using the gauge length

return to control specimen formation
GLRt variance in the specimen thickness when using the gauge length
return to control specimen formation
GLRw variance in the specimen weight when using the gauge length return

to control specimen formation

CCTo variance in the compaction pressure when using the electrical circuit

with specimen and die absent
CCTs variance in the compaction pressure when using the electrical circuit

to control specimen formation
CCTt variance in the specimen thickness when using the electrical circuit
to control specimen formation
CCTw variance in the specimen weight when using the electrical circuit

to control specimen formation
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in this thesis except for the work reported under preliminary investigations (Chapter 3) as
this work was performed before the circuit was available for use.

2.3.3

Evaluation of the Tensile Strength of Powder Compacts
The tensile fracture strengths of the specimen compacts were determined using four

different mechanical tests (Chapter 1, Section 1.3) in conjunction with the Instron.

2.3.3.1

Diametral Compression Test
Specimens were loaded using 25.4mm diameter Manesty Type D3A flat-faced steel

punches as platens. The lower punch was placed on the Instron load cell and positioned
using the aluminium punch stabiliser. The upper punch was attached to the crosshead as
described earlier. The experimental assembly is shown in Figure 2.3. Accurate alignment
of the assembly was ensured by bringing the platens together and checking that a 25.4mm
diameter die could move freely up and down the length of the two punches.
Before commencement of testing the load cell was calibrated at the required load
range setting.

The weight, diameter and thickness of the specimens were accurately

measured and recorded before fracture to allow calculation of specimen porosity and tensile
strength after fracture. Tests were performed by placing a specimen centrally between the
platens across a diameter in the vertical plane. No padding material was used as ideal
loading conditions could easily be achieved. The upper platen was then moved down at a
crosshead speed of Imm/min thereby increasing the load on the specimen diameter. The
load cell output was recorded using an X-Y plotter (Gould Instruments, England). Tensile
fracture of the specimen {i.e. failure across its vertical diameter) was indicated when the
plotter pen registered a sharp reduction in the force acting on the load cell. At this point
the crosshead was reversed at the same rate and the specimen was removed and examined
for evidence of a tensile failure. From the peak height recorded on the plotter the fracture
load could be measured. Specimens were stored in plastic bags for future reference.
Ten replicate specimens were tested in each group. Each specimen was numbered
with its weight, thickness, diameter, compaction pressure and fracture load recorded to
allow calculation of specimen tensile strength.
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Figure 2.3 Diagram of the experimental assembly for the diametral compression test

Punch holder

Crosshead of
Instron
Upper punch

Specimen

Lower punch
Aluminium punch stabiliser

Load cell
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2.3.3.2

Modified Diametral Compression Test
A modified arrangement of the diametral compression test was performed using the

assembly shown in Figure 2.4. In this case two modified 25.4mm diameter Manesty Type
D3A flat-faced steel punches were used as platens. A 2mm diameter silver steel rod was
fixed across the diameter of both platens using Loctite adhesive.

The punches were

positioned as described above (Section 2.3.3.1). The rods were aligned by bringing the
platens close together and adjusting the positions as best as was possible by visual means.
The experimental techniques used were as reported for the diametral compression
test (Section 2.3.3.1).

The only difference was that specimens were placed centrally

between the platen rods and loaded across a diameter in the horizontal plane.

2.3 3.3

Three-point Flexure Test
Specimens were loaded across their diameter at a crosshead speed of Imm/min

using the three-point bending rig shown in Figure 2.5.

Two different size rigs were

manufactured. A smaller rig to accommodate the 12mm diameter specimens reported in
Chapters 4 and 5 and a larger rig to accommodate the 25mm diameter specimens described
in Chapter 6. The specimen was positioned symmetrically over the two roller supports and
loaded across its central diameter by the anvil. The bending rig was attached by means of a
nut and bolt to a metal base which was placed upon the load cell of the Instron, while the
anvil was fixed to the crosshead. The anvil and bending rig were aligned by bringing them
close together and adjusting their positions visually. All other experimental techniques have
been described above (Section 2.3.3.1). Fracture of the specimen was evident by a sharp
reduction in the force acting on the load cell. Specimens were then removed fi'om the test
rig, examined for a valid failure and their tensile strengths calculated.

2.3.3.4

Equi-biaxial Tensile Fracture Stress Test
Specimens were loaded in bending using the test rig shown in Figure 2.6. Two

different size rigs were manufactured. A smaller rig to accommodate the 12mm diameter
specimens reported in Chapters 4 and 5 and a larger rig to accommodate the 25mm
diameter specimens described in Chapter 6. The bending rig was positioned centrally upon
the load cell by means of a metal plate which fitted over the load cell.

The rig was

supported on three steel ball bearings to ensure good contact with the Instron load cell.
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Figure 2.4 Diagram of the experimental assembly for the modified diametral
compression test

Punch holder

Crosshead of
Instron

Specimen

Upper punch

Silver steel rods

Lower punch
Aluminium punch stabiliser

Load cell
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Figure 2.5 Diagram of the experimental test rig assembly for the three-point flexure
test

Bolt for attachment to the
Instron crosshead
V-shaped anvil

^
m a , / #

D, is 3 and 5mm for the 12 and 25mm diameter specimen rigs respectively,
d, is 6 and 12mm for the 12 and 25mm diameter specimen rigs respectively.
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Figure 2.6 Diagram of the experimental test rig assembly for the equi-biaxial
fracture stress test

12.7mm {26mm)
Dia. steel ball

12.7mm
{26mm)

16mm
{32mm)

Plate specimen

8, 9mm
{12, 14mm)

4.65mm
(9.78mm)
9.65mm
(79.90mm)

3.175mm {6.35mm)
Dia. steel ball

25.4mm
{50.80mm)

30

15° Undercut

3 Hemispherical holes 3.175mm
{6.35mm) spaced on a 19.05mm
{38.1mm) dia. pitch circle

Dimensions listed in normal type are for the 12mm diameter specimen test rig.
Those listed in italics are for the 25mm diameter specimen rig.
* Di is 5 and 10mm for the 12 and 25mm diameter specimen rigs respectively.
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The specimen was carefully positioned so that it was supported uniformly on a circular ring.
The specimen was then loaded via a carefully positioned second concentric ring through a
steel ball bearing. The angle between the knife-edge and the horizontal was 10° for both
test rigs.

Specimens were loaded at a crosshead rate of 0.5mm/min using a 25.4mm

Manesty Type D3A steel punch (attached to the crosshead) to push against the steel ball
bearing. All other experimental techniques have been described above (Section 2.3.3.1).
Fracture of the specimen was evident by a small reduction in the force acting on the load
cell. Specimens were then carefully removed from the test rig to minimise further damage
and the fracture patterns examined. Specimen tensile strengths were then calculated.

2.3.4

Evaluation of the Compressive Strength of Powder Compacts
Twelve millimetre diameter specimens were loaded using 25.4mm diameter

Manesty Type D3A flat-faced steel punches as platens.

The larger 25mm diameter

specimens were loaded between 38mm diameter flat-faced metal discs. The lower punch
was placed on the Instron load cell and positioned using the aluminium punch stabiliser.
The upper punch was attached to the crosshead. The experimental assembly is shown in
Figure 2.7. Specimens were centrally positioned and loaded in the plane of their horizontal
axis. Loading and fracture of the specimen was recorded using an X-Y plotter with a time
sweep of 1Os/cm employed to illustrate the compressive strength test loading proflle.
Specimen fracture was indicated by a small reduction in the force acting on the load cell.
Specimens were then removed and the fracture patterns examined.

The compressive

strength was then calculated.

2.3.5

Preparation of Powder Compacts using an Instrumented EKII
Eccentric Tablet Press
Larger diameter Avicel PHI 02 specimens were prepared without the aid of a tablet

lubricant using an eccentric tablet press with 25mm diameter flat-faced bevelled edge
punches. Compacts were formed by single-ended compaction using an EKII (E. Korsch
OHG, West Berlin, Germany) eccentric tablet machine which operated at a production rate
of 24 tablets/min. The upper punch holder was instrumented with a strain gauge and
compression data was captured using a carrier frequency bridge (Philips, PR9307, West
Germany) and evaluated using SIGNALYS Software (Ziegler Instruments GmbH, Version
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Figure 2.7 Diagram of the experimental assembly for compressive strength testing

Punch holder
Crosshead of
Instron
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3.0, West Mônchengladbach, Germany). The detailed instrumentation of this press has
been described by Rubensdorfer (1993). The die was filled by the action of a mechanical
hopper thus the first 25 tablets were discarded until powder flow was properly established.
Ten replicates were made for each particular group of specimens and the upper punch
pressure was recorded for each tablet. Upon ejection fi'om the press specimen weights and
dimensions were immediately recorded to O.OOOlg and 0.05mm respectively using an
accurate balance and vernier callipers. Specimens were then numbered and stored in plastic
bags at ambient temperature and humidity for a minimum of 14 days until required for
testing.
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3.1

Introduction
Preliminary investigations consisted of four main studies. The first of these utilised

two approaches to prepare 12mm diameter Avicel PH 102 specimen compacts for routine
diametral compression testing with subsequent calculation of the tensile strength. During
these tests an unusual mode of fi'acture was observed which has not been reported in the
literature. The significance of this type of failure is discussed in section 3.2 along with some
suggested possible causative factors.
Section 3.3 concerns a second study which involved reproducing the preparation of
certain specimens whilst monitoring the force transmission fi'om upper to lower punch. This
procedure was used to gain additional information concerning the unusual mode of failure.
Section 3.4 considers the crack propagation process and describes a theoretical
approach used to explain the unusual phenomenon described in section 3.2.
Section 3.5 discusses the procedures employed to choose the second polymeric
matrix for evaluation and concludes with a comparison of its mechanical behaviour with
that of Avicel PHI 02 through an assessment of their compressive Young’s moduli.

3.2

Diametral Compression Tests of Avicel PH102 Compacts

3.2.1

Experimental and Results
Two approaches for preparing 12mm diameter Avicel PHI02 specimens for

diametral compression testing were used: specimens of constant weight with varying
thickness and specimens of three thickness to diameter ratios with varying weights.

3.2.1.1

Specimens of Constant Weight
Initial tests involved compacting constant weights (0.37g) of Avicel PH 102 in the

manner described in Chapter 2, Section 2.3.1. Before compaction commenced the surfaces
of the die wall and punch faces were lightly brushed over with a suspension of l%w/v
magnesium stearate in acetone to facilitate removal of the compact.

Specimens were

prepared over a range of compaction pressures fi'om approximately 25-150MPa
corresponding to values typically used in pharmaceutical processing. Ten specimens were
made at each pressure and for each specimen the weight and dimensions were recorded
before testing to allow calculation of porosity using equation 3.1:-
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Ps

Porosity (e) = 1 - —
Pp

(Equation 3.1)

where Ps is the density of the specimen calculated from weight and volume measurements
and Pp is the density of the powder as reported in Table 2.2 (Section 2.2.1). The tensile
strength (at) was determined indirectly as described in Section 2.3.3.1 and calculated in the
manner shown by Fell and Newton (1970b). Equation 3.2 was used to calculate at:-

2P
a, = ——
'
TtOt

(Equation 3.2)

where P is the fracture force recorded in Newtons and D and t are the specimen diameter
and thickness respectively measured in metres.

3.2.1.2

Results
Specimens prepared at compaction pressures of up to 65MPa exhibited a normal

tensile failure. These specimens deformed plastically at the contacts with the platens and
thus had optimal contact widths ensuring a clean central tensile failure. Figure 3 .1(a) is a
scanning electron micrograph of such a specimen which was prepared at 25. lOMPa.
As the compaction pressure was raised above 65MPa a different mode of failure
became evident even though loading conditions were still correctly maintained. Slabbing or
flaking-oflf of the material occurred at the edges in contact with the platens and the
specimen failed in a manner named ‘edge deformation and collapse’ with no visible
evidence of a tensile failure. Figure 3 .1(b) illustrates a specimen prepared at 150.10MPa
which failed in this manner. If loading was continued the specimen eventually became
dislodged from the vertical position as the platens came closer together and loading was
unable to continue. Some of these specimens were rotated through 90° and subjected to
testing again. Failure occurred in the same manner with almost identical fracture loads
indicating that the central core of the specimen remains relatively unaffected.

Thus

specimens prepared at compaction pressures of 65-125MPa failed by one or other of the
mechanisms even though they were replicate specimens no different in terms of their weight
or diameter. In some cases specimens failed by both mechanisms simultaneously although
edge deformation and collapse tended to dominate at the higher compaction
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Figure 3.1(a) Scanning electron micrograph of a 12mm diameter Avicel PH 102 specimen
prepared at 25.10MPa illustrating failure by a normal diametral fracture
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Figure 3.1(b) Scanning electron micrograph of a 12mm diameter Avicel PHI 02 specimen
prepared at ISO.lOMPa illustrating failure by edge deformation and
collapse
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pressures.
Above 125MPa specimens failed only by edge deformation and collapse and the Ct
values obtained showed no anomalies producing a linear relationship between In Gt and
porosity as described by Duckworth (1951); Pearson’s correlation coefficient of r = -0.992
(Figure 3.2). This would seem to indicate that although a tensile failure was not always
visually apparent a tensile strength for the specimen was still being measured.

3.2.1.3

Specimens of Constant Thickness/Diameter Ratio
Further tests using five replicate specimens of three different thickness to diameter

ratios (0.180, 0.216 and 0.265) were conducted to investigate the effect of specimen
geometry on the mechanism of failure. These ratios were selected in accordance with the
findings of Section 3.2.1.2 and relate to specimen geometries falling in segments (c, b and
a) respectively of the plot in Figure 3.2. The porosity was varied fi"om 0.44-0.11 by
increasing the die-fiU weight which corresponded to similar compaction pressures as used
above.

Specimens were prepared to constant thickness using the gauge length return

(GLR) facility discussed in Chapter 2, Section 2.3.2.1.

3.2.1.4

Results
Table 3.1 shows the effect of thickness/diameter ratio and porosity on the Ot values

and mechanism of failure obtained for the specimens. The data obtained for the three
different thickness/diameter ratio groups shows a definite trend whereby specimens with a
high porosity (e.g. 0.44) fail in the normal tensile manner. On reducing the porosity, edge
deformation and collapse becomes more apparent to differing extents depending on the
thickness/diameter ratio. It is also important to note the edge deformation and collapse
mechanism of failure does not affect, to a great extent, the value of Gt obtained when
compared with specimens failing by a normal tensile failure. Further support for this is
shown in Figure 3.3 where the data for all three thickness/diameter ratios conforms to a
linear relationship between In Gt and porosity (Pearson’s correlation coefficient, r > -0.99
for all thickness/diameter ratios).

In addition, for a chosen value of porosity the

thickness/diameter ratio has little effect on Gt which is to be expected as equation 3.2
includes the terms D and t.
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Figure 3.2 In tensile strength as a function of porosity for constant weight (0.3 7g)
Avicel PH 102 specimens prepared over a compaction pressure range of
25-1 SOMPa (raw data used) (Tensile Strength, MPa)
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Segments of the plot illustrate specimens which fail by different mechanisms:(a) Normal tensile failure.
(b) Tensile failure or edge deformation and collapse. Some specimens fail by both
mechanisms simultaneously.
(c) Edge deformation and collapse.
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Table 3.1

The effect of thickness/diameter ratio and porosity on the tensile strength,
Gt and mechanism of failure, MOF, for Avicel PH 102 specimens.

Thickness/diameter ratio
0.216

0.180
Porosity

CJt

0.265
Gt

Gt

(G)

(MPa)

MOF

(MPa)

MOF

(MPa)

MOF

0.11

-

-

-

-

8.83

TF+ED/C

0.12

7.79

ED/C

8.62

ED/C+TF

8.48

TF+ED/C

0.13

-

-

7.76

ED/C

8.10

TF+tED/C

0.15

6.49

ED/C

6.96

ED/C+TF

7.10

TF

0.17

5.88

ED/C

6.08

t f +Te d / c

-

-

0.19

-

-

5.91

TF+tED/C

5.94

TF

0.22

4.56

TF+ED/C

-

-

-

-

0.23

4.53

TF+ttED/C

-

-

4.66

TF

0.28

3.29

TF+îtED /C

3.35

TF

-

-

0.29

3.13

TF+ÎÎED/C

-

-

3.16

TF

0.33

2.37

TF

2.27

TF

-

-

0.34

-

-

-

-

2.37

TF

0.37

1.84

TF

-

-

-

-

0.38

-

-

1.58

TF

-

-

0.39

-

-

-

-

1.57

TF

0.43

-

-

1.14

TF

-

-

0.44

1.08

TF

-

-

-

-

(at values represent the mean of five replicate specimens)
Legend:
TF
= Normal tensile failure
T ED/C = First signs of edge deformation and collapse
T f ED/C = Edge deformation and collapse becomes more pronounced
TF+ED/C = Failure by both mechanisms simultaneously or by either one alone
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F igu re 3.3

In tensile strength as a function of porosity for Avicel PH 102 specimens
prepared at three different thickness/diameter ratios (raw data used)
(Tensile Strength, MPa)
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3.2.1.5

Discussion
A change in the normal mode of tensile failure following diametral compression has

been demonstrated for specimens of constant weight but varying thickness at low porosities
(Section 3.2.1.2).

Thus the preliminary findings point to either specimen porosity or

geometry, or a combination of both as the causative factors.
The second experiment therefore attempted to isolate these two variables by
producing specimens of constant thickness. Thus for a particular thickness/diameter ratio
the geometry of the specimen was maintained constant whilst the porosity was varied.
The results of Section 3.2.1.4 (Table 3.1) show that by changing the specimen
geometry the edge deformation and collapse mechanism of failure becomes apparent at
diflfering levels of porosity. However, the results also illustrate the important influence that
porosity has on the mechanism of failure. At high porosities all specimens failed in the
normal tensile manner irrespective of their geometry and thus both geometry and porosity
seem to be causative factors.
The results strongly suggest a specimen-platen interaction for which a possible
explanation may be provided. At high compaction pressures (and hence low porosities) the
physico-mechanical structure of Avicel PH 102 may be changed. Microcrystalline cellulose
consists of microfibrils packed closely together which hydrogen bond neighbouring
cellulose chains through the hydroxyl groups (Khan, et al 1988). The application of a large
compaction pressure over a prolonged period may increase the proximity of these
microfibrils and promote stronger hydrogen bonding leading to a specimen with a stronger
physical structure.
The time-dependent nature of microcrystalline cellulose and other excipients is well
documented in the literature (David and Augsberger, 1977; Rees and Rue, 1978; Roberts
and Rowe, 1985; 1986b; Armstrong, 1989). During prolonged contact between the punch
faces and die contents such materials undergo extensive plastic flow leading to stronger
particle-particle bonding and therefore a greater tensile strength.
The compaction operation takes approximately five minutes with an Instron
Physical Testing Machine when preparing specimens at a compaction rate of 5mm/min,
thus the punch faces are in contact with the die contents for a considerable length of time
allowing extensive time-dependent flow and particle bonding to occur.
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The above factors could result in the formation of a very dense plastic core in the
centre of the specimen which is resistant to fracture.

In particular, the low porosity

specimens appeared to be very plastic and after testing could not be broken into two halves
manually following edge deformation and collapse.

Deformation and failure of such

specimens would thus only occur at the surface and edges of the specimen - the weakest
points of the structure.
In addition, the results of Table 3.1 implicate specimen geometry as a causative
factor. The determination of tensile strength using the diametral compression test depends
upon the correct stress distribution being achieved within the specimen. Variations in the
type of failure encountered during diametral compression tests due to changes in the stress
state have been documented by Rudnick et al (1963) for ceramic materials and by Fell and
Newton (1970b) for pharmaceutical tablets. Rudnick et al (1963) demonstrated that the
mechanical properties of both the specimen and load platens determine the stress
distribution within the specimen. Thus if the Young’s modulus of both the specimen and
platens are high then conditions approaching ideal line loading will be achieved. This
results in minimum values for compressive and shear stresses at the centre of the load
diameter and infinitely high values immediately at the contact points with the platens. In
this case failure is not initiated in tension but may initiate by shear or compression. To
alleviate this problem an appropriate padding material should be selected which allows the
load to be distributed over a reasonable area ensuring that these high stresses near to the
platens are reduced.
Pharmaceutical tablets are normally much softer than the steel platens used in
diametral compression tests thus the consequences of line loading conditions are usually
avoided. However, it is possible that the low porosity specimens used in this study had a
much higher Young’s modulus which was similar in magnitude to that of the platens. Under
these conditions line or point loading would be achieved and shear or compressive failure
could occur (Fell and Newton, 1970b). The change in the stress distribution within the
specimen also seems to have been enhanced by the specimen geometry where the thinner
specimens seem to be predisposed to line loading conditions.
Although this could account for the appearance of the edges of the specimens the
specimens did not break into numerous irregularly shaped pieces as is usual for failure
under shear and compressive stresses.

Examination of Figure 3.1(b) also reveals a
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reasonable flattening of the specimen at the point of contact with the platens which makes it
unlikely that conditions of line loading would have initiated this type of failure.
Finally the proposed causes for this phenomenon do not account for the fact that
both Figures 3.2 and 3.3 indicate that a valid value for the tensile strength of the specimen
is still being measured even though the appearance of the specimen in Figure 3.1(b) shows
no evidence of a diametral fracture. This will be discussed further in Section 3.4.

3.3

Force-Transmission Study for Avicel PH102 Specimens of Constant
Thickness/Diameter Ratio

3.3.1

Introduction
To gain further information concerning the unusual mechanism of fracture

described above, a force transmission study was performed on specimens having the same
thickness/diameter ratios as those used in Section 3.2.1.3. Such an approach was aimed at
quantifying the degree of the energy of compaction absorbed by the different sized
compacts (frictional losses were not accounted for) during their formation.

It was

postulated that compacts which absorb only a small amount of this energy of compaction
(leaving more energy for the compaction process) would undergo greater particle-particle
bonding, leading to greater strength and therefore a more resistant structure to diametral
fracture.

3.3.2

Experimental
Specimens were prepared to constant thickness using the gauge length return

(GLR) facility as reported in Section 3.2.1.3. The lower punch force was measured using
the experimental assembly described in Chapter 2, Section 2.3.1. The upper punch holder
was removed from the crosshead and replaced with a 0-150KN load cell (Transducer
Systems UK) bolted onto the crosshead by means of a metal plate. The output voltage
from the load cell was processed by an amplification unit and then recorded using a BBC
SE 120 chart recorder. This load cell was then cross-calibrated by pushing it against the
Instron load cell. With the die contents in place, the upper punch was positioned gently in
the die and the crosshead brought down until the load cell made contact with the punch.
Specimens were prepared over a range of porosities with 10 replicates made at
each particular setting. For each specimen the lower-to-upper punch force ratio (force
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transmission ratio) was calculated from the recorded punch forces. A force transmission
ratio of unity indicates total utilisation of the energy of compaction with no losses through
friction with the die-wall or through absorption by the compact. However, in practice this
is rarely achieved.

3.3.3

Results and Discussion
Figure 3.4 shows the results obtained for the three groups of specimens where the

error bars represent the standard error of the mean. The results are somewhat scattered
which can be mainly attributed to e?qperimental error particularly as the gauge length return
facility has been shown to cause problems (Chapter 2, Section 2.3.2.3). However, for all
three groups of specimens a definite trend can be seen whereby the force transmission ratio
tends towards unity as the porosity is reduced. This can be explained by considering the
elastic potential of the die contents during compaction. At high porosities the particles
within the specimen deform elastically and fragment moving closer together during
compression thus promoting particle bonding. Energy is required to overcome both diewall and interparticulate fiictional effects and is also lost by elastic recovery, thus less than
100% of the upper punch force is transmitted to the lower punch. However, at low
porosities the applied force is much greater and the particle bonding is both stronger and
more permanent through plastic deformation.

This leaves little potential for elastic

behaviour and the specimen behaves as a continuation of the punches transmitting virtually
all of the force from top to bottom punch with little loss of energy.
Figure 3.4 also indicates that the specimen thickness/diameter ratio has an effect on
the force transmission ratio.

Specimens which are thin {i.e. thickness/diameter, 0.180)

approach a force transmission ratio of unity sooner than thicker specimens on reducing the
porosity. Thicker specimens involve a large die-fill weight and therefore have greater
elastic potential which results in an increased absorption of energy by the compact. If
specimens are prepared at a given value of porosity each particle in the larger specimens
will experience a binding force which is lower than that experienced by particles in a thinner
compact. This is because of the greater number of particles in the larger specimen. Thus
over the range of porosities used in this study the particles in the thinner specimens will
have experienced a greater binding force than those in the thicker specimens.

Thin

specimens will therefore have stronger, harder structures which will tend to fracture by
edge deformation and collapse.

Thus the findings of this study tend to support the
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discussion in Section 3.2.1.5.
The results of Figure 3.4 were analysed using multivariate analysis (MANOVAtest) to confirm that the thickness/diameter ratio does significantly aflfect the force
transmission ratio over the seven porosities used, particularly as the two uppermost curves
appear to be similar. The results were processed using SPSS 5.0 Statistics software and
analysed by means of the Hotellings T^ test for reliability (a multivariate test of the null
hypothesis that all items on the scale have the same mean). Table 3.2 shows a Hotellings Ftest value o f24.65 for the analysis of all three curves which is significant with p < 0.001 and
means that at least one of the curves must be significantly different.
MANOVA pair comparisons were then performed on the curves to establish if they
were significantly different. All pair comparisons gave Hotellings F-test values which were
significant with p < 0.001 indicating that all three curves are different and thus the
thickness/diameter ratio does affect the force transmission ratio.

3.4

Discussion of the Unusual Fracture Mechanism

3.4.1

Crack Propagation
A greater understanding of the phenomenon, demonstrated in Section 3.2 and

further examined in Section 3 .3, can be gained by considering some of the literature on
crack propagation.

Crack propagation in Avicel PHI02 compacts under diametral

compression is likely to be initiated at the centre of the specimen. Using a high speed
recording video camera Mashadi and Newton (1988) and Mashadi (1988) demonstrated
slower crack propagation with the crack emanating from the centre of the specimen in
materials exhibiting plastic behaviour. Materials of a more brittle nature had faster crack
propagation rates and cracking initiated from the edges by the loading points.
Avicel PHI 02 exhibits a relatively high degree of plasticity which results in the
deformation and flow of material under high pressure. This can help to relieve stresses near
to the contact points and thus failure is initiated at the centre of the specimen. The plastic
nature of Avicel PHI 02 also means that there is a greater resistance to crack propagation.
Therefore at the high compaction pressures used in this study to form very low porosity
specimens the resistance to crack propagation will be very high.

This could possibly

account for the lack of a diametral fracture on the specimen in Figure 3 .1(b). Under these
conditions crack propagation initiated at the centre may not reach the edges of the

no
Table 3.2

Results from MANOVA-test on force transmission study data

Curve thickness/diameter

Hotellings F-Test Value

Significance of F

ratio analysed

0.180, 0.216, 0.265

24.65

p <0.001

0.180, 0.216

42.34

p <0.001

0.180, 0.265

18.39

p <0.001

0.216, 0.265

8.11

p <0.001
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specimen and thus high stresses may build up near to the contact points. Eventually the
specimen edges may fail at the contact points leading to the appearance seen in Figure
3.1(b). In addition, because of the high resistance to crack propagation the crack initiated
at the centre of the specimen may not completely penetrate the entire compact thickness.

3.4.2

Simulation of Crack Propagation

3.4.2.1

Introduction
Further support and explanation as to the mechanism of fracture can be provided by

a computer program simulation of crack propagation. The model was originally developed
to simulate crack propagation in structural steel to gain a better understanding of the crack
propagation process (Broberg,

1989,

1990).

Although the simulation is an

oversimplification of a very complex process it did enable the author to study the effect of
changing various parameters on the crack propagation process.

The model may also

provide the user with ideas about how to investigate more accurately what is going on in
the process region. It assumes that the fracture mechanism consists of hole formation,
growth and coalescence and this sequence is visualised on a PC-screen where holes are
assumed to be opened at particles. However, it must be realised that the model is based
upon continuum rather than contact mechanics and will not be applicable to very brittle
materials where fracture occurs principally at the particle-particle interface.

During

compaction such materials do not usually form a continuous phase.
The model has been evaluated for porous compacted specimens of microcrystalline
cellulose by Rowe and Roberts (1994). A detailed description of the model is given by
Broberg (1989, 1990) with the essential features of the model described by Rowe and
Roberts (1994).
The simulation has been written in both Quickbasic and Turbo C for a personal
computer. The most recent Turbo C version was used because the simulation assumes a
more realistic visco-plastic flow for hole growth (Broberg, 1994).
Particles are displayed on the computer screen as circles scaled to include one
hundred particles and hole growth is indicated by drawing the new periphery for each step.
Coalescence between two holes and crack formation is marked simply by a broad straight
line between the centres of the holes. Except for hole growth no deformation is shown.
Estimates of crack velocity and the energy of dissipation are provided by the simulation
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although they are not accurate absolute values. They are intended for the purpose of
comparison only as at very high stress intensity factors much energy is dissipated in the
region outside the screen, which is unaccounted for and can lead to misleading
underestimates even for comparisons. However, in a study which evaluated the model for
Avicel PH I01 Rowe and Roberts (1994) reported good agreement with experimental
observations and measurements including crack propagation velocity.

3.4.2.2

Experimental
The crack simulation program has been used to visualise the effects of reducing

specimen porosity on the crack propagation process. At the start of the program inputs are
requested for the large and small hole diameters, their respective intended volume fractions,
values for the yield stress, fluidity, exponent, irrotational wave velocity and stress intensity
factor. As accurate values for all of these parameters are not available, estimates have been
used based upon previously published data for microcrystalline cellulose (Rowe and
Roberts, 1994).
Values for pore (hole) sizes and volume fractions (porosity) for compressed
specimens of Avicel have been measured by high pressure mercury intrusion porosimetiy
(Sixsmith, 1977). The values used by Rowe and Roberts (1994) for Avicel PHI01 with
data extrapolated from Sixsmith (1977) were used in this simulation as the pore diameters
for Avicel PH 102 are likely to be similar over the same range of porosity. Furthermore,
absolute values for pore diameter were not paramount because the simulation was intended
only to show the effects of reducing specimen porosity on the crack propagation process.
Yield stress values for Avicel PH 102 have been accurately measured using
compaction (Heckel plot) techniques.

As a variation in yield pressure with moisture

content for various sources of microcrystalline cellulose has been reported (Roberts and
Rowe, 1987d) an approximate value was estimated for the Avicel PHI02 used in this
study. From Chapter 2 (Section 2.2.2) the Avicel PHI02 samples were found to have a
mean moisture content of 4%w/w.

A yield pressure value for these conditions was

estimated from the data shown in Roberts and Rowe (1987d).
The fluidity {i.e. the reciprocal of the viscosity) of microcrystalline cellulose should
be very high when compared with that of steel (1000s'\ Broberg, 1990). An estimation can
be made as shown by Rowe and Roberts (1994) by multiplying the value for steel by the
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ratio of the Young’s modulus of elasticity of steel to that of Avicel PHI 02. Values for steel
and Avicel PH102 were taken from Gordon (1976) and Bassam et al (1988) respectively.
The exponent is related to the sensitivity of the material to over-stress. Broberg
(1990) assumed a value of 4 for steel but for Avicel PH 102, a polymer, the value will be
much lower due to its increased ductility. A value of unity was therefore taken as described
by Rowe and Roberts (1994).
The irrotational wave velocity parameter was calculated using equation 3.3 as
shown by Rowe and Roberts (1994):-

p

(Equation 3.3)

where E is the Young’s modulus of elasticity of the material, u is the Poisson’s ratio (a
value of 0.3 is normally assumed for pharmaceutical powders) and p is the true density of
the material (1590kgm'^, as measured in Chapter 2, Section 2.2.1).
Values for the stress intensity factor (Kic) have been measured by a number of
workers using a variety of techniques (Mashadi and Newton, 1987b; Roberts and Rowe,
1989; York et al 1990; Podczeck and Newton, 1992b). Although it is established that the
Kic increases as the specimen porosity decreases values reported by different workers show
considerable variation. This has been attributed to the sensitivity of the parameter to
experimental technique such as loading rate, control of crack propagation and more
importantly pre-crack geometry (York et al, 1990). For the purposes of this simulation the
Kic was kept constant with decreasing specimen porosity, at a value of 0.8MPam^^ (which
is in accordance with literature values reported).

This enabled the effect of specimen

porosity on the mechanism of crack propagation to be further enhanced. Furthermore, a
Kic value below 0.8MPam^^ could not be used because it did not sustain crack growth at
the 37.33% porosity level.
Table 3.3 lists the parameters used in the simulations to investigate changes in
specimen porosity.
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Table 3.3

Values of parameters used in crack propagation computer simulation to
investigate changes in specimen porosity for Avicel PH 102

Parameter

Values used

8.17

8.17

8.17

59

59

59

Fluidity (s'*)

25700

25700

25700

Irrotational wave velocity (ms'*)

2375

2375

2375

1

1

1

Stress intensity factor (MPam*^)

0.8

0.8

0.8

Mean diameter of holes (pm)

4.3

1.7

0.6

Volume fraction of holes (porosity, %)

37.9

19.6

10.1

Young’s modulus of elasticity (GPa)
Yield stress (MPa)

Exponent
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3.4.2 3

Results and Discussion
Figure 3.5 illustrates a computer simulation of crack propagation in an Avicel

PH 102 compact of 37.33% porosity. At these high porosities crack propagation appears to
be a relatively simple process. There is a moderate degree of hole growth (which is almost
exclusively confined to the region of cracking) and the main crack follows a reasonably
straight and narrow path fi*om left to right of the representation of the compact.
Furthermore, there are only a few minor cracks which branch off fi’om the main crack. This
clearly explains the appearance of the specimen in Figure 3 .1(a) where upon the application
of a diametral load the specimen is cleanly fractured into two halves.
Figure 3.6 illustrates the cracking process in a specimen of 19.34% porosity. In this
case the fracture mechanism is a great deal more complex. Hole growth is more extensive
and is no longer confined to the area surrounding the primary crack route. The primary
crack still follows a relatively straight path but there are a number of major cracks which
branch off from it and also several small fractures which appear elsewhere in the compact.
Specimens which fall into segment (b) of the plot in Figure 3.2 are likely to have fractured
by this mechanism.

These specimens seem to represent a transition point where the

mechanism of failure changes from purely tensile failure to edge deformation and collapse.
Thus from the simulation in Figure 3.6 the main crack could be attributed to diametral
fracture of the specimen. In addition, the large cracks which branch off from the primary
crack may help to relieve the diametral stresses within the specimen thus making failure
more likely to occur elsewhere.

Such a change in the stress distribution within the

specimen (particularly at the centre) may make failure more likely to occur under the higher
stresses near to the contact points. The presence of these major side-cracks near to the
specimen periphery may also serve to weaken the specimen edges under diametral loading.
This could explain the fractures seen in specimens which fail by both tensile failure and edge
deformation and collapse simultaneously.
Figure 3.7 simulates crack propagation in an Avicel PHI02 compact of 10.19%
porosity. At these low levels of porosity the crack process is a very complex phenomenon.
Hole growth is very extensive involving almost every pore within the specimen and there
are a number of micro-cracks and fractures throughout the specimen. The primary crack
route is not at all simple but follows a very irregular path involving multiple fractures at
very large holes. This could explain the appearance of the specimen in Figure 3 .1(b) where
a diametral fracture is absent. The specimen obviously still fails in tension through large
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Figure 3.5

Simulation of crack propagation in an Avicel P H I02 compact of 37.33%
porosity. Simulation initiated at point A.

DIAMETER: LARGE PARTICLES = 4 . 3 0 Microns.
SMALL PARTICLES = 0 . 0 6 M ic ro n s
WLUME FRACTIOM; LARGE PARTICLES = 3 7 .3 3 X . SMALL PARTICLES = 0 . 0 0 x
STRESS IMTEMSITY FACTOR = 0 . 8 M P a « sq r(N )
ENERGY D ISSIPA T IO N IM PROCESS REGION PER OMIT CRACK GROWTH = 17 N x m
WERAGE VELOCITY = 1 . 4 6 m x s . PRESS SPACEBAR TO EXIT
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o'-^on

Figure 3.6

Sim ulation o f crack propagation in an A vicel PH 102 com pact o f 19.34%
porosity. Sim ulation initiated at point A.

DIAMETER: LARGE PARTICLES = 1 .7 0 Microns.
SMALL PARTICLES = 0 . 0 0 M ic ro n s
VOLOME FRACTIOM: LARGE PARTICLES = 1 9 .3 4 X. SMALL PARTICLES = 0 . 0 0 X
STRESS INTENSITY FACTOR = 0 . 8 N P a " s q r ( m )
ENERGY D ISSIPA T IO N IM PROCESS REGION PER UNIT CRACK GROWTH = 8 N x m
AVERAGE VELOCITY = 0 . 6 2 m x s . PRESS SPACEBAR TO EXIT
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F igu re 3.7

Sim ulation o f crack propagation in an A vicel PH 102 com pact o f 10.19%
porosity. Sim ulation initiated at point A.

DIAMETER: LARGE PARTICLES = 6 . 6 0 m i c r o n s .
SMALL PARTICLES = 0 . 0 6 m i c r o n s
IWLUME FRACTIOM: LARGE PARTICLES = 1 0 .1 9 %. SMALL PARTICLES = 0 . 0 0 %
STRESS IMTEMSITY FACTOR = 0 . 8 MPa « s q r ( m )
ENERGY D ISSIPA TIO N IN PM K ESS REGION PER UNIT CRACK GROWTH = 4 M/m
AVERAGE VELOCITY = 0 . 6 3 m / s . PRESS SPACEBAR TO EXIT
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cracks which serve to relieve the stresses across the diameter of the specimen. The stress
distribution pattern is altered and failure occurs elsewhere in the specimen. As for the
previous case such changes may predispose the edges of the specimen to fracture by edge
deformation and collapse.
It is also interesting to note the trend in the average crack velocity and the energy
dissipated in the process region per unit crack growth with decreasing porosity. In both
cases there are large reductions in these parameters with increasing compaction pressure
(hence decreasing porosity). The trend in crack velocity is also in agreement with the work
of Mashadi and Newton (1988) and Mashadi (1988) where crack propagation becomes
more and more difficult at very low porosities. Again this could account for the lack of
diametral cracking with very low porosity specimens.
Thus with the aid of a crack propagation simulation program it is possible to study
the effect of specimen porosity changes on the mechanism fracture under a diametral load.
Furthermore, the experimental results seem to show good agreement with the above
theoretical simulations.

3.4.3

Conclusion
A change in the normal mode of tensile failure following diametral compression has

been demonstrated for specimens of constant weight but varying thickness at low
porosities. For specimens of constant thickness the thickness/diameter ratio was shown to
have an effect on the mechanism of failure although the porosity was still found to be an
important factor. Various explanations for this phenomenon have been proposed following
the studies in Sections 3.2 and 3.3 which seem to point towards a specimen-platen
interaction with a mixture of mechanical and geometrical effects. However, through a
consideration of the crack propagation process and the use of a computer program which
simulates crack propagation in porous specimens (Section 3.4) a more complete and
detailed explanation is offered.
The phenomenon

described

may have

significant

consequences

during

pharmaceutical processing particularly when using Avicel-rich formulations at high
compaction pressures (e.g. during slugging). Beten et al (1994) reported such a change in
the mechanical properties of acetylsalicylic acid - Avicel PHI01 tablets (75% and 20%w/w
respectively) when prepared by slugging rather than direct compression. Following pre
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compression, milling and grinding during the slugging process the compressibility of the
mixed powder was negatively influenced with a significant modification of the yield
pressure and elastic coefficient of the microcrystalline cellulose.

3.5

Selection of a Second Polymeric Material for Mechanical Strength
Evaluation

3.5.1

Assessment of Material Compressibility/Compactihility
The mechanical properties of a second polymeric material were evaluated for

comparison with Avicel PHI 02 (Chapter 2, Section 2.1.1) after selection from three
materials.

The three materials hydroxypropyl cellulose (Klucel),

hydroxypropyl

methylcellulose (Methocel E4M) and sodium alginate were investigated as received and
their details are given in Table

2 .1 .

Compacts of 0.4g and

0 .8 g

approximately were

prepared at two compaction pressures using each material as described in Chapter 2,
Section 2.3.1. During die-filling particular attention was given to powder flow and ease of
handling whilst after compaction the quality of the tablet was assessed by visual means. The
tablets were then weighed and their dimensions were measured to roughly assess the
volume reduction properties of the powders. Finally specimens were subjected to diametral
testing between hardened steel platens using a commercial testing machine (CT40,
Engineering Systems, Nottingham) with a platen speed of Imm/min.

3.5.2

Results
Sodium Alginate possessed good flow properties but did not form compacts at

either 50 or 1SOMPa. On attempting to remove the die contents the ‘compact’ crumbled to
powder. Sodium Alginate was therefore considered non-compressible and unsuitable for
further investigation.
Methocel E4M possessed acceptable flow properties but exhibited slight
adhesiveness. It formed good tablets at both compaction pressures which had a smooth
appearance.

Upon diametral compression fracture loads of 8.16 and 19.33kg were

recorded with a clean central tensile failure.
Klucel was very easy to handle and flowed well. It formed specimens at both
compaction pressures with a slightly granular surface. However, upon diametral testing a
fracture load could not be obtained as specimens continually deformed under an increasing
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load. Eventually specimens became a cylindrical pipe shape and a small hole appeared in
one of the faces of the tablet. This did not appear to be the result of failure but merely
occurred as the result of lateral deformation (the only direction remaining in which the
specimen could deform).
Methocel E4M was therefore selected for use by default as the use of Klucel would
not have enabled the determination of mechanical strength.
Such simple tests as described above could be used to evaluate the potential of a
material for use as a binder in a direct compression (DC) matrix formulation.

Klucel

demonstrated considerable plasticity in these tests and consequently is regularly used as a
polymeric matrix in DC formulations.

3.5.3

Determination of Compressive Young s Modulus

3.5.3.1

Introduction
The concept of the Young’s modulus of elasticity was introduced in Chapter 1,

Section 1.2.1. The advantages of a compressive determination as opposed to the three- or
four-point beam bending method for pharmaceutical materials have been discussed in
Chapter 1, Section 1.2.5.5. The compressive Young’s modulus (E) was determined for
both Avicel PH 102 and Methocel E4M to allow a preliminary comparison of their
mechanical properties using a technique described for cylindrical specimens (Paddon and
Wilson, 1976; Kerridge and Newton, 1986; Kerridge 1988).

3.5.3.2 Experimental
Twelve millimetre diameter cylindrical specimens of both materials were prepared
over a range of porosities, using an Instron Physical Testing Machine as described in
Chapter 2, Section 2.3.1 in conjunction with a specially constructed extra-long die.
Specimens were compacted at a rate of 0.5cm/min with five replicates prepared at each
porosity. After 14 days storage in sealed plastic bags the specimens were weighed and
measured and their porosity was calculated as shown in Section 3 .2.1.1.
The compressive Young’s modulus was determined by straining the specimens
between two 25.4mm diameter Manesty Type D3A flat-faced steel punches, used as
platens, on the Instron at a crosshead speed of 0.05cm/min. The stress-strain curves for
each specimen were recorded using an X-Y plotter with the timebase set to 20s/cm. The

121

slope of the elastic part of the curve enabled the calculation of the specimen Young’s
modulus (Es) using equation 3.4:-

= (X-MJA

(Equation 3.4)

where L is the length of the specimen (m), X is the slope (m/KN), Me is the machine
constant, determined by loading the machine without a specimen, (m/KN), and A is the
cross-sectional area of the specimen (m^).
Frictional effects at the platens were not corrected for because absolute values of
the zero porosity Young’s modulus were not required and the end-eflfects at the platens can
never be completely eliminated (Chapter 1, Section 1.2.3.6 ).

3.S.3.3

Results and Discussion
The results in Figure 3 .8 are presented in the manner described empirically by the

Sprigg’s equation (Sprigg’s, 1961) where a plot of In E, against porosity, P, yields a
straight line. The raw data has been used in the linear regression rather than the mean as
variation in both E and P is likely. By extrapolating the curve to zero porosity the Young’s
modulus of the material (Eo) can be estimated. However, it is important to note that even
at zero porosity the value obtained for E still represents a specimen property rather than a
true material property although the values obtained for different materials are useful for
comparative purposes. Furthermore,

the Sprigg’s equation and other relationships

describing E as a function of porosity do not completely account for changes inthe pore
structure which will certainly influence the mechanical properties of the material.
For both Avicel PHI 02 and Methocel E4M linear regression analysis gave a
significant linear relationship between Es and porosity yielding the respective equations:

E = 4.093 exp

(-15.54P)

r = -0.989

(Equation 3.5)

E = 0.576 exp

(-5.598P)

r = -0.988

(Equation 3.6)

Thus zero porosity moduli of 59.9 and 1.78GPa were obtained for Avicel PHI02 and
Methocel E4M respectively. The value obtained for Avicel PH 102 seems erroneously high
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Figure 3.8 In

as a function of porosity for Avicel PH 102 and Methocel E4M

specimens (raw data) (Specimen Young’s Modulus, GPa)
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Pearson's correlation coefficient, r is -0.989 and -0.988 for Avicel PH 102 and
Methocel E4M regression analysis curves respectively.
Zero porosity Young's modulus is 59 9GPa for Avicel PH 102 and 1.78GPa for
Methocel E4M.
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when compared with that obtained by Kerridge (1988) as it is approximately an order of
magnitude greater. Whilst Kerridge used a large particle size fraction of Avicel PH 102 this
work used unfractionated material which would undoubtedly contain many more frnes. The
presence of these would result in much denser packing under compaction which might
account for the higher value. Even though such a high value is surprising and means in
effect the material is very resistant to stress, this agrees with the findings of Sections 3.2
and 3.4 concerning the unusual mode of fracture at very low porosities.

A Young’s

modulus as high as this could also alter the stress distribution within the specimen upon
diametral loading (Section 3.2.1.5).
The value obtained for Methocel E4M seems acceptable when considered with the
data for other materials (Kerridge, 1988) as this material does not compress and bond as
effectively as Avicel PH 102. Thus Methocel E4M is a great deal less resistant to stress
than Avicel PH 102 and forms less rigid compacts following compaction. This is easily seen
when observing the volume reduction of the powders under an increasing compaction load.
Furthermore, the gradient, -b, for Methocel E4M which is related to the proportion of open
and closed pores within the compact structure is approximately threefold smaller than that
for Avicel PHI 02 and this reflects the difference in the materials’ volume reduction
properties.

Âvieel PHim
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4.1

Introduction
Tensile and compressive strength testing provide a useful means of characterising

some of the mechanical properties of pharmaceutical materials whether for the purposes of
routine quality control (as in industry) or as an aid to understanding the fundamental
processes of compaction and tableting. Most previous research has been restricted to the
use of one or two strength evaluation procedures in association with other material
characterisation techniques. This study has assessed the mechanical strength properties of
12mm diameter Avicel PH 102 specimens prepared under conditions of slow compaction
(using an Instron Physical Testing Machine) by means of five complementary mechanical
strength test procedures. The use of some of the tests is well established but other test
procedures have been considered which have found little or no application in the field of
pharmaceutical material sciences.

Through the use of such tests which differ in their

loading configuration and therefore induce different states of stress within the specimen, it
may be possible to demonstrate a lack of isotropy/homogeneity in a compact with
corresponding variations in strength.
There is an inherent variability in the strength of nominally identical specimens
governed by a random distribution of flaws which is greater than that caused by variations
in composition and manufacture. Thus the fi-acture strength of brittle materials is sizedependent. The larger the volume of the specimens, the greater the severity of the flaws
and hence the smaller the mean fi'acture stress (Stanley and Newton, 1977; Stanley, 1985).
However, the size-dependency effect on specimen strength is further complicated as
volume is increased because the specimen structure tends to exhibit a greater degree of
inhomogeneity. Using the two-parameter Weibull relationship Stanley and Newton (1977)
examined the effect of volume changes on the mean fi'acture stress of a-lactose
monohydrate specimens. The relation was not found to be entirely adequate in accounting
for specimen volume effects on tablet strength and differences in the compaction process
and the physical structure of the compacts were proposed as causative factors.
This study has therefore examined the effect of changing the thickness/diameter
ratio on the mechanical strength, over a range of porosities for the different test procedures
employed.

Such an approach may elicit useful information concerning the physical

structure of the specimen compacts.
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4.2

Diametral Compression Tests

4.2.1

Experimental
The use of the diametral compression test for measuring the tensile strength of

pharmaceutical compacts is well established. This test was therefore included as a standard
for comparison with the other test procedures.
Twelve millimetre diameter specimens were prepared as described in Chapter 2,
Section 2.3.1 using the electrical circuit to ensure reproducible conditions of compaction
(Chapter 2 , Section 2.3.2). Specimens were prepared at compaction pressures of 25, 50,
75, 100, 125 and 150MPa and thicknesses of 2, 3, 4 and

6 mm

corresponding to

thickness/diameter ratios of Ve, V4, % and V2 . Specimen porosity was calculated before
diametral compression testing using equation 3.1 (Chapter 3, Section 3.2.1.1). Tensile
strength following a valid diametral failure was calculated in the manner described by Fell
and Newton (1970b) using equation 3.2 (Chapter 3, Section 3.2.1.1).

4.2.2

Results
Almost all of the specimens failed in a normal tensile manner with none failing

purely by edge deformation and collapse. However, some specimens did show initial signs
of edge deformation and collapse as described in Chapter 3. As previously shown (Chapter
3, Table 3.1) edge deformation and collapse only became apparent at the lower porosities
and was influenced by the thickness/diameter ratio. The 6 mm thick specimens showed no
signs of edge deformation and collapse which can be accounted for by the higher range of
porosities used in this study when compared with those used in Table 3 .1. This makes it
unlikely that failure would have occurred in this manner.

Similarly, failure by edge

deformation and collapse could have been more pronounced for the other specimen
thicknesses if they had been prepared at lower porosities. However, the occurrence of edge
deformation and collapse was generally less in this study when compared with that in
Chapter 3, which may have been the result of improved experimental technique through the
use of the electrical circuit to control the reproducibility of compaction conditions.
Figure 4.1 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of raw data as a linear regression did not seem appropriate.
Figure 4.2 illustrates the relationship between the natural logarithm of the tensile
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Strength (Gt) and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the raw data for each specimen thickness as variation
occurred in both the x and y values. A significant linear relationship (as described by
Duckworth, 1951) was demonstrated for all cases yielding the regression analyses reported
in Table 4.1. Comparisons between specimens of different thickness were made at a value
of porosity within the experimental range, namely 0.20, as extrapolation to zero porosity
seemed inappropriate because of the relatively high porosity of the samples (Table 4.1).
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001. ^

4.2.3

Discussion
Examination of both Figures 4.1 and 4.2 reveals little scatter in the diametral

compression test results which indicates good reproducibility with a low variance.
However, the data in Figure 4.2 appears to be more scattered for the 6mm thick specimens
at a porosity of 0.44 which can be explained by the increased number of inherent flaws
present in compacts of a larger size. These arise in brittle materials because of numerous
microscopic structural and material defects such as interstitial cavities, fi'actured particles,
interparticular boundaries etc. which act as minute stress concentrators within the specimen.
Fracture is therefore initiated and propagates fi"om such sites. In addition, the more porous
specimens will possess greater variability in their structure and hence mechanical strength.
Although a comparison of the regression lines (Figure 4.2) was statistically different
both Figure 4.2 and Table 4.1 show that increasing the specimen thickness causes only a
small change in the parameters, b and bo corresponding to a downward shift in the
regression line and thus a small decrease in the tensile strength. Furthermore, the cross
over between some of the ends of the regression curves in Figure 4.1 reflects the very small
difference in tensile strength with changing specimen thickness. In the case of the diametral
compression test, crack propagation and subsequent failure is known to be initiated at the
centre of the specimen for plastically deforming materials such as Avicel PH 102 (Mashadi
and Newton, 1988; Mashadi, 1988). The stress state within the specimen is little affected
by changes in specimen length (or thickness) as the ratio of the contact width at the platens
to the specimen diameter remains essentially constant. The measured Gt is also unaffected

t Thus the regression lines for the specimens of different thickness cannot be fitted by a common
regression line. However, certain regression lines within these data sets may not be statistically
different (and hereafter).
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Table 4.1

Linear regression analyses for the diametral compression test
(In Ot = -b e + In bo)

Specimen thickness

b

r

In bo

at at S0.2 (MPa)

2 mm

-6.6052

3.1379

-0.992

6.15

3mm

-6.4725

3.0820

-0.995

5.97

4mm

-6.4746

3.0475

-0.994

5.77

6 mm

-6.2822

2.9365

-0.995

5.37

b: slope; bo: intercept; r: regression coefficient; at at
porosity of 0 .2 .

80 .2 :

tensile strength at a specimen
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by surface condition effects unless the specimen is very thin (Berenbaum and Brodie,
1959). This is reflected in the values of at at

8

= 0.20 (Table 4.1) which are all of a very

similar magnitude for the four specimen thicknesses. These depict a trend whereby the
specimen strength at a given porosity decreases with an increase in the specimen
size/thickness. This can be explained as in Section 4.1 whereby the larger the specimen size
the greater the number of inherent flaws present in the compact structure and therefore the
lower the mechanical strength (Newton and Stanley, 1974; Stanley and Newton, 1977;
Kennerley et al, 1977). If a value for the Weibull modulus, m, were known then the values
of Gt at

80.2

could be corrected to account for these specimen volume effects as shown by

Newton and Stanley (1974), Stanley and Newton (1977) and Kennerley et al, (1977;
1979).
In addition, the non-parallel arrangement of the regression lines in Figure 4.2 may
imply that changing the specimen volume affects the physical structure of the compact or its
volume reduction properties in a non-consistent manner. Such effects would no doubt
account for the small change seen in tensile strength with varying specimen thickness.

4.3

Modified Diametral Compression Tests

4.3.1

Experimental
This test was included as a variant of the standard diametral compression test. The

test was originally developed for application to cubic specimens (Berenbaum and Brodie,
1959) and has since been shown to be of value for evaluating strength isotropy variation in
specimens in the vertical and horizontal direction to the direction of compaction (Newton,
etal, 1992).
Twelve millimetre diameter specimens were prepared as described in Section 4.2.1
and tested as described in Chapter 2, Section 2.3.3.2. Tensile strength, at, was calculated in
the manner described by Fell and Newton (1970b) using equation 3.2 (Chapter 3, Section
3.2.1.1) following a valid tensile failure.
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4.3.2

Results
Figure 4.3 shows a scanning electron micrograph of a valid tensile failure for an

Avicel PHI 02 specimen subjected to modified diametral compression testing. Secondary
fine cracks are also visible across the surfaces of the specimen and were most likely caused
by the contact with the steel loading rods. However, as these cracks do not penetrate the
specimen surface to any great extent (less than 0.25mm) and cracking did not initiate fi'om
the indenter edge, failure through shear is unlikely. Furthermore, shear stresses at the
indenter edge have only been shown to become more prominent as the contact width with
the indenter approaches half that of the specimen thickness (Berenbaum and Brodie, 1959).
These cracks became more prominent and penetrated fiirther into the compact (-1mm)
with the 3mm thick specimens particularly at the higher compaction pressures
(e.g. lOOMPa) resulting in the loss of a fine sliver of material fi'om the specimen surface. In
some cases the slivers parted fi'om one surface only but on either side of the loading rod
indentation whereas in other cases they parted from both the top and bottom surfaces in
positions diagonally opposite. This would appear to have occurred as a result of local
crushing and indentation during loading by the steel rods.
The 4mm thick specimens failed in a similar manner although specimens prepared at
150MPa demonstrated a normal failure in combination with a horizontal lamination
resulting in four semicircular-shaped pieces of specimen of roughly equal size.
The 6mm thick specimens prepared at the lower compaction pressures failed in the
normal manner in combination with a horizontal lamination which either occurred as
described for the 4mm thick specimens, or ran through only one half of the specimen as
illustrated in Figure 4.3. At compaction pressures above 125MPa all specimens failed in
combination with a complete horizontal lamination. The significance of this along with
some likely causes is given below (Section 4.3.3).
Figure 4.4 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of raw data as a linear regression did not seem appropriate.
Figure 4.5 illustrates the relationship between the natural logarithm of the tensile
strength (ot) and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the data in the same manner described in Section
4.2.2.

A significant linear relationship (as described by Duckworth, 1951) was
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Scanning electron micrograph of a 12mm diameter Avicel PH 102 specimen
subjected to modified diametral compression testing illustrating the typical
mechanism of failure
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demonstrated for all cases yielding the regression analyses reported in Table 4.2 with a
comparison between specimens of different thickness made at a porosity of 0.20.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.

4.3.3

Discussion
As with the diametral compression test (Chapter 3, Section 3.2.1.2) a change in the

appearance of the mechanism of fi'acture for the modified diametral compression test has
been demonstrated. Similarly, the change in the mechanism of failure does not seem to
have affected the measured values of at as Figure 4.5 shows a linear relationship between In
at and porosity for all specimens with no anomalous values. The change in the appearance
of the fi'acture has also followed a similar trend as described for the diametral compression
tests except that in this case it tended to occur with thicker rather than thinner specimens. It
is therefore possible that the phenomenon described in Chapter 3, Section 3.2.1.2 has
manifested itself again in these tests but in a different manner because of the different
loading configuration employed in this test.

The modified diametral compression test

causes the specimen to fail in the direction of compaction but although the diametral
compression test causes failure in the same plane the stresses are applied at 90° to those
used in the modified diametral compression test.
Alternatively because horizontal lamination tended to occur at the higher
compaction pressures with the thicker specimens, the phenomenon may be due to the
increased presence of flaws in these larger specimens. Such specimens will also possess
relatively weaker particle bonding when compared with thinner specimens prepared at the
same compaction pressure as described in Chapter 3 (Section 3.3.3).
More simply the phenomenon may have been caused by the loading configuration.
Photo-elastic stress state analysis on cubic specimens undergoing indentation loading by
flat-ended indenters has shown that a reduction in the ratio of the indenter width to the
specimen thickness increases the magnitude of both the compressive and tensile stresses at
the mid-points of both the vertical and horizontal planes (Berenbaum and Brodie, 1959). As
this ratio decreases with increasing specimen thickness, tensile failure at the centre of the
specimen becomes more probable in both the vertical and horizontal planes which could
account for the lamination seen.
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Table 4.2

Linear regression analyses for the modified diametral compression test
(In at = -b.s + In bo)

Specimen thickness

b

In bo

r

at at 80.2 (MPa)

2 mm

-4.9118

3.8478

-0.988

17.56

3mm

-5.3387

3.4326

-0.996

10.64

4mm

-5.6242

3.3230

-0.989

9.01

6 mm

-5.8949

3.1396

-0.994

7.10

b; slope; bo; intercept; r: regression coeflBcient; at at
porosity of 0 .2 .

80 .2 :

tensile strength at a specimen
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Examination of Figures 4.4 and 4.5 indicates some spread in the data although some of this
can be attributed to variation in the porosity.

Problems were encountered on some

occasions during the positioning of the specimen between the steel rods to enable loading.
It was difficult to establish whether the specimen was being loaded exactly across the fiiU
length of its diameter and some specimens had been loaded slightly ‘off-centre’ when
examined after failure. This represents the most likely cause for the variance of this data
and is clearly indicated for the 2mm thick specimens in Figure 4.4 which were more difficult
to position. The test was also originally developed for cubic specimens and thus the use of
a specimen which is not equi-dimensional may also account for the greater variance in the
data.
Both Figures 4.4 and 4.5 illustrate distinctly separate regression lines for specimens
of different thickness. This clearly does not represent a material property but implicates a
specimen or test property which is particularly sensitive to specimen volume effects. In
addition, there is a dramatic fall in tensile strength with increasing specimen thickness. In
the case of the modified diametral compression test the load was applied across the
specimen thickness which was varied. As shown by Newton and Stanley (1974), Stanley
and Newton (1977) and Kennerley et al (\911) there is a greater probability of inherent
flaws within a compact as the specimen size is increased. Thus a 6mm specimen will
possess more structural flaws and will fail with a lower fracture stress than a 2mm thick
specimen. This is reflected in the Ct values at 8 = 0.20 which show a sharp drop with
increasing specimen thickness (Table 4.2).

Furthermore, a change in the relative

dimensions of the indenter and specimen will alter the magnitude of both the tensile and
compressive stresses in the horizontal and vertical planes. Thus as the specimen thickness
is increased the magnitude of the tensile strength will fall. The decrease in the value of Ot at
E = 0.20 is therefore likely to be a combination of both of these effects. However, a fiirther
factor is likely to be involved in that as the specimen thickness is increased the physical
structure of the compact will become less homogeneous. Thus the applied stress state and
the resulting fracture stresses will be more affected by the specimen homogeneity with the
thicker specimens.
Although the regression lines in Figure 4.5 appear to be parallel. Table 4.2 shows
that the slope increases with increasing specimen thickness. This suggests that there is a
non-consistent change in the specimen physical structure or volume reduction properties
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with varying compact thickness although this by no means accounts entirely for the
dramatic fall seen in the tensile strength.

4.4

Three-point Flexure Tests

4.4.1

Experimental
The three-point flexure test has found little application with tablet-shaped

pharmaceutical specimens (David and Augsberger, 1974) whilst it is widely used with beam
specimens to determine tensile strength and other fi'acture mechanics parameters (Church
and Kennerley, 1982, 1983; Mashadi and Newton, 1987a, 1987b). Furthermore, fi'acture
occurs under a uniaxial tensile stress unlike the previous two tests where fi'acture occurs as
the result of a complex biaxial stress state. This test was included for these reasons and the
effect of specimen thickness on tensile strength investigated.
Twelve millimetre diameter specimens were prepared and tested as described in
Sections 4.2.1 and 2.3.3.3 respectively. Tensile strength, Ct, was calculated in the manner
described by Stanley and Newton (1980) using equation 4.1 following a valid tensile
failure:-

O, =

3W1

(Equation 4.1)

where W is the fi'acture force, 1 is the distance between the supports, b is the specimen
diameter and d is the specimen thickness.

4.4.2

Results
Figure 4.6(a) shows a scanning electron micrograph of a valid tensile failure for an

Avicel PH 102 specimen subjected to three-point flexure testing. The lower surface of the
specimen following failure showed a clean break across the diameter which was near to the
line of loading. A second crack is visible which runs diagonally fi'om the top centre of the
specimen towards one of the roller supports (Chapter 2, Figure 2.5) and may indicate some
failure through shear stresses. These secondary cracks were not present in the 2 or 3mm
thick specimens but tended to become more prevalent with the thicker specimens (4 and
particularly 6mm). Figure 4.6(b) shows a 6mm thick Methocel E4M specimen which has
failed in an invalid manner. Some of the Avicel PH 102 specimens failed in an identical

140

ACC.V SpotMagn
6.00 kV 4.0 9x

Det WD
SE 38.0

AVICEL PH102

Figure 4.6(a) Scanning electron micrograph of an Avicel PHI02 specimen subjected to
three-point flexure testing illustrating a valid tensile failure

Figure 4.6(b) Scanning electron micrograph of a Methocel E4M specimen subjected to
three-point flexure testing illustrating an invalid failure through shear
stresses
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manner where in this case the crack ran from the top centre of the specimen to one of the
roller supports. Failure did not occur in a purely tensile manner but involved shear stresses
also.

Such specimens were excluded from the analysis of the data even though their

fracture loads did not seem any different from those of specimens failing in a normal
manner. The cause for these failures is discussed below (Section 4.4.3).
Figure 4.7 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of raw data as a linear regression did not seem appropriate.
Figure 4.8 illustrates the relationship between the natural logarithm of the tensile
strength (ot) and the porosity (s) for the four different specimen thicknesses.

Linear

regression analysis was performed on the data in the same manner described in Section
4.2.2.

A significant linear relationship (as described by Duckworth, 1951) was

demonstrated for all cases yielding the regression analyses reported in Table 4.3 with a
comparison between specimens of different thickness made at a porosity of 0.20.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.

4.4.3

Discussion
Problems were encountered with the type of failure for the 6mm thick specimens.

Most of these failed in the normal manner with a clean break whilst others (10 out of 60)
showed sloping fractures towards the roller supports indicative of shear failure. The most
likely cause for this is the dimensions of the specimen. The flexure or bending test is
principally used with beam specimens where the length is usually at least 10 times the crosssectional dimension.

The test has found application to shorter ‘beams’ (David and

Augsberger, 1974) whereas other workers have reported similar failure problems to those
reported above (Davies, 1992). The use of the test is therefore best confined to thinner
specimens with a diameter no less than 3 times the thickness.
Examination of Figures 4.7 and 4.8 indicates considerable spread for some of the
data. Most of this appears to occur with the 2 and 3mm thick specimens whereas the
thicker specimens show less scatter. Problems were encountered on some occasions during
the positioning of the thinner specimens over the roller supports.

It was difficult to

establish whether the specimen was being loaded exactly across the full length of its
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Table 4.3

Linear regression analyses for the three-point flexure test
(in Ot = -b .8 + In bo)

Specimen thickness

b

In bo

r

Ot at 80.2 (MPa)

2 mm

-6.4226

3.8406

-0.963

12.89

3mm

-5.9232

3.7258

-0.985

12.69

4mm

-5.5818

3.7167

-0.988

13.47

6 mm

-5.6280

3.7452

-0.993

13.73

b; slope; bo: intercept; r: regression coefficient; Ot at
porosity of 0 .2 .

80 .2 :

tensile strength at a specimen
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diameter and some specimens had been loaded slightly ‘ofif-centre’ when examined after
failure. This represents the most likely cause for the variance of this data. The thicker
specimens were easier to manoeuvre and align on the rig because of their larger size. The
flexure test is also particularly sensitive to the condition of the specimen’s surface.
Berenbaum and Brodie (1959) demonstrated the effect of a modified surface ‘skin’ in
bending tests with plaster of Paris beams.

The surface ‘skin’ was assumed to be

independent of the beam thickness and therefore had a greater effect on thinner specimens.
It is therefore possible that the surface condition of the specimens used in this study had a
greater effect on the tensile strength for the thinner specimens leading to an increased
variance. David and Augsberger (1974) also reported a greater coeflScient of variation for
the flexure test when compared with the diametral compression test although no
explanations were provided.
Both Figures 4.7 and 4.8 illustrate a small upward shift in the regression lines with
increasing specimen thickness indicating that the test procedure is less sensitive to specimen
dimension changes than the modified diametral compression test. In the case of the flexure
test the lower half of the specimen is subjected to a pure tensile stress thus fi'acture is
initiated at the lower surface. The mid-point of the specimen is essentially a neutral plane
while the upper half of the specimen experiences a compressive stress. The presence of
flaws within the specimen as described in Sections 4.2.3 and 4.3.3 is therefore of less
significance as these will tend to be closed in the top half of the specimen by the
compressive stresses. This is reflected in the Ot values at s = 0.20 (Table 4.3) which show a
small increase with increasing specimen thickness rather than a decrease as is the case with
the previous two tests. The flexure test is more sensitive to the effects of surface condition
and thus any flaws which were near to the lower surface of the specimen would cause a
lowering of the tensile strength. As the area of the lower surface was maintained constant
in these tests a surface flaw would have a greater effect on the tensile strength of a thinner
specimen than that of a thicker specimen. This could account for the small rise in CTt with
increasing specimen thickness.
It is also possible that higher values of at at s = 0.20 were obtained for the 4 and
6mm thick specimens as these represent specimens with less suitable dimensions for flexure
testing. Such specimens which are stubby may give rise to elevated at values because they
are harder to bend.
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Both Figure 4.8 and Table 4.3 clearly demonstrate the non-parallel nature of the
regression lines for specimens of different thickness. As with the previous two tests this
suggests a non-consistent change in the specimen physical structure as the compact volume
is varied. However, in this case the tensile strength values obtained following three-point
flexure testing appeared to be relatively unaffected by such effects.

4.5

£qui-biaxial Fracture Stress Tests

4.5.1

Experimental
This test has become widely used for the testing of ceramics (Stanley and Sivill,

1978) and has in some ways replaced the uniaxial three or four-point beam bending tests
because the test is simpler to perform, specimen manufacture is easier and the failure is
independent of the edge condition (Rabie, 1981). It provides a useful counterpart to the
flexure test as failure occurs under an equi-biaxial stress state. However, it has not been
evaluated for use with pharmaceutical compacts and therefore the effects of specimen
thickness on the equi-biaxial tensile fi'acture stress were investigated.
Twelve millimetre diameter specimens were prepared and tested as described in
Sections 4.2.1 and 2.3.3.4 respectively using the ring-loaded, ring-supported transverse disc
bending test configuration. Tensile strength, at, was calculated in the manner described by
Stanley (1985) using equation 4.2 following a valid tensile failure:-

(Equation 4.2)

where W is the fi'acture force, t is the specimen thickness, i) is the Poisson’s ratio (a value
of 0.3 is normally assumed for pharmaceutical materials), rs is the radius of the ringsupport, rL is the radius of the loading ring and R is the specimen radius.

4.5.2

Results
Figure 4.9(a) shows a scanning electron micrograph of a typical tensile failure for

an Avicel PH I02 specimen subjected to equi-biaxial fi’acture stress testing. Many of the
thinner {i.e. 2mm) specimens showed a typical ‘starfish’ failure on their lower surface
following fi'acture which corresponded to the position of the loading ring on the upper face.
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Cracking did not occur around the loading ring on the top surface or inside the area directly
beneath the loading ring on the lower surface. The electron micrograph also shows an
indentation mark from the support ring across which the cracks ran. However, as reported
by Rabie (1981) cracking did not occur around the support ring circumference. Thin
specimens were difficult to remove from the rig after testing which invariably resulted in
some damage to the specimen edge. Figure 4.9(b) shows another variation in the type of
failure pattern seen, which on some occasions may have resulted from slightly uneven
loading of the specimen by the loading ring.
Thicker (i.e. 3, 4 and 6mm) specimens generally exhibited less distinct failure
patterns on their lower surfaces which were difficult to see although in some cases 1-3
radially-spaced large cracks were evident.

These ran outwards from the loading ring

circumference on the top of the specimen through to the bottom of the specimen and were
generally located in the vicinity of the guide pillars of the testing rig. In a limited number of
cases some of the thicker specimens exhibited very faint horizontal cracks at their mid
points. This may have been evidence of lamination or alternatively damage resulting from
specimen removal.
Figure 4.10 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of raw data as a linear regression did not seem appropriate.
Figure 4.11 illustrates the relationship between the natural logarithm of the tensile
strength (ot) and the porosity (s) for the four different specimen thicknesses.

Linear

regression analysis was performed on the data in the same manner described in Section
4.2.2.

A significant linear relationship (as described by Duckworth, 1951) was

demonstrated for all cases yielding the regression analyses reported in Table 4.4 with a
comparison between specimens of different thickness made at a porosity of 0.20.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.

8.00 7.00 -

6.00

• — 2mm
A - - 3mm
♦ • ■• 4mm
■ — • 6mm

-

7?
è

5.00

I

4.00 -

I

thick
thick
thick
thick

specim ens
specim ens
specim ens
specim ens

to
t

—

3.00 -

I

H
2.00
1.00

-

0.00
0

25

I

I

I

r

50

75

100

125

150

175

Lower punch pressure (MPa)

Figure 4.10

Tensile strength as a function of compaction pressure for 12mm diameter
Avicel PHI 02 specimens of differing thickness subjected to equi-biaxial
fracture stress testing (raw data; n= 10)
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Table 4.4

Linear regression analyses for the equi-biaxial fracture stress test
(In at = -b.G + In bo)

Specimen thickness

b

In bo

r

at at 80.2 (MPa)

2 mm

-6.9433

3.2264

-0.964

6.28

3mm

-6.1767

2.9880

-0.979

5.77

4mm

-5.7143

2.7363

-0.984

4.92

6 mm

-5.0840

2.3071

-0.990

3.63

b; slope; bo; intercept; r: regression coefficient; at at eo.2 . tensile strength at a specimen
porosity of 0 .2 .
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4.5.3

Discussion
Although there was some variation in the type of failure seen with this test few

problems were encountered except on removal of the specimens after testing. Even though
ideally the specimen diameter should be at least 10 times the thickness it was still possible
to measure a fracture force for all of the specimens.

It would also seem that such

specimens failed in the correct manner as no anomalous values are apparent in Figure 4.11.
Examination of both Figures 4.10 and 4.11 indicates considerable spread in some of
the data. However, as shown with the flexure test most of this appears to occur with the 2
and 3mm thick specimens particularly at the higher porosities whereas the thicker
specimens show far less scatter. Like the flexure beam test the equi-biaxial fracture stress
test employs a bending force to cause specimen failure. This test is therefore likely to be
sensitive to the effects of surface condition where the effect will be greater for a thinner
specimen (Berenbaum and Brodie, 1959).

As with the flexure test results this could

account for the increased variance in the tensile strength seen with the 2 and 3mm thick
specimens. Such specimens also exhibited greater variation in their fracture patterns when
compared with the thicker specimens which may further explain the spread of the data.
Both Figures 4.10 and 4.11 illustrate a dramatic fall in the tensile strength with
increasing specimen thickness.

As illustrated previously for the modifled diametral

compression test, the eflfect of changing the specimen volume on the tensile strength
becomes greater as the lower punch compaction pressure is increased. This indicates that
there is a non-consistent change in the physical structure or volume reduction mechanism of
the compacts as the volume is varied. Further evidence of this is provided in Figure 4.11
where the arrangement of the regression lines is non-parallel. This is particularly noticeable
for the 2mm thick specimens, which when formed at very low compaction pressures may
possess particularly fragile structures with a low resistance to the applied bending force. In
contrast, the thicker specimens show an increased resistance to the applied bending force
resulting in higher tensile fracture stresses.
In the case of the equi-biaxial fracture stress test fracture is initiated on the lower
surface by a uniform equi-biaxial stress which is tensile and varies linearly through zero on
the mid-surface to compressive on the upper surface. Table 4.4 shows that the Ot values at
8 = 0.20 decrease with increasing specimen thickness. Unlike the flexure test which creates
a uniaxial tensile stress state the equi-biaxial fracture stress test creates a biaxial tensile
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stress state. The effects of inherent specimen flaws are therefore more significant and the
trend in cjt can be explained by the greater probability of inherent flaws in the compact with
increasing size (Sections 4.2.3 and 4.3.3).

4.6

Assessment of the Compressive to Tensile Strength Ratio

4.6.1

Experimental
Although there has been wide application of a variety of tensile testing techniques

to pharmaceutical powder systems little work has examined the compressive strength of
powder compacts. Newton et al (1993) described the measurement of a compressive to
tensile strength ratio for cylindrical pharmaceutical specimens which could be used to
characterise the mechanical properties of powders. Such a specimen geometry allows the
application of both the diametral compression test and a compressive strength test, thus this
technique was employed for this study.
Twelve millimetre diameter specimens with equi-dimensional geometries
(thickness/diameter ratio range 0.94 to 1.00) were prepared using a specially constructed
extra-long die at compaction pressures of 25, 30, 35, 40, 45 and 50MPa in conjunction
with the electrical circuit (Chapter 2, Sections 2.3.1 and 2.3.2). Preparation of specimens
was limited to this compaction pressure range because of the equi-dimensional requirement
which is the minimal prerequisite for compressive strength testing (Chapter 1, Section
1.2.3.6).

Twenty replicate specimens were made at each pressure with 10 used for

diametral compression tests and 10 used for compression tests. Diametral compression
tests were performed and the tensile strength calculated as described in Section 4.2.1 whilst
compressive tests were performed as described in Section 2.3.4 with the compressive
strength (Oc) calculated using equation 4.3;-

W

(Equation 4.3)

where Wmax represents the maximum force registered under a compressive load and r is the
specimen radius.
No attempt was made to reduce platen-specimen fiictional end-efiects as Newton
et al (1993) reported that the insertion of a Teflon sheet between the specimen and platen
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in their tests did not significantly alter the force-time curve profile or the maximum load
detected.

4.6.2

Results
All specimens subjected to diametral compression testing failed in the normal

manner with force-time loading profiles similar to that shown in Figure 4.12(a) where the
point at which failure occurs is clear. Failure was far less clear with compression testing
with a typical force-time profile recorded as shown in Figure 4.12(b). A slightly rising
plateau was not evident in these tests as reported by Newton et al (1993) but the force
tended to reach a maximum with a very short plateau , lasting for an approximate duration
of 2-3 seconds, before the force began to fall relatively rapidly. Figure 4.13 shows a
scanning electron micrograph of a specimen subjected to compression testing. Under an
increasing compressive force specimens went through a number of stages of deformation
and fi’acture leading to their eventual catastrophic failure as follows :(a)

Specimen assumes a cone or bell-shape as the force increases.

(b)

Fracture begins very near to the circumference of the specimen at the ‘unconfined’
wider end.

(c)

Fracture occurs around the entire specimen circumference and runs up towards the
‘confined’ end.

(d)

Specimen eventually loses a ‘collar’ of material fi*om its circumference.

(e)

The remainder of the specimen has a dumbbell shape if loading is continued further.

Thus Figure 4.13 reflects stage (d) of the failure and the significance of the sequence of
failure is discussed below (Section 4.6.3).
Table 4.5 shows the values of tensile and compressive strength measured over the
range of compaction pressures employed (which is also illustrated graphically in Figure
4.14). In each case the value represents the mean of 10 determinations. The compressive
to tensile strength ratio is also shown for specimens made at each compaction pressure and
can be used to give an indication of the type of mechanical behaviour of the material.
Figure 4.14 shows the specimen tensile and compressive strengths as a function of
the lower punch compaction pressure. Linear regression analysis was performed on the
data in the same manner described in Section 4.2.2.
A significant linear relationship was demonstrated for both cases yielding the
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Figure 4.12

Force-time curves for the fracture of 12mm diameter Avicel PHI 02
specimens during (a) diametral compression and (b) compressive
strength testing
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Table 4.5

Compressive and tensile strength of Avicel PHI 02 compacts prepared at valuing compaction pressures

Compaction pressure (MPa)

Tensile strength (MPa)

25

30

35

40

45

50

1.561

1.977

2.385

2.831

3.226

3.592

21.28

28.11

31.56

36.66

42.74

47.73

13.63

14.22

13.23

12.95
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13.29
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Figure 4.14

Tensile ( • ) and compressive ( ^ ) strength as a function of compaction pressure
for 12mm diameter Avicel PH 102 specimens (raw data; n=10)

159

regression analyses reported in Table 4.6.
Figure 4.15 illustrates the relationship between the natural logarithm of both the
tensile strength (ot) and the compressive strength ( a j as a function of porosity (e) for the
specimens. Linear regression analysis was performed on the data in the same manner
described in Section 4.2.2.
A significant linear relationship (as described by Duckworth, 1951) was
demonstrated for both cases yielding the regression analyses reported in Table 4.7. A
comparison of the compressive to tensile strength ratio was made at a porosity of 0.30 as
this represented a porosity value within the experimental range.

4.6.3

Discussion
The failure mechanism seen with these specimens was very complex but can be

partially explained by considering the literature on the compression testing of concrete and
other such brittle materials (Chapter 1, Section 1.2.3.6).

Hawkes and Mellor (1970)

reviewed the uniaxial compression test and considered the problems associated with it. The
authors stated that displacement boundary conditions are preferred where rigid non-rotating
platens are used to constrain the specimen, allowing uniform loading and symmetrical
deformation. However, most of the specimens in this study assumed a bell or barrel-shape
during loading which can be associated with specimen geometry and fiictional effects at the
platens. The latter can induce shear and tensile stresses within the specimen which cause it
to fail by axial cleavage. This seems to be the case for most specimens where upon
compression fracture was initiated near to the circumference of the specimen and ran axially
along it.

As Newton et al (1993) found little difference in the force-time profile or

maximum force detected when fiictional effects were reduced at the platens, this would
seem to suggest that the specimen dimensions were the more important factor which
predisposed the specimen to this mechanism of failure. Hawkes and Mellor (1970) and
Newman and Lachance (1974) stated that a length to diameter ratio of less than unity
should not be employed because end restraint effects can occur throughout the specimen
producing barrel-shaped specimens. However, this problem seems particularly difScult to
avoid with pharmaceutical specimens because most of the compaction equipment available
only just allows equi-dimensional specimens to be prepared. If longer specimens are to be
made this would require much longer dies and very high compaction pressures to form
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Table 4.6

Linear regression analyses for the diametral compression and compression
tests
(at = b.P + bo) and (Oc = b.P + bo)

Strength test procedure

b

Diametral compression

0.0825

-0.5083

-0.998

Compression

1.0376

-4.4211

-0.996

b: slope; bo: intercept; r: regression coefficient.
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Table 4.7

Linear regression analyses for the diametral compression and compression
tests
(In at = -b.G + In b o ) and (In ac = -b.G + In b o )

Strength test procedure

b

Diametral compression

-6.7374

3.1305

-0.999

3.03

Compression

-6.5295

5.6581

-0.998

40.42

In bo

r

strength at G 0 .3 (MPa)

b; slope; bo; intercept; r: regression coefficient; strength at G0.3 : tensile or compressive
strength at a specimen porosity of 0.3.
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coherent compacts. Such specimens would undoubtedly possess inhomogeneous physical
structures which would make the data obtained through compression testing less
meaningful.
It is also possible that the testing system used for compressive strength evaluation
was not rigid enough and allowed some movement of the bottom platen during loading as
this purely rested upon the load cell. This may have allowed non-uniform loading to occur
where displacement boundary conditions were absent. However, as no problems have been
encountered when using this test configuration for diametral compression and modified
diametral compression tests this seems unlikely.
Table 4.5 reflects the change in the compressive to tensile strength ratio with
compaction pressure.

The ratio is essentially constant over the range of pressures

employed (average ratio = 13.43) and any variation merely reflects experimental variation
and the inherent variability associated with brittle specimen strengths.

Examination of

Figure 4.14 (which graphically represents the change in both the tensile and compressive
strengths with lower punch compaction pressure) shows little variance in the data. The
slopes of the regression lines are not parallel (Table 4.6) illustrating that the specimen
compressive strength is more sensitive to changes in the lower punch compaction pressure
than is the tensile strength. The change in both the natural logarithm of the Ot and Oc with
specimen porosity is illustrated in Figure 4.15 which reflects their linear relationship. That
the two regression curves are parallel reflects the constant nature of the compressive to
tensile strength ratio with specimen porosity. Table 4.7 gives a tensile and compressive
strength value for the specimens at a porosity of 0.30. These two values give a

ratio

of 13.34 which agrees closely with the ratios obtained at similar compaction pressures.
These ratios seem particularly high and are approximately twice that of 6.70 reported for
Avicel PHI 01 by Newton et al (1993). In the context of the study of Newton et at (1993)
this indicates that these Avicel PH 102 specimens were predominantly brittle in terms of
their mechanical properties. However, in their study specimens were prepared on an EKO
eccentric press where the ‘contact time’ is much less than that for specimens made on an
Instron Physical Testing Machine (Armstrong, 1989). Thus the specimens in this study will
have undergone a considerably greater degree of plastic flow and deformation during their
compaction resulting in stronger/harder tablets. This could account for the much higher Oc
and corresponding compressive strength/tensile strength ratio obtained in this study. This
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explanation seems particularly likely in view of the strain rate sensitivity of Avicel. Roberts
and Rowe (1985) introduced the term ‘strain rate sensitivity index’ which assigned Avicel
PHlOl and Avicel PHI 02 values of 50.6% and 48.3% respectively (Roberts and Rowe,
1986b), indicating that at faster compaction rates these materials showed increasing
resistance to deformation, with an accompanying reduction in plastic flow and an increase
in brittle behaviour. Alternatively, the values of compressive strength measured in this
study may not have been calculated using force values from the same point in the force
time curve as used by Newton et al (1993). Newton et al (1993) also used Avicel PHlOl
with a smaller particle size which would possibly form weaker compacts because of
reduced powder densification similar to that seen with lactose (Roberts and Rowe, 1986b).
Larger volume specimens were also used in this study and the compressive strength/tensile
strength ratios may have been measured at a different porosity value to that of Newton et al
(1993). All of these differences between this study and that of Newton et al (1993) are
factors which can be used to explain the disagreement between the compressive
strength/tensile strength ratios.
From the above consideration of the problems associated with uniaxial compression
testing it is evident that compression testing is of a far more complex nature than that of
tensile testing (Gordon, 1976). In most cases the imposed stress state is unknown with
shear and tensile stresses more than likely initiating failure of the specimen. It is also not
entirely clear where failure is first initiated hence in these tests the compressive strength was
derived from the maximum force (Wmax) attained before catastrophic failure although failure
may well have occurred before this point. This therefore represents the maximum force
which the specimen can sustain before failure. Thus the term ‘bearing capacity’ suggested
by Darvell (1990) rather than compressive strength does seem to be appropriate in this
case. However, this study has demonstrated that in a similar manner to the specimen tensile
strength, the natural logarithm of the compressive strength shows a clear linear relationship
with the specimen porosity. Such a trend indicates that whatever ‘compressive strength’
has been measured it has been done so in a consistent manner.
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4.7

General Discussion
A comparison of the four test systems used to measure the tensile strength of

Avicel PH I02 specimens prepared at different thickness/diameter ratios seems appropriate.
Figure 4.16 illustrates a sample plot of the natural logarithm of the specimen
porosity as a function of the lower punch compaction pressure for specimens of differing
thickness prior to equi-biaxial fracture stress testing. Similar plots were obtained with the
specimens used for the other tests which represent specimen formation. Linear regression
analysis was performed on the raw data for each specimen thickness as variation occurred
in both the x and

values. A significant linear relationship was demonstrated for all cases

yielding the regression analyses reported in Table 4.8.
The regression lines comparison using analysis of variance (ANOVA) was non
significant with p = 0.156.
Thus specimens of differing volume compacted to the same lower punch
compaction pressure have very similar porosities indicating that changes in the specimen
thickness do not appear to influence the volume reduction characteristics.
Table 4.9 summarises the tensile strength values obtained at a porosity of 0.20 (ot
at

80 .2)

using the different test systems.

In addition, the effect of changing specimen

thickness on the tensile strength is shown for each test.

4.7.1

Diametral Compression Test
In the case of the diametral compression test the value of at at

80.2

falls by

approximately 12.5% as the specimen thickness increases from 2 to 6 mm (Table 4.9). The
diametral compression test generates a biaxial stress state (tension-compression) within the
specimen and for Avicel PH 102 failure is known to be initiated at the centre of the
specimen where the tensile stress is at its maximum value (Fell and Newton, 1970b;
Mashadi and Newton, 1988; Mashadi, 1988).

In theory the magnitude of the tensile

strength obtained should be independent of the specimen volume as the equation for Ct
contains the terms D and t. However, as the specimen size is increased, the compact
contains a greater number of inherent flaws randomly distributed within its structure
because of its brittle nature. Failure is therefore more likely to be initiated at such a flaw in
a larger specimen resulting in a lower fracture stress when compared with a smaller
specimen.

The size and distribution of such flaws in a specimen are probably size-
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Table 4.8

Linear regression analyses for the In specimen porosity - lower punch
compaction pressure relationships {i.e. specimen formation) prior to
equi-biaxial fracture stress testing
(In 8 = -b.P + In bo)

Specimen thickness

b

In bo

2mm

-0.0079

-0.7009

-0.991

3mm

-0.0076

-0.7194

-0.994

4mm

-0.0080

-0.6972

-0.986

6mm

-0.0077

-0.7231

-0.981

b: slope; bo; intercept; r: regression coefficient.

r
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Table 4.9

A comparison of the four test systems used to measure the tensile strength
of Avicel PHI 02 specimens prepared at different thickness/diameter ratios.

Test System; at at 80.2 (MPa)
Specimen thickness (mm)

DC

MDC

FLT

EBFS

2

6.15

17.56

12.89

6.28

3

5.97

10.64

12.69

5.77

4

5.77

9.01

13.47

4.92

6

5.37

7.10

13.73

3.63

at at 80.2: tensile strength at a specimen porosity o f 0.20; DC; diametral compression; MDC:
modified diametral compression; FLT: three-point flexure testing; EBFS: equi-biaxial
fi-acture stress testing.
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dependent.

Thus the results could be treated to reduce these effects using the two-

parameter Weibull relationship as described by Stanley and Newton (1977). If a Weibull
modulus for Avicel PH 102 were known the fracture stresses obtained could be corrected
for specimen volume effects. However, as shown by Stanley and Newton (1977) such a
treatment does not always completely account for changes seen in the fracture stress with
specimen volume.
The physical structure of the specimen, namely the degree of inhomogeneity, must
also be considered.

As the specimen thickness (and therefore volume) is increased

frictional effects between the specimen surface and die-wall will become considerably
greater. These will serve to alter the stress distribution within the compact during the
compaction process and thus differences in particle flow and the compact physical structure
are likely to occur. These will be minimal for the 2mm thick specimens but considerably
greater for the 6 mm thick specimens where there is a large ‘core’ of material. As fracture
occurs at the centre of the specimen under a biaxial stress state the degree of
inhomogeneity will also affect the tensile strength value obtained. Evidence for this was
provided by the non-parallel arrangement of the In at / s relationships for specimens of
differing thickness. This implies that changes in the specimen physical structure with
porosity were non-consistent as the compact thickness was varied.
Thus the trend in at at 80.2 seen with increasing specimen thickness for the diametral
compression test results are likely to be the result of a combination of the above effects.
However, the stress in these tests is applied across a constant vertical distance {i.e. the
specimen diameter) but increasing horizontal distance {i.e. the specimen length), thus both
of the above effects seem to have only a small effect on the at with increasing specimen
thickness.

4.7.2

Modified Diametral Compression Test
The value of at at

80.2

falls by approximately 60% as the specimen thickness

increases from 2 to 6 mm (Table 4.9), thus specimen volume changes have a considerably
greater effect on the magnitude of the tensile strength than is the case with the standard
diametral compression test. The stress state generated within the specimen is still biaxial
(tension-compression), failure still occurs in the same plane and is initiated at the specimen
centre. However, the stress is applied in the direction of compaction rather than at 90° to
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the direction of compaction as is the case for the standard diametral compression test and
thus as the specimen thickness is increased the stress is apphed over an increasingly greater
vertical distance but constant horizontal distance {i.e. the specimen diameter).
In this case specimen volume changes seem to be of far more significance with
respect to the number and distribution of inherent flaws within the compact structure.
Where the stress is applied over a greater distance {i.e. as in a 6mm thick specimen) there is
a much greater probability of failure initiating at a flaw, resulting in a reduced jfracture
stress, as there are a considerably larger number present when compared with a 2mm thick
specimen. The results could be corrected for such an effect using the WeibuU treatment as
described in Section 4.7.1 although this would probably not entirely account for specimen
volume changes for the reasons provided above.
The degree of inhomogeneity within the specimen structure also seems to be of far
greater significance in these tests as the stress is applied across an increasing distance. This
test therefore seems oversensitive to volume changes with respect to both of the effects
discussed above as illustrated by the dramatic change in at with specimen thickness. It is
possible that the application of the compressive load in the direction of compaction rather
than perpendicular to it (as in the standard diametral compression test) increases the
sensitivity of the test to both of the above effects.
As described in Section 4.3.3 the test was originally designed for application to
cubic specimens. Changing the relative dimensions of the indenter and specimen, as in this
study, will have no doubt influenced the stress state within the specimen. It is possible that
the test is not entirely suitable for application to cylindrical specimens because of their
geometry {i.e. they are not equi-dimensional).

Furthermore, the standard diametral

compression equation for calculating at may not be appropriate for use with the modified
diametral compression test. It is possible that the equation needs to be modified for use
with the latter to take into account such factors as the specimen geometry and the relative
dimensions of the indenter and specimen.
Higher values of at at eo.2 were obtained with this test when compared with the
corresponding values for the standard diametral compression test because the stress is
applied over a smaller vertical distance and thus there is a smaller chance of failure being
initiated at a flaw.

171

4.7.3

Three-point Flexure Test
Unlike the previous two tests the value of Gt at S0.2 increases by approximately

6.5% as the specimen thickness is increased (Table 4.9). The flexure test generates a pure
uniaxial tensile stress in the lower surface of the specimen and thus failure initiates at a
deflned point on the surface and not within the specimen ‘core’ or neutral axis. Thus
changes in the specimen volume which affect the number and distribution of inherent flaws
within the specimen have virtually no effect on the value of Gt obtained with the flexure test,
although they could influence the deformability of the compact and thus the Gt indirectly.
Furthermore, the increase in the degree of inhomogeneity that occurs as the specimen
volume is increased has little effect on the value of Gt at

80.2

obtained. It would therefore

appear that a WeibuU treatment of the results obtained by flexure testing may not be
necessary.
Closer inspection of the values of Gt at

80.2

specimen thickness is increased fi’om 2 to 3mm.

shows an initial smaU drop as the

This foUows the same trend as the

previous two tests and thus Ulustrates some sensitivity of the test to inherent flaws and
specimen inhomogeneity effects. However, there is then a smaU increase in Gt at

80.2

that

occurs with increasing specimen thickness (i.e. 3 to 6mm). This is most likely the result of
the increased resistance to bending which may give rise to elevated values of Gt and thus
could imply that the geometry of the specimen is less suitable for the application of the
flexure test (Section 4.4.3). The trend seen in the results seem to suggest that as the
specimen thickness is increased above 3mm the resistance to bending effect becomes
greater and masks the effects of inherent flaws and inhomogeneity. Thus these results
could imply that specimens with a diameter less than four times the thickness are not
suitable for three-point flexure testing.
Higher values of Gt at

80.2

were generaUy obtained with the flexure test when

compared with the other tests because failure occurs under a pure uniaxial tensile stress at
the specimen surface and is therefore less influenced by the number and distribution of
flaws.

172

4.7.4

Ëqui-biaxial Fracture Stress Test
The value of at at

80.2

falls by approximately 42% on increasing the specimen

thickness from 2 to 6 mm (Table 4.9). The equi-biaxial fracture stress test generates a
biaxial stress state within the specimen (tension-tension) and failure is initiated at the lower
surface. Even though failure occurs through the application of a bending force, as in the
case of the flexure test, there is still a dramatic fall in the value of at at

80.2

with increasing

specimen thickness which most closely follows that of the modified diametral compression
test. The stress is also applied in the direction of compaction and across an increasing
vertical distance as is the case for the modified diametral compression test. Unlike the
stress state causing failure described for the flexure test, failure occurs at the specimen
surface but under a transverse bending force which generates a biaxial stress. The at is
therefore significantly affected by changes in specimen volume which aflfect the number and
distribution of inherent flaws present.

This effect could be reduced by correcting for

volume effects using the WeibuU treatment as described above although this would
probably not be completely satisfactory.
Increases in the specimen thickness wiU have no doubt compromised the compact
homogeneity which further explains the large reduction seen in at at

80 .2 -

The equi-biaxial

fracture stress test therefore seems very sensitive to specimen volume changes as was
demonstrated with the modified diametral compression test.
The values of at at

80.2

obtained with this test were initiaUy very similar to those

recorded using the standard diametral compression test.

However, as the stress was

applied over an increasing vertical distance and in the direction of compaction, values for
the thicker specimens were more significantly affected by the presence of flaws and the
degree of inhomogeneity and were consequently much lower than the corresponding
diametral compression test results.

4.8

Conclusion
The application of five different mechanical strength tests derived from the

materials sciences field to evaluate the mechanical properties of pharmaceutical powder
compacts has been demonstrated. In the case of each test the problems and limitations
associated with it were considered. The effects of changes in the specimen geometry on the
mechanical strength was demonstrated for the four tensile testing procedures and the
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variations in strength explained by a consideration of the stress states imposed by the tests,
the site at which crack propagation is initiated and specimen volume effects. The variance
of the data for each test was explained in a similar manner. For each test any unusual
mechanism of fracture was highlighted and causative factors proposed. All of the tensile
strength evaluation tests used were sensitive to changes in specimen thickness as
demonstrated by analysis of variance. Such changes in the value of tensile strength were
explained by considering the loading configuration and imposed stress state along with the
effects of inherent flaws and the degree of specimen inhomogeneity.
Both the modified diametral compression and equi-biaxial fracture stress tests were
shown to be extremely sensitive to the effects of specimen inhomogeneity and the greater
number of inherent flaws present in larger volume specimens although the equation for
calculating Ot for the former may be incorrect and require modification.
The three-point flexure test seemed less sensitive to specimen volume effects but
showed increased resistance to bending with thicker specimens which may not have suitable
dimensions.
The diametral compression test was much less sensitive to specimen volume effects
which may be because the stress is applied perpendicular to the direction of compaction and
across a constant vertical distance.
For all of the tensile strength test procedures investigated, changing the compact
thickness appeared to cause a non-consistent change in physical structure or the volume
reduction characteristics, as indicated by the non-parallel slopes of the In Gt / e profiles for
specimens of different thickness. However, the non-parallel arrangement of the slopes was
more noticeable for the three-point flexure and equi-biaxial fracture stress tests and thus
suggests that these loading configurations may be more sensitive at detecting such
structural changes within the compact.
The mechanism of failure and stress state imposed by the compressive test along
with the results obtained were not entirely clear although such procedures still represent
considerable progress in the area of mechanical strength evaluation.
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5.1

Introduction
Methocel E4M represents a material with difièrent physical characteristics from

those of Avicel PHI 02.

Both materials are cellulose polymers but Methocel E4M

possesses a lower powder density and has poorer flow properties. Furthermore, they differ
considerably in their compressibility and compaction behaviour as reflected by their
Young’s moduli (Chapter 3, Section 3.5.3.3). The Young’s modulus measured for Avicel
PH 102 is more than 30 times greater than that for Methocel E4M. During compaction the
Methocel E4M particles do not compress and bond as effectively as the Avicel PHI02
particles as illustrated by their volume reduction properties. The Methocel E4M specimens
formed following compaction have a much less rigid or more flexible structure and show a
great deal less resistance to the application of a stress during mechanical strength testing.
The study described in Chapter 4, Section 4.1 was therefore applied to 12mm
diameter Methocel E4M specimen compacts. Such a study allows a comparison of the
mechanical strengths of the two materials to be made and thus their binding performance.
In addition, the different compaction behaviour of Methocel E4M may influence the trend
seen with the measured strength values for specimens of different thickness/diameter ratio.
Thus materials possessing poorer compressional characteristics may exhibit differences with
respect to specimen homogeneity and other volume effects when compared with those of
Avicel PHI 02.

Furthermore, the applicability of the tests to materials with poorer

compact-forming properties may be established possibly revealing limitations.

5.2

Diametral Compression Tests

5.2.1

Experimental
Twelve millimetre diameter specimens were prepared as described in Chapter 2,

Section 2.3 .1 using the electrical circuit to ensure reproducible conditions of compaction
(Chapter 2, Section 2.3.2) at compaction pressures of 35, 50, 75, 100, 125 and 150MPa
and thicknesses of 2, 3, 4 and 6 mm corresponding to thickness/diameter ratios of Ve, V4, V3
and V2. Specimen porosity was calculated before diametral compression testing using
equation 3.1 (Chapter 3, Section 3.2.1.1) and tensile strength following a valid diametral
failure was calculated in the manner described by Fell and Newton (1970b) using equation
3.2 (Chapter 3, Section 3.2.1.1).
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5.2.2

Results
Almost all of the specimens failed in a normal tensile manner. At all compaction

pressures for the 2mm thick specimens, failure through edge deformation and collapse
appeared the most dominant mechanism of failure as described in Chapter 3. However, a
normal tensile failure was also evident in these specimens except for those prepared at
150MPa. Specimens of 3,4 and 6mm thick failed predominantly by a normal tensile failure
although initial signs of edge deformation and collapse and lateral bulging were more
apparent at all compaction pressures for the 3mm thick specimens and at the higher
compaction pressures for the 4 and 6mm thick specimens.
Figure 5.1 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of data as a linear regression did not seem appropriate.
Figure 5.2 illustrates the relationship between the natural logarithm of the tensile
strength (ot) and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the raw data for each specimen thickness as variation
occurred in both the x and y values. A significant linear relationship was demonstrated (as
described by Duckworth, 1951) for all cases yielding the regression analyses reported in
Table 5.1. Comparisons between specimens of different thickness were made at a value of
porosity within the experimental range, namely 0.20, as extrapolation to zero porosity
seemed inappropriate because of the relatively high porosity of the samples (Table 5.1).
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.
Figure 5.3 shows the change in the natural logarithm of the specimen porosity as a
function of the lower punch compaction pressure for the four different thickness specimens.
Linear regression analysis of the data was performed as for Figure 5.2. A significant linear
relationship was demonstrated for all cases yielding the regression analyses reported in
Table 5.2.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.
Similar profiles were obtained for the specimens used for the other tensile testing
procedures, thus Figure 5.3 represents a sample plot for the study of Chapter 5.
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Table 5.1

Linear regression analyses for the diametral compression test
(In at = -b.8 + In bo)

Specimen thickness

b

In bo

r

at at 80.2 (MPa)

2 mm

-11.1813

2.7621

-0.990

1.69

3mm

-10.1749

2.5981

-0.997

1.76

4mm

-9.4649

2.4293

-0.998

1.71

6 mm

-9.2353

2.3381

-0.999

1.63

b; slope; bo: intercept; r: regression coeflBcient; at at
porosity of 0 .2 .
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Figure 5.3

In porosity as a function of compaction pressure for 12mm diameter
Methocel E4M specimens of differing thickness subjected to diametral
compression testing (raw data; n=10)
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Table 5.2

Linear regression analyses for the In specimen porosity - lower punch
compaction pressure relationships {i.e. specimen formation) prior to
diametral compression testing (In 8 = -b.P + In bo)

Specimen thickness

b

In bo

r

2 mm

-0.0049

-1.1247

-0.950

3mm

-0.0054

-1.1207

-0.967

4mm

-0.0053

-1.1797

-0.961

6 mm

-0.0060

-1.1651

-0.969

b; slope; bo: intercept; r: regression coeflBcient.
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5.2.3

Discussion
The trend in the mechanism of failure for specimens in this study followed a similar

pattern to that described in Chapter 3, Table 3.1. Both the specimen geometry and porosity
were shown to affect the type of failure with thinner, low porosity specimens predisposed
to edge deformation and collapse.

In addition, the extent and occurrence of edge

deformation and collapse was far more widespread in this study in comparison with the
results for the Avicel PHI02 specimens (Chapter 4, Section 4.2.2), with lateral bulging seen
at the specimen edges in almost every case. This is most likely due to the weaker particleparticle bonding and hence greater fragility of the Methocel E4M specimens whose edges
may have been more susceptible to the applied compressive load.
Both Figures 5.1 and 5.2 show considerable scatter in the diametral compression
test results for the 2 mm thick specimens which appears more prevalent at the higher
compaction pressures and probably accounts for the non-parallel arrangement of the slopes
in Figure 5.2. This implies that there is a non-consistent change in the physical structure or
volume reduction properties of the specimens as the compact thickness is varied. The
poorer flow and compact-forming properties of Methocel E4M (when compared with
those of Avicel PH 102) may lead to particularly inhomogeneous structures with weak
particle bonding, particularly at the higher porosities. Such specimens possessing brittle
structures may be too weak to sustain the applied compressive load during diametral
compression and thus consequently fail by edge deformation and collapse. It is therefore
questionable whether very thin specimens having similar compact-forming properties to
those of Methocel E4M are suitable for the application of the diametral compression test
particularly as their mechanism of failure may result in reduced fracture stresses.
The data for the 3,4 and 6 mm thick specimens (Figures 5.1 and 5.2) indicates good
reproducibility with a low variance although it is slightly worse for the higher porosity
specimens.

This can be explained by the increased variability in strength (due to the

increased presence of inherent flaws) and the greater degree of inhomogeneity that the
more porous specimen structures will possess.
The regression curves in Figure 5.1 are all distinctly separate although there is some
cross-over between those for the 4 and 6 mm thick specimens at the low compaction
pressures. However, a definite trend is evident whereby the tensile strength increases as the
compact thickness is increased. In contrast, both Figure 5.2 and Table 5.1 show that
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changing the specimen thickness causes a change in the parameters, b and bo,
corresponding to a downward shift in the regression line with the exception of the line for
the 2mm thick specimens. As Methocel E4M is a plastically deforming material, crack
propagation and subsequent failure should initiate at the centre of the specimen as described
by Mashadi and Newton (1988) and Mashadi (1988). The stress state will be little affected
by changes in the specimen thickness and the measured Gt will be unaffected by surface
condition effects as explained in Chapter 4, Section 4.2.3. This is reflected in the values of
Gt at 6 = 0.20 (Table 5.1) which are all of a very similar magnitude. These depict a similar
trend to those reported for Avicel PHI 02 (Chapter 4, Table 4.1) with the exception of the
value for the 2mm thick specimens and can thus be explained in a similar manner (Chapter
4, Section 4.2.3).

Specimen volume effects could be corrected for using the WeibuU

treatment (Newton and Stanley, 1974, Stanley and Newton, 1977 and Kennerley et al,
1977; 1979) if a value for the WeibuU modulus, m, were known for Methocel E4M.
The anomalously low value of Gt at

80.2

for the 2mm specimens can be partiaUy

explained by the greater variance of the data which causes a shift in the regression Une so
that it is not paraUel to the others. Other possible causative factors for the reduction in the
fi'acture stress have been suggested above. However, the principal reason for the low Gt
value obtained for these specimens becomes apparent if the change in the natural logarithm
of the specimen porosity with lower punch compaction pressure is examined for the
compacts prior to diametral compression testing (Figure 5.3). In striking contrast to the
Avicel PH 102 results (Chapter 4, Figure 4.16), ANOVA revealed a significant difference
between the porosities of the different thickness specimens.

Furthermore, Figure 5.3

(which reflects specimen formation) indicates that the thicker specimens have lower
porosities.

These specimens are therefore likely to be stronger by virtue of increased

particle-particle contact and thus wiU be more resistant to diametral fi'acture.

Thin

specimens are more porous and wiU therefore show more inhomogeneity and variation in
their physical structures.
This further questions whether thin specimens of materials with simUar compaction
properties and Young’s moduU to those of Methocel E4M are suitable for use with the
diametral compression test. In such cases faUure by edge deformation and coUapse may
cause a lowering of the value of Gt because of the brittleness and fi'agility of the specimen
structure as illustrated in Table 5.1 for the 2mm thick specimens.
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5.3

Modified Diametral Compression Tests

5.3.1

Experimental
Twelve millimetre diameter specimens were prepared as described in Section 5.2.1

and tested as described in Chapter 2, Section 2.3.3.2. The tensile strength was calculated in
the same manner described in Section 5.2.1 following a valid tensile failure.

5.3.2

Results
Specimens failed in the same manner as described for the Avicel PH 102 specimens

exhibiting similar secondary cracks with the loss of a fine sliver of material fi"om the
specimen surface (Chapter 4, Section 4.3.2). Local crushing and indentation during loading
by the steel rods seems the most likely explanation.
All of the 2, 3 and 4mm thick specimens failed purely in the normal tensile manner.
However, the 6mm thick specimens prepared at the lower compaction pressures failed in
the normal manner in combination with a mixture of partial and complete horizontal
laminations as described for the low pressure 6mm thick Avicel PHI02 specimens (Chapter
4, Section 4.3.2).

All 6mm thick specimens prepared at compaction pressures above

lOOMPa exhibited complete horizontal laminations.
Figure 5.4 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of data as a linear regression did not seem appropriate.
Figure 5.5 illustrates the relationship between the natural logarithm of the tensile
strength (at) and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the data in the same manner described in Section
5.2.2. A significant linear relationship was demonstrated (as described by Duckworth,
1951) for all cases yielding the regression analyses reported in Table 5.3 with a comparison
between specimens of different thickness made at a value of porosity of 0.20.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.
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Table 5.3

Linear regression analyses for the modified diametral compression test
(In Ot = -b.8 + In bo)

Specimen thickness

b

r

In bo

at at 80.2 (MPa)

2 mm

-6.9642

3.6639

-0.969

9.69

3mm

-7.5704

3.1125

-0.976

4.95

4mm

-7.1839

2.6389

-0.982

3.33

6 mm

-6.9738

2.2577

-0.989

2.37

b; slope; bo: intercept; r: regression coefficient; at at
porosity of 0 .2 .

80 .2 :

tensile strength at specimen

188

5.3.3

Discussion
A change in the mechanism of fracture for Methocel E4M specimens has been

demonstrated during the use of the modified diametral compression test. This occurred in
the same manner as shown with the Avicel PHI02 specimens (Chapter 4, Section 4.3.2)
where a tensile failure in combination with partial or complete lamination did not affect the
measured value of at (Figure 5.5 illustrates a linear relationship between In at and porosity
for all cases with no anomalous values). As the onset of lamination began at a lower
compaction pressure with the Methocel E4M specimens, the simple lamination
phenomenon sometimes seen during the tableting of elastically deforming materials at high
compaction pressures now seems the most likely explanation. Methocel E4M has poorer
compact-forming properties than Avicel PH 102 and thus plastic deformation and particle
bonding occur to a lesser extent. At high compaction pressures large stresses remain in the
compact following formation which are usually relieved through a small amount of elastic
recovery. If particle bonding is too weak then the bonds will be broken causing horizontal
lamination of the specimen. This is more likely to occur with the thickest specimens where
the greater die-fill weight means that each particle will experience a smaller bonding force
(resulting in a weaker tablet structure) at a given compaction pressure when compared with
a thinner specimen formed under identical conditions of compaction (Chapter 3, Section
3.3.3).
Examination of Figures 5.4 and 5.5 indicates good reproducibility of the test results
although there is a considerably greater variance for the 2mm thick specimen data. The
latter can be attributed to difficulties in the positioning of the specimens (as described in
Chapter 4, Section 4.3.3) and the possibly greater variation in compact structure due to
their higher porosity as discussed in Section 5.2.3.
Both Figures 5.4 and 5.5 show a dramatic fall in the tensile strength with increasing
specimen thickness which seems more pronounced at the higher compaction pressures
(Figure 5.4). In addition. Table 5.3 reflects a significant downward shift in the regression
lines with increasing specimen thickness, following a very similar pattern to that shown by
the Avicel PH 102 results. Furthermore, the slopes for the regression lines are almost
parallel indicating that as the compact thickness is varied there is a consistent change in the
physical structure or volume reduction characteristics of the compact. In the case of this
test the regression line for the 2mm thick specimens showed no anomalies when compared
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with the other three regression lines and thus the modified diametral compression test
seems to be applicable to very thin specimens.
The compressive load is applied in the direction of compaction with the modified
diametral compression test rather than perpendicular to it as in the case of the standard
diametral compression test. The load is also applied over a considerably smaller vertical
distance thus problems were not encountered with any of the different volume specimens
being unable to fully support the load.
The trend seen in the values of at at

80.2

can be explained in the same manner as

previously described for the Avicel PH102 results in Chapter 4, Section 4.3.3. Furthermore,
because the stress is applied over a greater vertical distance with increasing specimen
thickness, the resulting fi'acture stresses for the thicker specimens will be more affected by
the degree of specimen inhomogeneity hence the sharp fall in at. Both of these effects
appear to overshadow the decrease in porosity with increasing specimen thickness (Section
5.2.3, Figure 5.3) which results in stronger compacts.

5.4

Three-point Flexure Tests

5.4.1

Experimental
Twelve millimetre diameter specimens were prepared and tested as described in

Section 5.2.1 and Chapter 2, Section 2.3.3 3 respectively.

Tensile strength, at was

calculated as described in Chapter 4, Section 4.4.1 using equation 4.1 following a valid
tensile failure.

5.4.2

Results
All of the 2 and 3mm thick specimens failed in the normal tensile manner with a

clean diametral fi'acture on the lower surface near to the line of loading. The failure pattern
for these specimens was similar to that shown in Figure 4.6(a), Chapter 4, Section 4.4.2
although the secondary cracks were absent. The 4mm thick specimens generally failed in
the normal manner without secondary cracks although some of the fractures ran towards
one of the roller supports. However,

6

of the 4mm thick specimens failed in an invalid

manner as shown in Figure 4.6(b), Chapter 4, Section 4.4.2. Only 23 of the 60 specimens
of 6 mm thickness failed in the normal manner. Secondary fi'actures as shown in Figure
4.6(a), Chapter 4, Section 4.4.2 were evident in most of these specimens indicating the
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increasing involvement of shear stresses in their failure. The remainder of the 6mm thick
specimens failed in an invalid manner through shear stresses as shown in Figure 4.6(b),
Chapter 4, Section 4.4.2. Such specimens were excluded from the analysis of the data and
showed a reduction in their fracture loads.
Figure 5.6 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of data as a linear regression did not seem appropriate.
Figure 5.7 illustrates the relationship between the natural logarithm of the tensile
strength (at) and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the data in the same manner described in Section
5.2.2. A significant linear relationship was demonstrated (as described by Duckworth,
1951) for all cases yielding the regression analyses reported in Table 5.4 with a comparison
between specimens of different thickness made at a value of porosity of 0.20.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.

5.4.3

Discussion
The extent and occurrence of invalid failure through shear was far more widespread

in this study than was reported for the Avicel PHI02 specimens (Chapter 4, Section 4.4.2).
As described in Chapter 4, Section 4.4.3 the most likely cause for this is the unsuitable
dimensions of the specimen. Furthermore, it appears that specimens with poorer compactforming properties than those of Avicel PH 102 are more likely to fail through shear. Thus
materials which demonstrate plastic flow and subsequent particle bonding to a lesser extent,
will possess weaker compact structures, which are more susceptible to the shear stresses
that become more dominant with the ‘stubbier’ specimens. The three-point flexure test
should perhaps therefore be restricted for use with thinner specimens when materials with
poorer compact-forming properties than those of Avicel PHI 02 are used.
Examination of Figures 5.6 and 5.7 shows considerable scatter in the 2mm and
3mm thick specimen data which follows the trend seen for the 2mm thick specimen data for
the previous two tests (Sections 5.2.3 and 5.3.3). The poorer compact-forming properties
of Methocel E4M and the greater fragility of the specimens when compared with Avicel
PH 102 may lead to greater variation in the fracture stresses. A similar less widespread
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Table 5.4

Linear regression analyses for the three-point flexure test
(In Ot = -b.8 + In bo)

Specimen thickness

b

r

In bo

at at 80.2 (MPa)

2 mm

-8.5426

2.9862

-0.972

3.59

3mm

-8.7939

3.0837

-0.984

3.76

4mm

-7.5124

2.8584

-0.979

3.88

6 mm

-7.8460

2.9774

-0.990

4.09

b: slope; bo: intercept; r: regression coefficient; at at
porosity of 0 .2 .

80 .2 :

tensile strength at specimen
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scatter was seen in Figures 4.7 and 4.8 (Chapter 4, Section 4.4.2 ) for the 2mm thick Avicel
PH 102 specimens and possible causes were provided which may also be used to explain the
current results.
Both Figures 5.6 and 5.7 and Table 5.4 show a small upward shift in the regression
lines with increasing specimen thickness and thus follow the same trend as reported for the
Avicel PHI 02 specimens (Chapter 4, Section 4.4.3). The increase in tensile strength with
increasing specimen thickness is slightly greater at the higher compaction pressures
although this appears to be mainly linked to the 6mm thick specimens. Such specimens will
be considerably more resistant to the applied bending force than the thinner specimens
resulting in elevated values of tensile strength. The values of at at 8 = 0.20 also show a
small increase with increasing specimen thickness. The explanations provided in Chapter 4,
Section 4.4.3 can similarly be used in this study. Figure 5.7 and Table 5.4 show that the
slopes of the regression lines are non-parallel. This implies that as the compact volume is
varied there is a non-consistent change in the physical structure or volume reduction
characteristics.

5.5

Equi-biaxial Fracture Stress Tests

5.5.1

Experimental
Twelve millimetre diameter specimens were prepared and tested as described in

Section 5.2.1 and Chapter 2, Section 2.3.3.4 respectively.

Tensile strength, at was

calculated as described in Chapter 4, Section 4.5.1 using equation 4.2 following a valid
tensile failure.

5.5.2

Results
Specimens failed in the same manner described for the Avicel PH 102 specimens

(Chapter 4, Section 4.5.2). Failure patterns were similar to those illustrated in Figures
4.9(a) and (b), Chapter 4, Section 4.5.2 with no unusual types of fi'acture recorded for any
of the different thickness specimens.
Figure 5.8 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of data as a linear regression did not seem appropriate.
Figure 5.9 illustrates the relationship between the natural logarithm of the tensile
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Strength (at) and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the data in the same manner described in Section
5.2.2. A significant linear relationship was demonstrated (as described by Duckworth,
1951) for all cases yielding the regression analyses reported in Table 5.5 with a comparison
between specimens of different thickness made at a value of porosity of 0.20.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.

5.5.3

Discussion
Removal of the specimen following fi-acture proved the only problem encountered

with this test. The less distinct failure patterns for the thicker specimens can be simply
explained by the increased resistance of the compact to the applied transverse bending
force. Fracture therefore occurs to a lesser extent but a valid fi’acture force for the
specimen can still be recorded. Although ideally the specimen diameter should be at least
10 times the thickness, the results of this study and those of Chapter 4, Section 4.5 have
shown that it is possible to apply the test to specimens with a diameter which is only twice
the thickness.
Examination of Figure 5.8 and 5.9 indicates a generally wider spread of the results
than was the case with the Avicel PHI02 specimens (Figures 4.10 and 4.11, Chapter 4,
Section 4.5.2). This could possibly be attributed to the poorer compact-forming properties
of Methocel E4M which results in a greater degree of variation and inhomogeneity within
the specimen structure.
As with the previous tests the 2mm thick specimen data generally shows greater
variance, with the regression curve and line in Figures 5.8 and 5.9 respectively crossing
those for the other data. Possible causes for this are the condition of the specimen surface
and the greater variation seen in the fi^acture patterns, both of which are likely to affect the
fi^acture stress to a greater extent with the thinner specimens. In addition, as previously
described in Section 5.2.3 the 2mm thick specimens were shown to be more porous than
the thicker specimens.

Such specimens formed at low compaction pressures will be

particularly fi^agile and may therefore be unsuitable for application with equi-biaxial fi-acture
stress testing. Furthermore, due to their porous nature, the compact structures will show
considerably more variation and inhomogeneity than their thicker counterparts.
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Table 5.5

Linear regression analyses for the equi-biaxial fracture stress test
(In Ot = -b.G + In bo)

Specimen thickness

b

r

In bo

at at 80.2 (MPa)

2 mm

-10.1522

3.4038

-0.989

3.95

3mm

-8.0367

2.8400

-0.988

3.43

4mm

-7.5492

2.5907

-0.991

2.95

6 mm

-7.3977

2.2825

-0.983

2.23

b: slope; bo; intercept; r: regression coefficient; at at
porosity of 0 .2 .

80 .2 :

tensüe strength at specimen
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Both Figure 5.8 and 5.9 and Table 5.5 show a downward shift in the regression
lines with increasing specimen thickness. The value of Gt at e = 0.20 also falls in a similar
manner. Fracture occurs under a biaxial tensile stress state and thus the measured fi'acture
stress is sensitive to specimen volume effects as described in Chapter 4, Section 4.5.3.
Furthermore, the slopes of the regression lines in Figure 5.9 are non-parallel. This may
imply that there is a non-consistent change in the specimen physical structure or volume
reduction mechanism as the compact volume is varied. However, the steeper slope for the
2mm thick specimens can be partially attributed to the greater variance of this data.

5.6

Assessment of the Compressive to Tensile Strength Ratio

5.6.1

Experimental
Twelve millimetre diameter specimens with equi-dimensional geometries were

prepared at compaction pressures of 50, 55, 60, 65, 70 and 75MPa as described in Chapter
4, Section 4.6.1. However, a smaller die-ftU weight was used to prepare the Methocel
E4M compacts because of the lower powder density (Table 2.2, Chapter 2). Diametral
compression tests were performed and the tensile strength calculated as described in
Section 5.2.1, whilst compressive tests were performed as described in Chapter 4, Section
4.6.1 and the compressive strength calculated using equation 4.3.

5.6.2

Results
All specimens subjected to diametral compression testing failed in the normal

manner with force-time loading profiles similar to the one shown in Figure 4.12(a), Chapter
4, Section 4.6.2 where the point at which failure occurs is clear. Failure was far less clear
with compression testing producing a typical force-time profile as shown in Figure 4.12(b),
Chapter 4, Section 4.6.2.

As with the Avicel PH102 specimens the force reached a

maximum with a plateau lasting for an approximate duration of 5-10 seconds before the
force began to fall relatively rapidly.

Specimens went through a number of stages of

deformation and fracture leading to their eventual catastrophic failure in a similar manner as
detailed for the Avicel PHI02 specimens. Chapter 4, Section 4.6.2.
Table 5.6 shows the values of tensile and compressive strength recorded over the
range of compaction pressures employed (which is also illustrated graphically in Figure

Table 5.6

Compressive and tensile strength of Methocel E4M compacts prepared at varying compaction pressures

Compaction Pressure (MPa)

Tensile strength (MPa)

50

55

60

65

70

75

1.752

1.876

2.068

2.103

2.257

2.436

24.02

26.12

28.27

28.62

30.67

32.54

13.71

13.92

13.67

13.61

13.59

13.36

(Gt)
Compressive strength (MPa)
( G c)

Ratio
(CJc / CTt)
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5.10). In each case the value represents the mean of 10 determinations. The compressive
to tensile strength ratio is also shown for specimens made at each compaction pressure and
can be used to give an indication of the type of mechanical behaviour of the material as
described in Chapter 4, Section 4.6.1.
Figure 5.10 shows the tensile and compressive strength as a function of the lower
punch compaction pressure for the specimens. Linear regression analysis was performed
on the data in the same manner described in Section 5.2.2.
A significant linear relationship was demonstrated for both cases yielding the
regression analyses reported in Table 5.7.
Figure 5.11 illustrates the relationship between the natural logarithm of both the
tensile strength (at) and the compressive strength ( a j as a function of porosity (e) for the
specimens. Linear regression analysis was performed on the data in the same manner
described in Section 5.2.2.
A significant linear relationship was demonstrated (as described by Duckworth,
1951) for both cases yielding the regression analyses reported in Table 5.8. A comparison
of the compressive to tensile strength ratio was made at a porosity of 0.18 as this
represented a porosity value within the experimental range.

5.6.3

Discussion
The mechanism of failure for these specimens was very similar to that reported for

the Avicel PHI02 specimens (Chapter 4, Section 4.6.2) and can therefore be explained
mainly by considering the compression testing literature as in Chapter 4, Section 4.6.2.
Specimen geometry and fiictional effects at the platens seem to be the most likely causes
for the deformation and fi'acture process recorded.
Table 5.6 reflects the change in the compressive to tensile strength ratio with
pressure. The ratio is essentially constant over the range of pressures employed (average
ratio = 13.64) and any variation merely reflects experimental variation and the inherent
variability associated with brittle specimen strengths. Examination of Figure 5.10 (which
graphically represents the change in both the tensile and compressive strengths with lower
punch compaction pressure) shows little variance. The slopes of the regression lines are
not parallel (Table 5.7) illustrating that the specimen compressive strength is more sensitive
to changes in the lower punch compaction pressure than is the tensile strength. The change
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Table 5.7

Linear regression analyses for the diametral compression and compression
tests
(at = b.P + bo) and (Oc = b.P + bo)

Strength test procedure

b

bo

r

Diametral compression

0.0263

0.4309

-0.980

Compression

0.3259

7.9535

-0.960

b; slope; bo; intercept; r: regression coefficient.
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Table 5.8

Linear regression analyses for the diametral compression and compression
tests
(In at = •b.G + In bo) and (In Gc = -b.G 4-In bo)

Strength test procedure

b

In bo

r

Diametral compression

-8.7719

2.2716

-0.993

2 .0 0

Compression

-7.8010

4.7211

-0.972

27.58

b: slope; bo: intercept; r: regression coeflBcient; strength at
strength at a specimen porosity of 0.18.

Go.ig:

strength at Go.is (MPa)

tensile or compressive
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in both the natural logarithm of the Ot and Oc with specimen porosity is illustrated in Figure
5.11 which reflects their linear relationship. The parallel arrangement of the two regression
lines also reflects the constant nature of the compressive to tensile strength ratio with
specimen porosity.

Table 5.8 gives a tensile and compressive strength value for the

specimens at a porosity of 0.18. These two values give a (Oc/ot) ratio of 13.79 which
agrees closely with the ratios obtained at similar compaction pressures. This ratio is of a
similar magnitude to that obtained for the Avicel PH 102 specimens (Chapter 4, Section
4.6.3) which one would expect as Methocel E4M is also a polymeric cellulose which
deforms predominantly by plastic flow. The high value obtained for the ratio indicates a
material with brittle mechanical properties in the context of the study of Newton et al
(1993). Possible factors explaining the differences between the two studies have been
proposed in Chapter 4, Section 4.6.3 and can be similarly used here.
As similarly shown for the Avicel PH 102 study a clear linear relationship between
the natural logarithm of the compressive strength and the specimen porosity has been
demonstrated.

Such a trend indicates that whatever ‘compressive strength’ has been

measured it has been done so in a consistent manner.

5.7

General Discussion
A comparison of the four test systems used to measure the tensile strength of

Methocel E4M specimens of varying thickness/diameter ratio seems warranted.
Table 5.9 summarises the tensile strength values obtained at a porosity of 0.20 (ot
at

80 .2)

using the different test systems.

In addition, the effect of changing specimen

thickness on the tensile strength is shown for each test.

5.7.1

Diametral Compression Test
The value of

Ot

at

S0.2

falls by approximately 7% as the specimen thickness is

increased fi'om 3 to 6 mm (Table 5.9). The value obtained for the 2mm thick specimens
seems anomalously low in context with the Avicel PHI02 results (Chapter 4, Section 4.7.1)
although possible causes for this have been suggested in Section 5.2.3.
A biaxial (tension-compression) stress state is generated within the specimen and as
Methocel E4M deforms in a predominantly plastic manner failure is likely to be initiated at
the centre of the specimen during diametral loading (Mashadi and Newton, 1988; Mashadi,
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Table 5.9

A comparison of the four test systems used to measure the tensile strength
of Methocel E4M specimens prepared at different thickness/diameter ratios.

Test System; Ot at So.2 (MPa)
Specimen thickness (mm)

DC

MDC

FLT

EBFS

2

1.69

9.96

3.59

3.95

3

1.76

4.95

3.76

3.43

4

1.71

3.33

3.88

2.95

6

1.63

2.37

4.09

2.23

Ot 3^10 0 .2 - lensue sirengm ai a specimen porosity oi u.zu,

uiametrai compression, jvnw

modified diametral compression; FLT; three-point flexure testing; EBFS; equi-biaxial
fi'acture stress testing.
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1988). In theory, the magnitude of the tensile strength obtained should be independent of
the specimen volume as the terms D and t are included in the equation for calculating at.
However, the larger volume specimens will contain a greater number and distribution of
inherent flaws within their structure as described in Chapter 4, Sections 4 .1 and 4.7.1 which
will result in a reduced mean fi’acture stress.

Such specimen volume efîècts could be

minimised using the Weibull two-parameter relationship as described by Stanley and
Newton (1977) if a Weibull modulus for Methocel E4M were known, although such a
treatment does not always completely account for the changes seen in the fi'acture stress.
The degree of inhomogeneity is also important especially with the larger volume
specimens as discussed in Chapter 4, Section 4.7.1. However, as described in Section 5.2.3
the thinner specimens were found to have the most porous structures and would therefore
exhibit a greater degree of inhomogeneity and inherent structural variability. This was
particularly evident as indicated by the In at / e profile for the 2mm thick specimens. Further
support for this is provided by the non-parallel arrangement of the slopes in the In at /

8

profiles, which implies that there is a non-consistent change in the physical structure or
volume reduction properties of the compact as its volume is varied.
Thus the trend in at at 80.2 seen with increasing specimen thickness for the diametral
compression test results is likely to be a combination of the above effects. However, as the
stress in these tests is applied across a constant vertical distance (i.e. the specimen diameter)
but increasing horizontal distance (i.e. the specimen length), which is perpendicular to the
direction of compaction, both of the effects seem to have only a small effect on the value of
at at 80.2 with increasing specimen thickness

5.7.2

Modified Diametral Compression Test
Table 5.9 shows a 76% reduction in the value of at at 80.2 as the specimen thickness

increases fi’om 2 to 6 mm. Specimen volume changes therefore have a considerably greater
effect on the magnitude of the tensile strength than is the case with the standard diametral
compression test. The stress state generated within the specimen is also biaxial and fi'acture
is initiated at the specimen centre with subsequent failure occurring in the same plane.
However, the stress is applied in the direction of compaction and therefore as the specimen
thickness is increased the stress is applied over an increasingly larger vertical distance
although constant horizontal distance.

Thus with this test configuration the specimen
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volume eflfects seem to be far more pronounced in terms of the number and distribution of
inherent flaws within the compact structure. As stated in Section 5.7.1 such volume effects
could be corrected for using the Weibull treatment although it is unlikely that this would be
entirely satisfactory.
The degree of inhomogeneity within the specimen structure also seems to have far
greater significance with this test and as demonstrated with the Avicel PH 102 specimens
(Chapter 4, Section 4.7.2) the modified diametral compression test seems oversensitive to
specimen volume changes.
The test was originally developed for application to cubic specimens where a
change in the relative dimensions of the indenter and specimen (as in this case) was shown
to influence the stress state within the specimen (Berenbaum and Brodie, 1959). The large
fall in the value of at at 80.2 may therefore indicate that the test is unsuitable for application
to cylindrical, non equi-dimensional specimens or that the equation for calculating at needs
modifying to account for the above factors.
Table 5.9 shows that the modified diametral compression test gives higher values of
at at

80.2

for each specimen thickness when compared with the standard diametral

compression test values. In all cases the stress is applied over a smaller vertical distance
than is the case with the standard diametral compression test and thus such factors as the
number and distribution of inherent flaws and the degree of specimen inhomogeneity are of
less significance. There is therefore a smaller chance of failure being initiated at a flaw with
a resulting higher fi-acture stress.

5.7.3

Three-point Flexure Test
In contrast to the previous two tests Table 5.9 shows that the value of at at

80.2

increases by approximately 12% as the specimen thickness is increased. Failure occurs
under a pure uniaxial tensile stress at the lower surface of the specimen and thus at a
defined point. As failure does not occur at a site within the specimen ‘core’ or near to the
neutral axis, changes in the specimen volume appear to have little effect on the tensile
strength in terms of the number and distribution of inherent flaws present within the
compact structure. However, they may influence the deformability of the specimen. A
Weibull treatment of the results obtained by flexure testing would therefore appear
unnecessary. Furthermore, the test seems unaffected by specimen inhomogeneity effects in
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terms of the measured tensile strength, although the non-parallel slopes of the regression
lines suggest that there is a non-consistent change in the specimen physical structure or
volume reduction properties with varying compact thickness. The increase in the value of
at at 80.2 seems most likely the result of the increased resistance to bending as the specimen
thickness is increased. This appears to give rise to elevated values of at and implies that the
geometry of the thicker specimens is less suitable for the application of the flexure test.
Higher values of at at

80.2

were generally obtained with the flexure test when

compared with the other tests because failure occurs under a pure uniaxial tensile stress at
the specimen surface and is therefore less influenced by inherent flaws within the compact
structure.

5.7.4

Equi-biaxial Fracture Stress Test
The value of at at

thickness fi'om

2

80.2

falls by approximately 43.5% on increasing the specimen

to 6 mm (Table 5.9). The equi-biaxial fi'acture stress test generates a

biaxial stress state within the specimen (tension-tension) and failure is initiated at the lower
surface. Although failure occurs through the application of a bending force, as in the case
of the flexure test, there is still a dramatic fall in the value of at at

80.2

with increasing

specimen thickness which most closely follows that of the modified diametral compression
test. The stress is applied over an increasing vertical distance and although failure occurs
under a transverse bending force fi'acture is unlikely to be initiated at a defined point
particularly as there was noticeable variation in the type of fi'acture pattern recorded
(Sections 5.5.2 and 5.5.3). Furthermore, as demonstrated with the standard and modified
diametral compression tests the generation of a biaxial stress state within the specimen
seems to make the test more sensitive to specimen volume effects as discussed above.
In contrast to the Avicel PHI02 equi-biaxial fi'acture stress test results where the
initial values of at at 80.2 were similar to those for the diametral compression test (Chapter
4, Section 4.7.4), the values of at at

80.2

obtained in these current tests were of a similar

magnitude to those reported for the three-point flexure test. This is somewhat expected as
both the flexure and equi-biaxial fi'acture stress tests cause specimen failure through the
employment of a bending force, although the similarity of the two results is also surprising
as one test generates a uniaxial stress condition and the other a biaxial stress condition. In
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theory the uniaxial case should provide a higher fracture stress as was demonstrated with
the Avicel PHI02 results (Chapter 4, Table 4.7).

5.8

Conclusion
The application of five different mechanical strength tests derived from the material

sciences field to evaluate the mechanical properties of pharmaceutical powder compacts has
been successfiilly applied to a second polymeric material with poorer compaction properties
to those of Avicel PHI 02. In the case of each test the problems and limitations associated
with it were considered.

The effects of changes in the specimen geometry on the

mechanical strength was demonstrated for the four tensile testing procedures and the
variations in strength explained by a consideration of the stress states imposed by the tests,
the site at which crack propagation is initiated and specimen volume effects. The variance
of the data for each test was explained in a similar manner. For each test any unusual
mechanism of fracture was highlighted and causative factors proposed. All of the tensile
strength evaluation tests used were sensitive to changes in specimen thickness as
demonstrated by analysis of variance. Such changes in the value of tensile strength were
explained by considering the loading configuration and imposed stress state along with the
effects of inherent flaws and the degree of specimen inhomogeneity.
Both the modified diametral compression and equi-biaxial fracture stress tests were
shown to be extremely sensitive to the effects of specimen inhomogeneity and the greater
number of inherent flaws present in larger volume specimens, although the equation for
calculating Ot for the former may be incorrect and require modification.
The three-point flexure test seemed less sensitive to specimen volume effects but
showed increased resistance to bending with the thicker specimens which may not have
suitable dimensions.
The diametral compression test was much less sensitive to specimen volume effects
which may be because the stress is applied perpendicular to the direction of compaction and
across a constant vertical distance in contrast to the other three tests. However, anomalous
results were obtained with the 2 mm thick specimens which question the validity and
application of the diametral compression test to very thin, high porosity specimens of
materials with poorer compact-forming properties than Avicel PHI02, such as Methocel
E4M. Such specimens may have particularly weak structures which are unable to support
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the diametral compressive load and invariably fail by edge deformation and collapse with
reduced fracture stresses and widespread variance of the data.
For all of the tensile strength procedures investigated changing the compact
thickness appeared to cause a non-consistent change in the physical structure or volume
reduction characteristics, as implicated by the non-parallel slopes of the In cjt/ 8 profiles for
specimens of difierent thickness. However, the non-parallel arrangement of the slopes was
more noticeable for the three-point flexure and equi-biaxial fracture stress tests which
suggests that these loading configurations may be more sensitive towards detecting such
structural changes within the compact.
In striking contrast to the Avicel PH102 specimens (Figure 4.16, Chapter 4)
changing the specimen thickness was found to significantly affect the specimen porosity for
a given lower punch compaction pressure (Figure 5.3, Section 5.2.3). This indicates that
the formation of Methocel E4M compacts is influenced by the specimen volume. Such
differences between the two materials are presumably related to the mechanism of
deformation or volume reduction during specimen formation, which includes factors such
as particle shape and the degree of rearrangement and/or fragmentation. Evidence which
supports this was provided in Chapter 3, Section 3.5.3 by compressive Young’s modulus
measurements.
Contrary to theoretical expectations thinner specimens were shown to be more
porous than thicker ones. The reason behind this warrants further future investigations.
The mechanism of failure and stress state imposed by the compressive test along
with the results obtained were not entirely clear although such procedures still represent
considerable progress in the area of mechanical strength evaluation.

m
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6.1

Introduction
The time-dependent plastic flow of microcrystalline cellulose (Avicel PH 102) is

well documented (David and Augsberger, 1977; Rees and Rue, 1978; Roberts and Rowe,
1985; 1986b; Armstrong, 1989). The preparation of Avicel PH I02 specimens by fast
compaction using an eccentric tablet press, may therefore reveal difierences in the
mechanical strength properties when compared with the findings of Avicel PHI02
specimens prepared under slow compaction as described in Chapter 4. Furthermore, the
use of 25mm diameter specimens with a considerably larger diameter allows the preparation
of compacts with smaller thickness/diameter ratios which may demonstrate more widely
specimen volume and inhomogeneity effects. Such effects may point to differences in the
compaction process and the physical structure of the compact with respect to the specimen
volume. In addition, the use of specimens with very low thickness/diameter ratios may
elicit further information regarding the limitations of the application of the diametral
compression test to such specimens as was demonstrated in Chapter 5, Section 5.2.3.
This study therefore parallels that described in Chapter 4 examining the effect of
changing the specimen thickness/diameter ratio on the mechanical strength over a range of
porosities for the different test procedures employed.

6.2

Diametral Compression Tests

6.2.1

Experimental
Twenty-five millimetre diameter specimens were prepared using an EKE eccentric

tablet press as described in Chapter 2, Section 2.3.5. Specimens of 3 and 4mm thick were
compacted at pressures of 25, 35, 45, 55, 65, 75, 85 and lOOMPa. However, because of
the limitations of the tablet press and the maximum possible die-fill weight 5 and 6 mm thick
specimens could only be prepared up to maximum compaction pressures of 85 and 72MPa
respectively. Specimen porosity was calculated before diametral compression testing using
equation 3.1 (Chapter 3, Section 3.2.1.1) and tensile strength following a valid diametral
failure was calculated in the manner described by Fell and Newton (1970b) using equation
3.2 (Chapter 3, Section 3.2.1.1).

The equation was not modified to account for the

bevelled-edge geometry of the specimens as the bevelled section represented a relatively
small proportion of the total specimen volume. Furthermore, the equation for calculating
the tensile strength is derived fi’om the tensile stress generated along the loading diameter
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which is at its maximum over the central section of the specimen (Fell and Newton, 1970b).
Crack propagation and subsequent tensile failure of Avicel PHI 02 specimens has also been
shown to be initiated at the centre of the specimen (Mashadi and Newton, 1988; Mashadi,
1988). The effect of the bevelled-edge on the mechanical strength was therefore assumed
to be negligible in comparison with the changes in the magnitude of the tensile strength
caused by varying the thickness/diameter ratio.

6.2.2

Results
Almost all of the 3mm thick specimens failed purely by edge deformation and

collapse (as described in Chapter 3) with no visual evidence of a diametral fracture. Some
of the specimens prepared at 25 and 35MPa did fail in the normal tensile manner although
this occurred in combination with edge deformation and collapse. High porosity 4mm thick
specimens failed in a purely tensile manner but as the porosity was decreased edge
deformation and collapse became increasingly prominent until low porosity specimens
failed only by edge deformation and collapse. The 5mm thick specimens showed a similar
trend whereby low porosity specimens failed by a combination of tensile failure and edge
deformation and collapse. Six millimetre thick specimens failed purely in the normal tensile
manner with no signs of edge deformation and collapse.
Destruction of the specimen edge tended to occur at the point where the bevelled
section meets the cylindrical central section thus this most likely represents a weak point in
the specimen structure.
Figure 6.1 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A linear regression was fitted to
the data as this proved to be the most appropriate.

The scale of the lower punch

compaction pressure was smaller for these larger diameter specimens. Referral to the
similar profiles in Chapters 4 and 5 for the 12mm diameter specimens, shows that the
relationship between specimen tensile strength and lower punch compaction pressure is
probably also linear up to 1lOMPa - i.e over the same compaction pressure range.
Figure 6.2 illustrates the relationship between the natural logarithm of the tensile
strength (o j and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the raw data for each specimen thickness as variation
occurred in both the x and y values.

A significant linear relationship was
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demonstrated for all cases yielding the regression analyses reported in Table 6.1.
Comparisons between specimens of different thickness were made at a value of porosity
within the experimental range, namely 0.30, as extrapolation to zero porosity seemed
inappropriate because of the relatively high porosity of the samples (Table 6 . 1 ).
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0 .0 0 0 1 .
Figure 6.3 shows the change in the natural logarithm of the specimen porosity as a
function of the lower punch compaction pressure for the four different thickness specimens
{i.e. it represents specimen formation).

Linear regression analysis of the data was

performed as for Figure 6.2. A significant linear relationship was demonstrated for all cases
yielding the regression analyses reported in Table 6.2.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0 .0 0 0 1 .
Similar profiles were obtained for the specimens used for the other tensile testing
procedures, thus Figure 6.3 represents a sample plot for the study of Chapter 6 .

6.2.3

Discussion
The results show a similar trend in the mechanism of failure with respect to both

specimen porosity and thickness/diameter ratio as described for the study in Chapter 3,
Table 3 .1. The occurrence of edge deformation and collapse was far more widespread in
this study when compared with those of Chapters 3, 4 and 5 and can be explained by the
thickness/diameter ratios used in this study which were approximately half the magnitude of
those used in the 12mm diameter specimen studies. Such low ratios seem to predispose
specimens to fail through edge deformation and collapse even when the porosity is
relatively high. Specimen thickness therefore seems to be more dominant than the porosity
in determining whether failure occurs by edge deformation and collapse.
Examination of Figures 6 .1 and 6.2 indicates good reproducibility of the data with a
low variance for the 4, 5 and 6 mm thick specimens. However, the data for the 3mm thick
specimens shows considerable scatter and the regression line is displaced distinctly
downwards fi'om the regression lines for the 4, 5 and 6 mm thick specimens.
The 3mm thick specimens failed predominantly by edge deformation and collapse
which may explain the scatter of the data. A possible cause for the significant lowering of
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Table 6.1

Linear regression analyses for the diametral compression test
(In Ot = -b.G + In b o )

r

Specimen thickness

b

3mm

-5.7635

2.2702

-0.993

1.72

4mm

-6.8317

2.9230

-0.996

2.40

5mm

-7.1471

3.0668

-0.997

2.52

6 mm

-7.3726

3.1477

-0.998

2.55

In bo

b: slope; bo: intercept; r: regression coefficient; at at
porosity of 0.3.
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Table 6.2

Linear regression analyses for the In specimen porosity - lower punch
compaction pressure relationships {i.e. specimen formation) prior to
diametral compression testing (In e = -b.P + In bo)

Specimen thickness

b

In bo

r

3mm

-0.0093

-0.5529

-0.997

4mm

-0.0093

-0.5628

-0.997

5mm

-0.0099

-0.5284

-0.995

6mm

-0.0105

-0.4930

-0.998

b: slope; bo: intercept; r: regression coefficient.
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the tensile strength is the failure through pure edge deformation and collapse which was
shown to reduce the fracture stresses for very thin specimens of Methocel E4M (Chapter 5,
Section 5.2.3). A greater extent of edge deformation and collapse seems to result in a
larger reduction in the measured tensile strength as shown by the lower porosity specimens
{ca. 0.23 and 0.26) in Figure 6.2. Specimens which fail in the normal tensile manner in
combination with edge deformation and collapse show less reduced tensile strengths as
shown by the 0.41 and 0.46 porosity specimens. Furthermore, as failure of the specimen
occurs at the contact point with the platens, the bevelled-edge geometry of the specimen
will have a greater effect on the measured tensile strength with the 3mm thick specimens
than with thicker specimens failing in a similar manner.
Alternatively, with Avicel PH 102 specimens made under fast compaction, plastic
flow and particle bonding may occur to a signiflcantly lesser extent with the 3mm thick
specimens resulting in a weaker compact structure.

Examination of the force-time

compaction profiles registered for each set of 10 compacts formed at the same compaction
pressure showed an increase in both the consolidation and total contact times which was
proportional to an increase in specimen thickness. Thicker specimens will provide a greater
resistance to the descending upper punch so that its velocity will decrease to a greater
extent than in the case of a thin specimen. The compaction event will therefore be of a
significantly longer duration enabling greater plastic flow and bonding to occur. For the
3mm thick specimens the compaction event may be of a shorter duration than is critically
necessary for effective plastic flow and particle bonding to occur, which seems to be
supported by the fact that the 4, 5 and 6mm thick specimens all possess similar tensile
strengths.
Similar findings following the compaction of different quantities of lactose
monohydrate were reported by Newton et al {\97\). A common regression line (within
given statistical limits) was found between the tensile strength and mean compaction
pressure for the three lower weight compacts. However, a distinctly different line was
obtained for the lowest weight or thinnest specimens which was still evident even after
correction for average voidage effects. The authors attributed the difference to the thinnest
specimens having the highest surface to volume ratio. Surface fiiction effects and shearing
during compaction would therefore be greater for these specimens. Thinner specimen
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structures are likely to be more intrinsically variable, possibly as a result of maldistribution
of powder within the die particularly when die-fill weights are low.
Figure 6.3 shows that 25mm diameter Avicel PHI02 specimens of different
thickness have similar porosities over the range of compaction pressures used. Although
ANOVA revealed a significant difference between the regression lines these appear
relatively close together (as shown for the 12mm diameter Avicel PH 102 specimens in
Chapter 4) and do not show a distinct change in the porosity with compact thickness as
shown by the 12mm diameter Methocel E4M specimens in Chapter 5. Further evidence for
these similar porosities is provided by the intercepts for the regression lines in Table 6.2.
Thus in contrast to the Methocel E4M study, changes in the specimen porosity with
compact thickness are unlikely to account for the changes seen in the tensile strength in
Figures 6.1 and 6.2.
Both Figure 6.2 and Table 6.1 show that changing the specimen thickness fi"om 4 to
6mm causes a change in the parameters, b and bo, corresponding to a small upwards
displacement in the regression line. Furthermore, the changing slope of the regression lines
with compact thickness suggests a non-consistent change in the physical structure or
volume reduction characteristics. For the diametral compression test crack propagation
and subsequent failure is known to be initiated at the centre of the specimen for plastically
deforming materials such as Avicel PHI02 (Mashadi and Newton, 1988; Mashadi, 1988).
The stress state will be little affected by the changes in the specimen thickness and the
measured at will be unaffected by surface condition effects as explained in Chapter 4,
Section 4.2.3. However, rather unexpectedly Figures 6.1 and 6.2 show a small increase in
the tensile strength with increasing specimen thickness which is also reflected in the values
of at at 8 = 0.30 (Table 6.1). As the specimen volume is increased it would be expected
that the greater degree of inhomogeneity and the increased presence and distribution of
inherent flaws would result in a slight reduction of at at 8 = 0.30 as was shown in Chapters
4 and 5, Sections 4.2.3 and 5.2.3. This only becomes evident for the 6mm thick specimens
in Figure 6.2 where the regression line is just below that for the 5mm thick specimens. In
view of the very low thickness/diameter ratios of these specimens it is possible that the
measured at is affected by surface condition effects particularly as the 3mm thick specimens
show such a reduced value. Berenbaum and Brodie (1959) showed that the diametral
compression test was unaffected by specimen surface conditions unless very thin specimens
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were used. A more plausible explanation is that the greater consolidation and total contact
time for the compaction event seen with increasing specimen thickness results in a stronger
compact structure. This effect is more dominant than those of specimen inhomogeneity or
the presence of inherent flaws particularly as the compressive load during testing is applied
across a constant vertical distance.

6.3

Modified Diametral Compression Tests

6.3.1

Experimental
Twenty-five millimetre diameter specimens were prepared as described in Section

6.2.1 and tested as described in Chapter 2, Section 2.3.3.2. Tensile strength was calculated
in the same manner described in Section 6.2.1 following a valid tensile failure.

6.3.2

Results
Specimens failed in the normal tensile manner with none exhibiting a change in the

mechanism of failure. The lower porosity specimens displayed additional secondary cracks
of a similar appearance to those seen with specimens in Chapters 4 and 5, Sections 4.3.2
and 5.3.2 which can be attributed to local indentation and crushing during loading by the
steel rods.
Figure 6.4 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A linear regression was fitted to
the data as this proved to be the most appropriate.
Figure 6.5 illustrates the relationship between the natural logarithm of the tensile
strength (at) and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the raw data in the same manner described in Section
6.2.2.

A significant linear relationship was demonstrated for all cases yielding the

regression analyses reported in Table 6.3 with a comparison between specimens of different
thickness made at a porosity of 0.30.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.
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Table 6.3

Linear regression analyses for the modified diametral compression test
(In at = -b.8 + In bo)

In bo

r

Specimen thickness

b

3mm

-6.2204

3.2518

-0.996

4.00

4mm

-7.2043

3.4526

-0.996

3.64

5mm

-7.2784

3.4285

-0.996

3.47

6mm

-7.7163

3.5481

-0.996

3.43

at at S0.3 (MPa)

b; slope; bo; intercept; r: regression coefficient; at at G0.3 : tensile strength at a specimen
porosity of 0.3.
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6.3.3

Discussion
Examination of Figures 6.4 and 6.5 indicates good reproducibility of the test results

with a slightly greater variance for the 3mm thick specimen data. The latter could be
attributed to greater variation in the compact structure because of the relatively short
duration of the compaction event when compared with the thicker specimens as described
in Section 6.2.3.
Both Figure 6.4 and 6.5 and Table 6.3 show a downward shift in the regression
lines with increasing specimen thickness. With this test configuration the load is applied
across the specimen thickness which is varied. As shown by Newton and Stanley (1974),
Stanley and Newton (1977) and Kennerley et al (1977) there is a greater probability of
inherent flaws within a compact as the specimen volume is increased. Thus a 6 mm thick
specimen will possess more structural flaws and will fail with a lower fracture stress than a
3mm thick specimen. This is reflected in the at values at e = 0.30 which show a fall with
increasing specimen thickness (Table 6.3). However, the regression line for the 3mm thick
specimens in Figure 6.5 is considerably higher than those for the thicker specimens. A
change in the relative dimensions of the indenter and specimen thickness will alter the
magnitude of both the tensile and compressive stresses in the horizontal and vertical planes
(Berenbaum and Brodie, 1959). In addition, the bevelled-edge geometry of the specimen
may further afreet the stress state within the specimen, particularly with the 3mm thick
specimens where the height of the bevelled sections account for approximately V3 of the
total specimen thickness. Thus the application of the modified diametral compression test
to very thin bevelled-edge specimens may yield elevated values of tensile strength because
of a modified stress state and may indicate a need for the equation for calculating Ot to be
modified to account for the specimen geometry. A further factor likely to be responsible
for the fall in the value of at at s = 0.30 is the degree of specimen inhomogeneity which will
be greater as the compact volume increases. Further evidence for this is provided by the
non-parallel arrangement of the regression line slopes in Figure 6.5. Table 6.3 shows that
the slopes for the 4 and 5mm thick specimens are similar while that for the 6 mm thick
specimens is slightly steeper. However, the slope for the 3mm thick specimens is distinctly
lower as similarly shown in Figure 6.2 (Section 6.2.2) for the diametral compression results.
This implies that there is a non-consistent change in the specimen physical structure or
volume reduction characteristics with varying compact volume.

Such findings may be
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explained by referral to the work of Newton

a/ (1971) as described previously in Section

6.2.3.

6.4

Three-point Flexure Tests

6.4.1

Experimental
Twenty-five millimetre diameter specimens were prepared and tested as described

in Section 6.2.1 and Chapter 2, Section 2.3.3.3 respectively. Tensile strength, Ot was
calculated as described in Chapter 4, Section 4.4.1 using equation 4.1 following a valid
tensile failure.

6.4.2

Results
All specimens failed in the normal tensile manner with a clean diametral fi'acture on

the lower surface near to the line of loading. Shear stresses were not involved in the failure
of specimens as indicated by the absence of secondary cracks in the direction of the roller
supports. Furthermore, none of the specimens exhibited partial or complete horizontal
lamination.
Figure 6.6 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A linear regression was fitted to
the data as this proved to be the most appropriate.
Figure 6.7 illustrates the relationship between the natural logarithm of the tensile
strength (Ot) and the porosity (s) for the four différent specimen thicknesses.

Linear

regression analysis was performed on the raw data in the same manner described in Section
6.2.2.

A significant linear relationship was demonstrated for all cases yielding the

regression analyses reported in Table 6.4 with a comparison between specimens of different
thickness made at a porosity of 0.30.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.

6.4.3

Discussion
The absence of invalid failures through shear stresses for the specimens in this

study, can be explained by their more suitable geometry. These specimens had very low
thickness/diameter ratios and thus their dimensions were similar to those of beam specimens
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Table 6.4

Linear regression analyses for the three-point flexure test
(In cjt = -b.8 + in bo)

Specimen thickness

b

In bo

r

3mm

-6.8962

3.6906

-0.987

5.06

4mm

-7.1332

3.8871

-0.994

5.74

5mm

-6.7553

3.8416

-0.992

6.14

6 mm

-7.0811

3.9540

-0.995

6.23

at at 80.3 (MPa)

b; slope; bo: intercept; r: regression coeflScient; at at G0.3 : tensile strength at a specimen
porosity of 0.3.
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for which the test is more commonly used. The diameter of the 6mm thick specimens was
four times the cross-sectional thickness which in accordance with the results of Chapters 4
and 5, Sections 4.4.2 and 5.4.2 is large enough to ensure a normal valid failure (i.e. it is
greater than 3). If 12mm thick specimens could have been prepared these would have
probably failed in an invalid manner.
Examination of Figures 6.6 and 6.7 shows good reproducibility of the data with a
low variance with the exception of the 3mm and 4mm thick specimens which show
considerable scatter. Possible reasons for this are the sensitivity of the flexure test to the
condition of the specimens surface which will have a greater effect with the thinner
specimens (Berenbaum and Brodie, 1959). In addition, the thinner specimens were more
difficult to position centrally prior to loading. Alternatively, the shorter duration of the
compaction event for the 3mm thick specimens as detailed in Section 6.2.3 may have
resulted in a greater variation in the physical structure of the resultant compact with a
corresponding variation in the fi’acture stresses. The intrinsically more variable structures
of low die-fill weight compacts as described by Newton et al (191 \) may also account for
the greater variance encountered with the thinner specimens.
Both Figure 6.6 and 6.7 and Table 6.4 show a small upward shift in the regression
line with increasing specimen thickness and thus follow the same trend reported for
specimens in the studies of Chapters 4 and 5, Sections 4.4.2 and 5.4.2. The values of Gt at
8 = 0.30 also show a small increase with increasing specimen thickness and the explanations
provided in Chapters 4 and 5, Sections 4.4.3 and 5.4.3 can be used here.

The most

probable cause for this trend is the increased resistance to the bending force that will occur
as the specimen thickness is increased.
In addition, the regression line for the 3mm thick specimens is distinctly lower than
those of the thicker specimens. This reflects a similar trend as described for the diametral
compression test results (Section 6.2.3) which can be explained by considering timedependent material effects and the duration of the consolidation time. However, the tensile
strength for the 6mm thick specimens is lower than that of the 5mm thick specimens
towards the lower compaction pressures/higher porosities. This may also reflect a timedependent material effect where low compaction pressure 6mm thick compacts encounter
less plastic flow and bonding during their formation than their 5mm thick counterparts
resulting in weaker structures. At higher compaction pressures this effect may be become
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less significant hence the 6mm thick specimens have higher tensile strengths. Alternatively,
the lower tensile strength for the 6mm thick specimens might represent a specimen volume
effect although such an effect was not demonstrated with the 12mm diameter Avicel
PHI 02 specimens. However, the larger volume of the 25mm diameter specimens and
possibly greater inhomogeneity in the horizontal plane may have enhanced such specimen
volume effects. Figure 6.3 relating to specimen formation (Section 6.2.3), indicates that the
changes in tensile strength with compact thickness as described above are unlikely to be a
specimen porosity effect.
The small change in the slope of the regression lines in Figure 6.7 with increasing
specimen thickness further implies that there is a non-consistent change in the physical
structure of the compacts.

6.5

Equi-biaxial Fracture Stress Tests

6.5.1

Experimental
Twenty-five millimetre diameter specimens were prepared and tested as described

in Section 6.2.1 and Chapter 2, Section 2.3.3.4 respectively.

Tensile strength, at was

calculated as described in Chapter 4, Section 4.5.1 using equation 4.2 following a valid
tensile failure.

6.5.2

Results
Specimens failed mainly with distinct ‘starfish’ or X-shaped fi’acture patterns on

their lower surfaces as described for the specimens in the studies of Chapters 4 and 5,
Sections 4.5.2 and 5.5.2. No unusual types of fi'acture were recorded for any of the
different thickness specimens.
Figure 6.8 shows the specimen tensile strength as a function of the lower punch
compaction pressure for the four specimen thicknesses. A parabolic regression was fitted
to each set of data as a linear regression did not seem appropriate.
Figure 6.9 illustrates the relationship between the natural logarithm of the tensile
strength ( a j and the porosity (e) for the four different specimen thicknesses.

Linear

regression analysis was performed on the raw data in the same manner described in Section
6.2.2.

A significant linear relationship was demonstrated for all cases yielding the

regression analyses reported in Table 6.5 with a comparison between specimens of different
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Table 6.5

Linear regression analyses for the equi-biaxial fracture stress test
(In Ot = -b.E + In bo)

Specimen thickness

b

3mm

-6.4530

3.7562

-0.993

6.17

4mm

-5.9569

3.6333

-0.994

6.34

5mm

-5.5179

3.5002

-0.993

6.33

6 mm

-6.2066

3.7617

-0.994

6 .6 8

b: slope; bo: intercept; r: regression coefficient; at at
porosity of 0.3.

r

In bo

80 .3 :

G t

at S 0 . 3 (MPa)

tensile strength at a specimen
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thickness made at a porosity of 0.30.
The regression lines comparison using analysis of variance (ANOVA) was
significant with p < 0.0001.

6.5.3

Discussion
No anomalous fi'acture patterns or other problems were encountered during this

test except for some specimen damage during removal from the test rig.
Examination of Figures 6.8 and 6.9 indicates good reproducibility of the data with a
low variance with the exception of a few individual specimens which failed with a reduced
fi'acture stress.

Possible causes for this are either improper loading of the specimen,

although this is unlikely, or poorly formed specimens because of failure of the powder feed
shoe on the tablet press to fill the die properly. This may have arisen through powder flow
problems particularly as no lubricant or glidant was added to the Avicel PH 102 powder.
Both Figure 6.8 and 6.9 and Table 6.4 show a small upwards displacement in the
regression lines with increasing specimen thickness which is unexpected in view of the
results of Chapters 4 and 5, Sections 4.5.2 and 5.5.2. This is fiirther reflected in the values
of Gt at G= 0.30 which increase very slightly with increasing specimen thickness, with the
exception of the value for the 5mm thick specimens. A similar trend for the tensile strength
of the 5 and 6mm thick specimens is seen with varying porosity as described for the threepoint flexure test results (Section 6.4.3). This can be similarly explained by the increasing
dominance of time-dependent material/consolidation time effects over specimen volume
effects for the 6mm thick specimens as the lower punch compaction pressure is increased.
Furthermore, the slopes of the regression lines in Table 6.5 indicate that they are non
parallel. This further implies that there is a non-consistent change in the physical structure
of the specimens with changing compact volume. Although fi'acture occurs under a biaxial
stress state the increase in the specimen volume does not appear to result in a reduced
fi'acture stress due to specimen inhomogeneity effects and the presence of inherent flaws. It
is possible that the use of specimens with a much lower range of thickness/diameter ratios
in this study has significantly reduced the effects of specimen volume changes. The use of
such specimens with a plate-like geometry, which is the preferred geometry (Stanley,
1985), probably enhances the effect of the increased resistance to the transverse bending
force with increasing specimen thickness resulting in a slight increase in the fi'acture stress.
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In addition, the increase in the duration of the compaction event with increasing specimen
thickness as discussed in Section 6.2.3 may promote stronger and more permanent particle
bonding which will in turn result in a greater fracture stress.
The In porosity/lower punch compaction pressure profiles shown in Figure 6.3
relating to specimen formation (Section 6.2.3) indicate that the changes in tensile strength
with compact volume as described above are unlikely to be a specimen porosity effect.

6.6

Assessment of the Compressive to Tensile Strength Ratio

6.6.1

Experimental
Twenty-five millimetre diameter specimens with the minimal requirement of equi-

dimensional geometries could not be prepared due to the limitations of the tablet press and
the maximum possible die-fill weight.

Specimens were therefore prepared with a

thickness/diameter ratio of approximately 0.5 at compaction pressures of 10, 11, 12, 13, 14
and 15MPa as described in Chapter 2, Section 2.3.5. Twenty replicate specimens were
made at each pressure with 10 used for diametral compression tests and 10 used for
compression tests. Diametral compression tests were performed and the tensile strength
calculated as described in Section 6.2.1, whilst compression tests were performed as
described in Chapter 4, Section 4.6.1 and the compressive strength calculated using
equation 4.3.

6.6.2

Results
All specimens subjected to diametral compression failed in the normal tensile

manner with force-time loading profiles similar to that shown in Figure 4.12(a), Chapter 4,
Section 4.6.2 where the point at which failure occurs is clear. Failure was far less clear with
compression testing producing a typical force-time profile as described by Newton et al
(1993) with a gently rising plateau - Figure 4.12(b), Chapter 4, Section 4.6.2. There was a
small drop in the maximum registered force before the rising plateau stage was reached
from which the compressive strength was calculated. Specimens went through a number of
stages of deformation and fracture leading to their eventual catastrophic failure in a similar
manner as detailed for the Avicel PHI02 specimens in Chapter 4, Section 4.6.2 although
the initial stage was less evident presumably because of the shorter length of the specimen.
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Continued loading resulted in an unsteady rising plateau with only a small hard central core
of the specimen remaining which was able to support a very high load.
Table 6.6 shows the values of tensile and compressive strength recorded over the
range of compaction pressures employed (which is also illustrated graphically in Figure
6.10). In each case the value represents the mean of 10 determinations. The compressive
to tensile strength ratio is also shown for specimens made at each compaction pressure and
can be used to give an indication of the type of mechanical behaviour of the material as
described in Chapter 4, Section 4.6.1.
Figure 6.10 shows the tensile and compressive strength as a function of the lower
punch compaction pressure for the specimens. Linear regression analysis was performed
on the data in the same manner described in Section 6.2.2.
A significant linear relationship was demonstrated for both cases yielding the
regression analyses reported in Table 6.7.
Figure 6.11 illustrates the relationship between the natural logarithm of both the
tensile strength (at) and the compressive strength (Oc) as a function of porosity (e) for the
specimens. Linear regression analysis was performed on the data in the same manner
described in Section 6.2.2.
A significant linear relationship was demonstrated (as described by Duckworth,
1951) for both cases yielding the regression analyses reported in Table 6.8. A comparison
of the compressive to tensile strength ratio was made at a porosity of 0.58 as this
represented a porosity value within the experimental range.

6.6.3

Discussion
The mechanism of failure for these specimens was very similar to that reported for

both the Avicel PH I02 and Methocel E4M specimens in the previous studies, Chapters 4
and 5, Sections 4.6.2 and 5.6.2. Referral to the literature on compression testing (Chapter
1, Section 1.2.3.6) indicates specimen geometry and fiictional effects between the specimen
and platens as probable causes for the deformation and fi'acture processes recorded.
Table 6.6 refiects the change in the compressive to tensile strength ratio with
compaction pressure. The ratio is not as constant as in the previous two studies (Chapters
4 and 5, Sections 4.6.3 and 5.6.3) and seems to depict a trend whereby the (ac/at) ratio falls
with an increase in the compaction pressure.

Examination of Figure 6.10 (which

Table 6.6

Compressive and tensile strength of Avicel PHI 02 compacts prepared at varying compaction pressures

Compaction Pressure (MPa)

Tensile strength (MPa)

10

11

12

13

0.1419

0.1772

0.1854

0.1988

0.2372

0.2807

2.746

3.233

3.514

3.806

4.152

4.501

19.35

18.24

18.95

19.14

17.50

16.03

14

15

w
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{dc / at)

5^

4.80 4.40 4.00 3.60 3.20
2 80 y

g

2.40 2.00

-

& 1.60 H
1.20

-

0.80
0.40
0.00

1
10

Figure 6.10

11

I------------------ r

12
13
14
Lower punch pressure (MPa)

“T
15

16

Tensile ( # ) and compressive (A ) strength as a function of compaction
pressure for 25mm diameter Avicel P H I02 specimens (raw data; n=10)
ft

243

T ab le

6.7

Linear regression analyses for the diametral compression and compression
tests
(at = b.P + bo) and (Qc= b.P + bo)

Strength test procedure

b

bo

r

Diametral compression

0.0257

-0.1258

-0.970

Compression

0.3415

-0.7794

-0.991

b; slope; bo: intercept; r: regression coefficient.
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Table 6.8

Linear regression analyses for the diametral compression and compression
tests
(In at - -b.e + In bo) and (In Cc = -b.e + In bo)

Strength test procedure

b

In bo

r

strength at 8o.s8 (MPa)

Diametral compression

-13.1238

6.0379

-0.984

0.207

Compression

-9.6878

6.9259

-0.986

3.69

b: slope; bo: intercept; r: regression coefficient; strength at Goss: tensile or compressive
strength at a specimen porosity of 0.58.

246

graphically represents the change in both the tensile and compressive strengths with lower
punch compaction pressure) shows little variance. The slopes of the regression lines are
not parallel (Table 6.7) illustrating that the specimen compressive strength is more sensitive
to changes in the lower punch compaction pressure than is the tensile strength. The change
in both the natural logarithm of the at and Cc with specimen porosity is illustrated in Figure
6.11. Although both show a clear linear relationship and appear to have parallel slopes,
they are in fact not entirely parallel (Table 6.8) and tend to converge as the porosity
decreases. Table 6.8 gives a tensile and compressive strength value for the specimens at a
porosity of 0.18. These two values give a (Cc/at) ratio of 17.83 although this value is of
doubtful meaning as it will tend to decrease at low porosities and increase with high
porosities depending on the value of porosity chosen for the comparison. The high values
of the (ac/at) ratio indicate particularly brittle mechanical properties in the context of the
study of Newton et al (1993) and possible reasons for the differences between the two
studies have been provided in Chapter 4, Section 4.6.3. The higher ratio obtained for the
larger diameter Avicel PH 102 specimens in this study as opposed to the smaller diameter
specimens in Chapter 4, Section 4.6.3 is somewhat expected, particularly as the former
were prepared at very high porosities. In addition, the large volume of these specimens and
their formation under fast conditions of compaction, as opposed to slow conditions will
have resulted in poorer particle bonding with a significantly lesser degree of plastic flow.
Such specimens are therefore likely to possess more brittle characteristics particularly
because of the strain rate sensitivity of Avicel PH 102 as described in Chapter 4, Section
4.6.3. The variation in the (ac/at) ratio with decreasing specimen porosity could have
occurred as a result of the bevelled-edge geometry of the specimens which may have
induced complex stress fields. In a detailed review, Hawkes and Mellor (1970) questioned
the use of prismatic specimens for compression testing and favoured cylindrical specimens
which lack sharp comers that can produce complex stress fields More importantly, the
change in the ratio suggests that specimens with a thickness/diameter ratio of 0.5 are
entirely unsuitable for compressive strength testing. This is in agreement with compression
testing research where both Hawkes and Mellor (1970) and Newman and Lachance (1974)
suggested an ideal length/diameter ratio (L/D) of 2.5. Specimens with L/D ratios equal to
or less than unity allow end restraint effects at the platens to occur throughout the specimen
affecting the validity of the compression test.
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However, as similarly shown for the studies of Chapters 4 and 5 for 12mm
diameter Avicel PH 102 and Methocel E4M specimens respectively, a clear linear
relationship between the natural logarithm of the compressive strength and the specimen
porosity has been demonstrated.

Such a trend indicates that whatever ‘compressive

strength’ has been measured it has been done in a consistent manner.

6.7

General Discussion
A comparison of the four test systems used to measure the tensile strength of

Avicel PHI 02 specimens of varying thickness/diameter ratios seems warranted.
Table 6.9 summarises the tensile strength values obtained at a porosity of 0.30 (at
at

8 0 .3 )

using the different test systems.

In addition, the effect of changing specimen

thickness on the tensile strength is shown for each test.

6.7.1

Diametral Compression Test
The value of at at 80.3 increases by approximately 48.3% as the specimen thickness

is increased from 3 to 6 mm (Table 6.9) which is particularly unusual in that it reflects the
opposite of the trend seen for the similar studies of Chapters 4 and 5, Sections 4.7.1 and
5.7.1. The diametral compression test generates a biaxial stress state (tension-compression)
within the specimen and for Avicel PHI 02 failure is known to be initiated at the centre of
the specimen where the tensile stress is at its maximum (Fell and Newton, 1970b; Mashadi
and Newton, 1988; Mashadi, 1988). The inclusion of the terms D and t in the equation for
calculating at should, in theory, also account for changes in the specimen size. However,
specimens with larger volumes will contain a greater number and distribution of inherent
flaws within their structure and possess a greater degree of inhomogeneity as described in
Chapter 4, Sections 4.1 and 4.7.1 which should result in a reduced mean fracture stress.
Furthermore, the application of the stress across a constant vertical distance {i.e. the
specimen diameter) but increasing horizontal distance {i.e. the specimen length), which is
perpendicular to the direction of compaction, should mean that only a small change in the at
is seen.
Various explanations for the trend seen in the at at
thickness have been provided in Section 6.2.3and
volume effects are masked by the greater

80.3

with increasing specimen

itseems most

likely thatspecimen

extentof plasticflowand bonding that occurs
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Table 6.9

A comparison of the four test systems used to measure the tensile strength
of Avicel PH 102 specimens prepared at different thickness/diameter ratios.

Test System; at at 80 3 (MPa)
Specimen thickness (mm)

DC

MDC

FLT

EBFS

3

1.72

4.00

5.06

6.17

4

2.40

3.64

5.74

6.34

5

2.52

3.47

6.14

6.33

6

2.55

3.43

6.23

6 .6 8

at at 80 .3 : tensile strength at a specimen porosity of 0.30; DC: diametral compression; MDC:
modified diametral compression; FLT: three-point flexure testing; EBFS: equi-biaxial
fi’acture stress testing.
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with an increase in the duration of the compaction event due to the strain rate sensitive
nature of Avicel PHI02 (Roberts and Rowe, 1985; 1986b). As reported in the Methocel
E4M study (Chapter 5, Section 5.2.3) the thinnest specimens show an anomalously low
value of Ot at 8 0 . 3 . Possible causes for this are either that the compaction event is too short
to permit adequate plastic flow and bonding resulting in weaker specimens, or that failure
through edge deformation and collapse alone, with very thin specimens, results in reduced
fi’acture stresses which are not derived fi'om valid tensile failures. The work of Newton et
a/ (1971) can also be used to explain the low tensile strength measured for the 3mm thick
specimens. Such compacts which are formed using very low die-flll weights appear to
possess intrinsically variable physical structures due to maldistribution of the powder in the
die. Added support for this theory is provided by the non-parallel slopes of the regression
lines in the In at /

8

profiles which suggests that there is a non-consistent change in the

physical structure or volume reduction mechanism of the specimens with varying compact
volume.

6.7.2

Modified Diametral Compression Test
The value of at at 80.3 falls by 14.25% as the specimen thickness increases fi’om 3 to

6 mm

(Table 6.9).

Specimen volume changes therefore have a greater effect on the

magnitude of the tensile strength than is the case for the standard diametral compression
test. The stress state generated within the specimen is also biaxial and fi'acture is initiated at
the specimen centre with subsequent failure occurring in the same plane. However, the
stress is applied in the direction of compaction and therefore as the specimen thickness is
increased the stress is applied over an increasingly greater vertical distance although
constant horizontal distance. With this test configuration specimen volume effects, in terms
of the number and distribution of inherent flaws within the compact, seem to be much more
pronounced. Such effects could be corrected for using the Weibull treatment as described
in Chapter 4, Section 4.7.1 although it is unlikely that this would be entirely satisfactory.
The degree of inhomogeneity within the compact structure is also likely to be responsible
for the fall in at at

80.3

as thicker specimens will possess more inhomogeneous structures.

Thus this test seems particularly sensitive to specimen volume changes although the fall in
at at

80.3

in this study was far less than those reported in Chapters 4 and 5, Sections 4.7.2
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and 5.7.2. However, this can be explained by the smaller range of thickness/diameter ratios
used in the present study.
The test was originally developed for application to cubic specimens where changes
in the relative dimensions of the indenter and specimen (as in this study) were shown to
influence the stress state within the specimen (Berenbaum and Brodie, 1959). The use of
specimens with a bevelled-edge geometry may have further complicated the stress state
within the specimens as described in Section 6.3.3 and may require the equation for
calculating at to be modified.
Table 6.9 shows that the modified diametral compression test gives the highest
values of at at 80.3 for each specimen thickness when compared with the standard diametral
compression test values. In all cases the stress is applied over a smaller vertical distance
than is the case with the standard diametral compression test and thus such factors as the
number and distribution of inherent fiaws and the degree of specimen inhomogeneity are of
less significance. There is therefore a smaller chance of failure being initiated at a flaw with
a resulting higher fi'acture stress.

6.7.3

Three-point Flexure Test
The value of at at 80.3 increases by approximately 23% as the specimen thickness is

varied fi'om 3 to 6 mm , which represents a substantially larger increase than those reported
for the studies in Chapters 4 and 5, Sections 4.7.3 and 5.7.3. Failure occurs under a pure
uniaxial tensile stress at the lower surface of the specimen and thus at a defined point. As
failure does not occur at a site within the specimen ‘core’ or neutral axis, changes in the
specimen volume appear to have little effect on the tensile strength in terms of the number
and distribution of inherent flaws present within the compact structure although they could
influence the deformability. A Weibull treatment of the results obtained by flexure testing
would therefore appear unnecessary. Furthermore, the test seems unaffected by specimen
inhomogeneity effects. The increase in the value of at at 8 0 . 3 seems most likely the result of
the increased resistance to bending as the specimen thickness is increased, which is
surprising in view of the plate-like geometry of the specimens used in this study. However,
this is to be expected as Stanley (1985) has suggested that the specimen diameter should be
at least 10 times the thickness when undertaking flexure tests.

The results therefore

highlight the sensitivity of this test to changes in the thickness of the specimen.

As
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previously shown for the diametral compression test results, the tensile strength of the 3mm
thick specimens was distinctly lower. This could be attributed to effects as described by
Newton et al (1971) and more importantly the strain rate sensitivity of Avicel PHI 02. Thus
in this case, the small rise in tensile strength with increasing specimen thickness probably
reflects the increasing duration of the consolidation event and greater extent of particle
bonding.
Higher values of Ot at 80.3 were obtained with the flexure test when compared with
the previous two tests because failure occurs under a pure uniaxial tensile stress at the
specimen surface and is therefore less influenced by the inherent flaws within the compact
structure.

6.7.4

Equi-biaxial Fracture Stress Test
The value of Ot at 8 0 . 3 increases by approximately 8.3% on increasing the specimen

thickness fi’om 3 to 6 mm (Table 6.9). This reflects an unusual trend which is the opposite
of that described for similar studies in Chapters 4 and 5, Sections 4.7.4 and 5.7.4. The
equi-biaxial fi’acture stress test generates a biaxial stress state within the specimen (tensiontension) and failure is initiated at the lower surface. As in the case of the modified diametral
compression and flexure test the stress is applied over an increasing vertical distance but
although failure occurs under a transverse bending force fi’acture is unlikely to be initiated
at a defined point particularly as there was noticeable variation in the type of fi’acture
pattern recorded (Sections 6.5.2 and 6.5.3). A reduction in the value of O t at 8 0 . 3 would be
expected with increasing specimen thickness because of the increased sensitivity of the
biaxial stress condition to specimen volume effects as demonstrated with the studies in
Chapters 4 and 5. Possible explanations for the slight rise in the values of at at

8 0 .3

have

been provided in Section 6.5.3.
The values of at at

80.3

obtained with the equi-biaxial fi’acture stress test are also

surprising in that they are larger than the values obtained with the other tests. However,
the use of specimens with a lower range of thickness/diameter ratios approaching the value
of Vio suggested by Stanley (1985) may ensure that more suitable conditions exist for
obtaining the correct stress state within the specimen. With very thick specimens the stress
state may be distorted or altered resulting in reduced fi’acture stresses.
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Furthermore, the values of O t at 8 0 . 3 for the equi-biaxial fracture stress test are of a
similar magnitude to those obtained with the three-point flexure test as was similarly shown
in Chapter 5, Section 5.7.4. Although both test configurations employ a bending force to
cause specimen failure, the uniaxial stress condition of the three-point flexure test would be
expected to produce higher fracture stresses.

6.8

Conclusion
The application of five different mechanical strength tests derived from the material

sciences field to evaluate the mechanical properties of pharmaceutical powder compacts,
has been successfully applied to large diameter Avicel PH 102 specimens with a bevellededge geometry. In the case of each test the problems and limitations associated with it
were considered. The effects of changes in the specimen geometry on the mechanical
strength was demonstrated for the four tensile testing procedures and the variations in
strength explained by a consideration of the stress states imposed by the tests, the site at
which crack propagation is initiated and specimen geometry and volume effects.

The

variance of the data for each test was explained in a similar manner. For each test any
unusual mechanism of fracture was highlighted and causative factors proposed. All of the
tensile strength evaluation tests used were sensitive to changes in the specimen thickness as
demonstrated by analysis of variance. Such changes in the value of the tensile strength
were explained by considering the loading configuration and imposed stress state along
with the effects of inherent flaws and the degree of specimen inhomogeneity.
Only the modified diametral compression test was shown to be particularly sensitive
to the effects of specimen inhomogeneity and the greater number of inherent flaws present
in larger volume specimens. However, the equation for calculating Ot may be incorrect and
require modification to account for the specimen geometry.
The three-point flexure and equi-biaxial fracture stress tests did not appear to be
sensitive to specimen volume effects but showed increased resistance to bending with the
thicker specimens which may possess less suitable dimensions.
In addition, the diametral compression test did not appear to be sensitive to the
effects of specimen volume which may be because the stress is applied perpendicular to the
direction of compaction and across a constant vertical distance in contrast to the other three
tests. Furthermore, the trend in the results was particularly unusual in view of the similar
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studies of Chapters 4 and 5, Sections 4.7.1 and 5.7.1 and questions the validity and
application of the diametral compression test to very thin, porous specimens. Specimens
which fail purely by edge deformation and collapse may also give rise to reduced fracture
stresses. However, the trend in the results, in combination with the data of the other three
tensile strength test procedures for specimens formed by fast compaction, seems to provide
usefiil information concerning the time-dependent nature/strain rate sensitivity of Avicel
PH102.
For all of the tensile strength procedures investigated, changing the compact
thickness appeared to cause a non-consistent change in the physical structure or volume
reduction characteristics, as implicated by the non-parallel slopes of the In at / s profiles for
specimens of different thickness. However, in most cases this was due to the distinctly
different slope of the 3mm thick specimens regression line. This was explained in a similar
manner as described by Newton et al (1971), where it is postulated that particularly thin
compacts formed from low die-fiU weights possess intrinsically more variable physical
structures due the high fiictional and shear forces encountered within the die during the
compaction event. This may occur through maldistribution of the small amount of powder
within the die and the different stress distribution within small weight specimens.
The results highlight the importance of the precise details of the compaction event.
As described by Newton and Rowley (1972) even if two specimens of different die-fill
weight are compacted to the same compaction pressure the powder masses will have been
subjected to different compaction conditions. This will include such factors as the dwell
time, the consolidation time, the distance travelled by the upper punch and the rate of
loading.

Thus the time factor involved in a compaction event represents an equally

important part of the tableting process.
Although changing the specimen thickness significantly {i.e. statistically) affected
the specimen porosity, these changes were far smaller than those illustrated for the
Methocel E4M specimens and were of a similar nature to those reported for the 12mm
diameter Avicel PHI 02 study (Chapter 4). Specimen porosity effects are therefore unlikely
to have contributed to the changes seen in tensile strength with varying compact thickness.
The mechanism of failure and stress state imposed by the compression test, along
with the results obtained, were not entirely clear although the non-constant nature of the
compressive to tensile strength ratio with specimen porosity seems to indicate that the use
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of specimens with a length to diameter ratio of 0.5 is invalid during compression testing.
This is in agreement with compression testing literature and thus such studies represent
considerable progress in the area of mechanical strength evaluation.
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The mechanical strength evaluation of pharmaceutical compressed powder systems
(tablets) is of use in industry as a routine quality control procedure for the finished product
to determine whether it will withstand routine handling and transport. More importantly
the mechanical properties of the dosage form determine whether it will undergo suitable
disintegration and dissolution ensuring that the patient gains the fifil benefit. Furthermore,
as tablets are formed by the application of a compressive force to a bed of powder, with the
involvement of additional interacting stresses, a knowledge of their mechanical properties is
fundamental in understanding the compaction process.
The techniques used to evaluate the mechanical properties of brittle materials,
principally within the engineering and ceramics fields were reviewed.

These consisted

primarily of tensile and compressive strength tests which were examined with a view to
investigating their application to pharmaceutical powder compacts (Chapter 1).
Pharmaceutical materials which demonstrate both brittle and ductile characteristics
were then considered along with the vast battery of techniques used to assess their
mechanical properties.

Although the measurement of the mechanical strength of

pharmaceutical compacts has been widely performed, most research has been limited to the
use of either one or two techniques which have often not been utilised to their full potential.
This thesis therefore set out to measure the mechanical strength of cylindrical
powder compacts using five complementary mechanical strength tests, four of which
measure a tensile strength whilst the fifth measures a compressive strength. The use of
three of these tests (diametral compression, modified diametral compression and threepoint fiexure test) is already established in the pharmaceutical sciences field, whereas the
compression test has been poorly researched and has found little application. The equibiaxial fi’acture stress test was selected for evaluation with pharmaceutical materials after
reviewing its use with both ceramic and plaster materials (Chapters 4, 5 and 6).
Through the use of these different tests, which employ different loading
configurations and therefore generate different stress states within the specimen, useful
information concerning the compaction behaviour of pharmaceutical materials was gained
which in addition, might be used to quantify the binder performance of polymeric matrices
for use in direct compression formulations. Furthermore, the use of specimens with varying
thickness/diameter ratios allowed the physical structure of the compact to be probed with
regard to the degree of specimen inhomogeneity and the presence of structural fiaws
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(Chapters 4, 5 and 6). In addition, an ideal tablet thickness for optimal tablet strength was
demonstrated (Chapter 6).

Preliminary investigations demonstrated a change in the normal mode of tensile
failure, following diametral compression, for Avicel PHI 02 specimens of constant weight
but varying thickness at low porosities. Specimens failed only through edge deformation
and collapse although their calculated values of tensile strength did not appear anomalous
when compared with specimens failing in a normal manner. In a second study, which
isolated the variables of specimen porosity and thickness by producing specimens of
constant thickness, specimen geometry was shown to influence the level of porosity at
which edge deformation and collapse became apparent, where thinner specimens seemed to
be predisposed to such failure even at the higher porosities. However, porosity was still
shown to be an important factor and thus a specimen-platen interaction was proposed to
explain these results, with a mixture of mechanical and geometrical effects (Chapter 3).
A change in the physico-mechanical structure of Avicel PH 102 at low porosities
was suggested with the formation of a very dense ‘core’ in the central section of the
specimen leaving the specimen edges as the weak points of the structure. This could result
from an increase in the proximity of the cellulose microfibrils and a more extensive degree
of hydrogen bonding. Further investigation for this theory could be provided through the
use of second derivative Fourier transformation infrared spectroscopy, which has been
shown to improve the resolution of the OH-stretching region of celluloses enabling a more
precise analysis of the bands (Michell, 1988; 1990, Fengel, 1992). Although this technique
has been used to classify celluloses according to their crystal modification and degree of
crystallinity it would be difficult to use this tool quantitatively relating it to the changes seen
at the macroscopic level with this study. Solid-state

NMR spectroscopy is a further

technique which could be useful since it has been shown to be a sensitive probe to
microscopic morphological changes in celluloses at the microfibril level although it is only
semi-quantitative (Himmelsbach et al, 1986).
A change in the stress state within the specimen was suggested as an alternative
explanation for the change in the mode of failure, where conditions approaching line
loading were achieved at low specimen thickness and porosity.

Further studies to

investigate this theory could make use of photo-elastic stress analysis with photo-elastic
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specimens of different thickness, although the change in specimen porosity would be harder
to mimic.
Force transmission studies performed on constant thickness specimens illustrated a
significant difference in the degree of force transmission with varying specimen thickness.
Thinner specimens transmitted a greater amount of the upper punch force to the lower
punch than thicker specimens compacted at the same porosity. This adds support to the
theory that thinner specimens have particularly hard structures which resist diametral
fi'acture and can only deform or fi'acture at the specimen edges. Further work as an adjunct
to this study, to reflect changes in the degree of particle bonding, could be provided by
surface free energy measurements. These could be undertaken on specimens of different
thickness and porosity, to estimate Hamaker constants in media of different dielectric
constant as reported by Luangtana-Anan and Fell (1990).

Such a study might show

increases in the van der Waals attractive forces with low porosity thin specimens. Gas
adsorption to assess the surface area utilised for bonding as shown by Karehill (1991) could
also prove of use to explain changes in the physical structure of compacts failing by edge
deformation and collapse.
Specimens failing purely by edge deformation and collapse appeared to show no
evidence of a diametral fracture. Crack propagation in Avicel PHI01 has been extensively
recorded using a high-speed recording video camera (Mashadi and Newton, 1988;
Mashadi, 1988). The recording of the fracture process using this technique for Avicel
PHI 02 specimens which fail purely by edge deformation and collapse, when subjected to
diametral compression, would provide valuable information concerning this unusual
phenomenon. However, crack propagation was successfully modelled for specimens of
varying porosity using a computer simulation. Although the simulation did not account for
changes in either the Kic (critical stress intensity factor) or E (Young’s modulus) with
specimen porosity it demonstrated a definite change in the mechanism of crack propagation
as the specimen porosity was reduced which helped to explain the unusual phenomenon
seen.
Further diametral compression test studies such as that described in Chapter 3 using
other materials, including those which compact predominantly by fragmentation such as
lactose, are necessary to establish whether the phenomenon demonstrated is dependent on
the deformational behaviour of the material.
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The determination of the zero porosity compressive Young’s modulus for Avicel
PH 102 specimens gave a particularly high value in view of the literature values available,
whereas that obtained for Methocel E4M specimens seemed more reasonable.
Measurements using a slower rate of compression would undoubtedly make the
determination easier and more accurate. The measurement of the compressive Young’s
modulus of a wider range of pharmaceutical materials seems warranted as it provides useful
information concerning the compaction/structural properties of materials and more
importantly measures the mechanical property in a way which is directly related to its use
and formation.
It is important to stress that none of the four tensile strength test procedures utilised
in Chapters 4, 5 or 6 measure a true tensile strength for the material. What is measured is a
specimen strength related to the conditions of compaction and mechanical testing, thus the
tensile fracture stresses measured using the four techniques are not equivalent.
Changing the thickness of the 12mm diameter Avicel PH 102 specimens did not
significantly affect the porosity following formation, thus this cannot be attributed to
changes in the tensile strength with specimen thickness. In addition, for all tests a nonconsistent change in the specimen physical structure with changing compact volume
seemed apparent because of the non-parallel slopes of the regression lines. Comparison of
the four tests for 12mm diameter Avicel PH 102 specimens showed that tensile strength
values measured at a porosity of 0.20 (at at s = 0.20), were generally highest for the threepoint fiexure test which was explained by considering the imposed stress state. However,
the test did not appear to be sensitive to changes in the specimen volume or structure
although these may have influenced the deformability of the compact resulting in the slight
increase in at at e = 0.20. Future studies involving photo-elastic stress analysis might help
to explain this slight increase in at. Thicker specimens {i.e. 6mm) were also predisposed to
invalid failure through shear stresses suggesting that specimens with a thickness/diameter
ratio larger than % are of little use with this test. Stanley (1985) recommends an optimum
specimen thickness/diameter ratio of Vio for this test. However, specimens with these
dimensions are difficult to prepare and are not directly relevant to pharmaceutical tableting.
The measured at at e = 0.20 following modified diametral compression testing
indicated that this test was extremely sensitive towards increases in the specimen volume as
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illustrated by the sharp fall seen with increasing specimen thickness. An explanation was
provided through a consideration of the imposed stress state and loading configuration
employed, along with specimen inherent flaw, structural and inhomogeneity effects. When
very thin specimens are tested these effects seem to become much less significant resulting
in very high values of Ot which are larger than those obtained by any other tensile testing
method.

Future work should therefore involve the preparation of a statistically large

enough sample of different thickness/diameter ratio Avicel PHI 02 specimens so that a
Weibull modulus determination could be made as shown by Stanley and Newton (1977)
and Stanley (1985). This would allow a volume correction to be made for the effects of
inherent specimen flaws although it is unlikely that it would account for inhomogeneity
effects.

However, such a determination would establish whether the equation for

calculating at needs to be modified in view of its original application to equi-dimensional
cubic specimens (Berenbaum and Brodie, 1959) where changing the relative dimensions of
the specimen and indenter was shown to influence the stress state generated within the
specimen. Photo-elastic stress analysis studies would allow further investigation of the
latter point. In addition, the 6mm thick specimens tended to laminate on failure although
this did not appear to affect the measured at.

This test may therefore be of use in

identifying tablet formulations with a tendency to laminate.
The value of at at e = 0.20 fell only very slightly following diametral compression
testing as the specimen thickness was increased because the stress is applied over a constant
vertical distance. Specimen inherent flaw, structural and inhomogeneity effects therefore
appear to be diminished by the orientation of the applied compressive stress with respect to
the direction of specimen compaction. Correction of the results using a Weibull treatment
would help to confirm the low sensitivity of the diametral compression test towards
specimen volume effects.
Following equi-biaxial fi'acture stress testing the value of at at 8 = 0.20 fell sharply
with increasing specimen thickness, thus both the failure of the specimen over a large area
and the biaxial stress state seem to enhance the effects of specimen volume changes. The
equi-biaxial fi'acture stress test therefore seems as sensitive to an increase in the number of
inherent flaws and the degree of inhomogeneity with increasing specimen thickness, as the
modified diametral compression test.

The results suggest that the test is particularly

susceptible to the degree of specimen inhomogeneity or structural effects, thus future
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investigations should correct for specimen volume effects using the Weibull treatment.
Alternatively, the use of very thick specimens may modify the stress state so that an
incorrect specimen strength determination is made. Photo-elastic stress analysis would
enable this latter suggestion to be confirmed.
The deformation and failure process for 12mm diameter Avicel PH 102 specimens
with a length/diameter (L/D) ratio of unity subjected to compression testing was explained
by considering the literature on compression testing. Although the process was extremely
complex and its significance not entirely understood, a clear linear relationship was
demonstrated between the natural logarithm of the compressive strength and the specimen
porosity. Future work should therefore attempt to prepare specimens of L/D ratio 2.5 for
compressive strength determination as recommended by Hawkes and Mellor (1972) and
Newman and Lachance (1974), possibly through the use of a ram extrusion system with a
blank die. However, such studies should take care not to compromise the homogeneity of
the specimen shedding doubt on the meaning and usefulness of the results.
A value (13.34) which was two-fold greater than that reported by Newton et al
(1993) for Avicel PHI01 specimens, was obtained for the compressive to tensile strength
ratio of 12mm diameter Avicel PHI02 specimens.

Furthermore, it was shown to be

constant with specimen porosity. Possible causes suggested for the difference included the
porosity at which the determination was made, particle size effects, specimen volume
effects, and particularly the speed of compaction because of the strain rate sensitivity of
Avicel PHI02.

Further research in this area is particularly warranted to assess the

importance of the factors listed above in the determination of compressive/tensile strength
ratios. In addition, the technique should be more widely applied to other pharmaceutical
materials as it represents a useful means for classifying their compaction behaviour.
A different pattern was apparent for the four tensile strength test results using
12mm diameter Methocel E4M specimens with poorer compact-forming properties than
those of Avicel PHI 02 (Chapter 5). Furthermore, in sharp contrast to the Avicel PH 102
results of Chapter 4, a distinct change in specimen porosity was evident with changing
compact thickness which could be attributed to changes in the tensile strength for some of
the tests. This implies that Avicel PHI02 and Methocel E4M undergo volume reduction in
different ways which depends on such factors as the particle shape and the degree of
particle rearrangement, fi*agmentation, and deformation. The change in specimen porosity
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with compact volume indicates that there is considerable flow and deformation of the
particles during the compaction event which fills the voids within the specimen structure.
The low porosity of the thickest specimens contradicted theoretical expectations as
described in Chapter 3, Section 3.3. However, an explanation is possible if the compressive
Young’s moduli of the materials reported in Chapter 3, Section 3.5.3 are considered. The
compressive Young’s modulus measured for Avicel PH102 was 30 times greater than that
of Methocel E4M. Thus Methocel E4M is a very flexible material exhibiting a relatively
low degree of stifi&iess and will flow more extensively than Avicel PH 102 under a
compressive load. To prepare thick specimens to the same compaction pressure as thin
ones the upper punch must travel further resulting in a greater dwell time (Newton and
Rowley, 1972). Thus during the formation of the thicker specimens, although the die-fill
weight will have been larger with more particles, there will have been more time available
for flow to occur filling voids in the compact structure resulting in a lower porosity. The
technique of gas adsorption as described above (Karehill, 1991) could possibly be used to
fiirther investigate this theory. Alternatively porosimetry as described by Sixsmith (1977)
might prove useful.
The extent and occurrence of edge deformation and collapse was far more
widespread for Methocel E4M specimens following diametral compression testing which
resulted in an anomalously low value of at at e = 0.20 for the thinnest specimens. This
suggests that when materials with poorer compact-forming properties than Avicel PH 102
are subjected to diametral compression, the compact structure is unable to withstand the
applied compressive stress when the specimen is particularly thin.

Such specimens

invariably fail through edge deformation and collapse which unlike Avicel PH 102 causes a
lowering of the fi'acture stress. The diametral compression test therefore appears unsuitable
for application to very thin specimens of such materials. Further studies should involve the
use of a high speed recording video camera, to follow the crack propagation process during
edge deformation and collapse, to establish whether it differs fi'om that of Avicel PHI 02. A
repeat study on a wider range of specimen thicknesses might establish whether there is a
critical thickness at which the above phenomenon occurs. These results therefore imply
that thin tablets should not be produced with poor compact-forming formulations as they
may have particularly weak structures.
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Table 7.1 lists the ratio of the tensile strength of the 12mm diameter Avicel PH 102
specimens to that measured for 12mm diameter Methocel E4M specimens at 8 = 0.20
following diametral compression of the different thicknesses. The ratio is roughly constant
indicating that similar trends between the tensile strength and specimen thickness were
found for both materials. Furthermore, the ratio shows that Avicel PHI02 is approximately
3.3 to 3.6 times stronger in tension than Methocel E4M which illustrates its superior
compaction qualities.
The incidence of horizontal specimen lamination following modified diametral
compression testing was greater for the Methocel E4M specimens, which illustrates its
poorer compact-forming properties than those of Avicel PH 102.

This illustrates the

usefulness of the test in assessing the level of particle bonding and tendency for a material
to laminate.

Table 7.1 shows the Avicel PH 102/Methocel E4M tensile strength ratio

following modified diametral compression.

The ratio is not constant with specimen

thickness as demonstrated for the diametral compression test but increases with specimen
thickness.

This may illustrate that the test is particularly sensitive towards specimen

structural changes as the volume is varied, as implied by the non-parallel slopes of the In Ot/
8 regression lines. Alternatively, it may indicate that changing the specimen thickness alters
the stress distribution within the specimen thus affecting the measured tensile strength.
Further investigations involving photo-elastic stress state analysis are necessary to confirm
this.

However, the change in the ratio may simply reflect the different compaction

behaviours of Avicel PH 102 and Methocel E4M as described above, where the ratio is
influenced by the changing porosity of the different thickness Methocel E4M specimens.
The increasing ratio also illustrates that Methocel E4M specimen structures are more
affected by changes in the compact thickness and are 1.8 to 3.0 times weaker in tension
than Avicel PH I02 specimens.
The incidence of invalid failure through shear stresses was far greater for both the 4
and 6mm thick Methocel E4M specimens than for the corresponding Avicel PHI 02
specimens following three-point fiexure testing.

This suggests that flexure testing of

materials with poor compact-forming properties should be restricted to thinner specimens
as thicker specimens with less suitable dimensions seem predisposed to invalid shear
failures. Table 7.1 shows the Avicel PHI 02/Methocel E4M tensile strength ratio following
flexure testing of different thickness specimens.

The ratio is generally constant with
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Table 7.1

A comparison of the Avicel PHI 02 to Methocel E4M specimen strength
ratio at different specimen thickness/diameter ratios for the four test
systems used to measure tensile strength

Test System; Avi/Met Qt ratio at S0.2
Specimen thickness (mm)

DC

MDC

FLT

EBFS

2

3.63

1.81

3.59

1.59

3

3.39

2.15

3.38

1 .6 8

4

3.37

2.71

3.47

1.67

6

3.29

3.00

3.36

1.63

Avi/Met Qt ratio at

80 .2 :

Avicel PHI 02/Methocel E4M specimen strength ratio at a

specimen porosity of 0.20; DC; diametral compression; MDC: modified diametral
compression; FLT: three-point flexure testing; EBFS: equi-biaxial fracture stress testing.
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Specimen thickness and is of a similar magnitude (i.e. 3.4 to 3.6) as that shown for the
diametral compression tests. Thus even though the non-parallel slopes of the In at / e
regression lines imply that there is a non-consistent change in the physical structure of the
specimens with increasing compact thickness, the flexure test results do not appear to be
influenced by this. Furthermore, the similar tensile strength ratios for both the diametral
compression and three-point flexure tests show that they are influenced in a similar manner
by specimen volume changes.
The difference between the Avicel PH 102 and Methocel E4M specimen tensile
strength results following equi-biaxial fi'acture stress testing is reflected in Table 7.1.
Although the tensile strength ratio is approximately constant, it is almost half that shown for
the diametral compression and three-point flexure tests (1.6 to 1.7). This suggests that
when Methocel E4M is compacted, it forms stronger bonds in the direction of the applied
stress during equi-biaxial fi'acture stress testing, than in the directions stressed during the
other tensile test procedures. Alternatively, the test may be less sensitive towards detecting
differences in the tensile strength of materials with different compaction properties and
fi'acture mechanisms. Further studies as described in Chapters 4 and 5, using a range of
materials of varying brittleness and ductility, are necessaiy to clarify this statement with the
use of a high-speed recording video camera to more closely examine the mechanism of
crack propagation.
Twelve millimetre diameter Methocel E4M specimens subjected to compression
testing failed in a similar manner to the 12mm diameter Avicel PH 102 specimens. In
addition, a similar compressive to tensile strength ratio (13.79) was obtained indicating that
Avicel PH 102 and Methocel E4M are mechanically similar. This is somewhat expected as
both materials are polymeric celluloses which demonstrate predominantly plastic behaviour.
Comparison of the compressive strength of Avicel PHI02 and Methocel E4M at 8 = 0.25
(a value which lies in between the experimental ranges for both materials) shows that Avicel
PHI02 is approximately 3.5 times stronger in compression than Methocel E4M Thus it
would appear that Avicel PH 102 is approximately 3 .5 times stronger in both tension and
compression than Methocel E4M which explains the similar compressive/tensile strength
ratios and illustrates the superior compaction properties of Avicel PHI 02.
A very different trend was apparent for the tensile strengths obtained using the four
tensile tests with 25mm diameter, bevelled-edge, Avicel PH 102 specimens of different
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thickness, prepared by fast compaction (Chapter 6 ). The change in specimen porosity with
compact thickness was similar to that recorded for the 12mm diameter Avicel PHI 02
specimens {i.e. relatively small), even though it was statistically significant. Thus specimen
porosity changes were not attributed to changes in the tensile strength.
As described for the 12mm diameter Methocel E4M specimens, there was a
widespread incidence of edge deformation and collapse with the thinnest specimens
following diametral compression, which appeared to cause a distinct reduction in the
fracture stresses. Thus as previously suggested, very thin specimens seem unsuitable for
use with the diametral compression test, either because they are unable to support the
applied compressive load at their edges or the stress state within the specimen is altered so
that an incorrect determination of the tensile strength is made. Future studies involving
photo-elastic stress analysis of very thin specimens are necessary to clarify this latter point
and also to establish whether the bevelled-edge geometry has a significance on the stress
state and subsequent measured tensile strength. In contrast to the diametral compression
test results of Chapters 4 and 5, a small increase in the tensile strength was seen with
increasing specimen thickness. Specimen volume effects appeared to be absent or were
masked by the use of specimens with much lower thickness/diameter ratios. However,
most importantly, the results reflect the time-dependent plastic flow or strain rate sensitivity
of the material. Such a trend was presumably not demonstrated in the studies of Chapters 4
and 5 because of the much greater duration of the compaction event which allowed
extensive plastic flow to occur. Examination of the compaction profiles for this study
indicated a roughly linear increase in the consolidation and contact times with increasing
specimen thickness. In addition, the slopes of the I n c t /e regression lines were not parallel
implicating a non-consistent change in the specimen physical structure with varying
compact thickness. Table 7.2 lists the ratio of the tensile strength of the 12mm diameter
Avicel PH102 specimens to the 25mm diameter Avicel PHI02 specimens, at e = 0.30,
following diametral compression. Three specimen thicknesses are compared which have
approximately equivalent thickness/diameter ratios. The tensile strength ratio is roughly
constant (1.2 to 1.3) as similarly shown in Table 7.1, reflecting only a small decrease with
increasing specimen thickness, despite the time-dependent effects described above for the
25mm diameter specimens. Thus because of the loading configuration employed during the
diametral compression test, the effects of specimen volume on the tensile strength appear to
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Table 7.2

A comparison of the 12mm diameter Avicel PH 102 to 25mm diameter
Avicel PHI02 specimen strength ratio at different specimen
thickness/diameter ratios for the four test systems used to measure tensile
strength

Test System; 12mmAvi/25mmAvi Ot ratio at 80.3
Thickness/diameter ratio

FLT

EBFS

DC

MDC

2/12 4/25

1.33

2.95

1.18

0.50

2/12 5/25

1.26

3.10

1 .1 0

0.50

3/12 6/25

1.23

1.82

1.13

0.47

( 12mmAvi/25mmAvi)

12mmAvi/25mmAvi Ot ratio at 8 0 . 3 : 12mm diameter Avicel PH102/25mm diameter Avicel
PH 102 specimen strength ratio at a specimen porosity of 0.30; DC: diametral compression;
MDC: modified diametral compression; FLT: three-point flexure testing; EBFS: equibiaxial fracture stress testing.
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be minimal. More strikingly, the ratio is reasonably close to unity despite the two and four
fold difference in specimen diameter and volume respectively.

Thus specimen volume

effects seem to be minimal for this material. Using a Weibull approach much closer values
could in theory be obtained for the two specimens. However, in practice there would still
be differences due to the differing physical structures of the compacts because of size
effects.
None of the 25mm diameter Avicel PHI02 specimens subjected to modified
diametral compression testing failed with horizontal laminations because of the lower
thickness/diameter ratios used than in the studies of Chapters 4 and 5. In addition, the
degree of particle bonding in the thicker specimens was greater because of the longer
consolidation time during their formation making lamination less likely. If 12mm thick
specimens could have been prepared these may have failed with horizontal laminations. The
tensile strength fell in a similar manner with increasing specimen thickness, as demonstrated
in the studies of Chapters 4 and 5. However, the trend was far less dramatic illustrating the
more dominant effects of increased time-dependent flow and stronger particle bonding with
thicker specimens, over specimen volume effects. Further investigations using photo-elastic
stress analysis on bevelled-edge specimens are necessary to establish if the bevelled section
of the specimen affects the stress state during testing. Table 7.2 lists the ratio of the tensile
strength of the 12mm diameter Avicel PH 102 specimens to the 25mm diameter Avicel
PH 102 specimens, at 8 = 0.30, following modified diametral compression. As shown in
Table 7.1 the ratio is not constant but falls as the specimen thickness/diameter ratio
increases. This reflects the great sensitivity of this test towards specimen volume changes
either as a result of the imposed stress state or the inability of the equation for calculating at
to account for changes in the stress state. Weibull treatment of the results would help to
clarify this latter point. Alternatively a modification of the equation for calculating at may
be necessary.
None of the 25mm diameter Avicel PHI 02 specimens subjected to three-point
flexure testing failed in an invalid manner through shear failure presumably because of their
more suitable plate-like geometry. Similarly, as shown in the studies of Chapters 4 and 5,
there was a small rise in tensile strength with increasing specimen thickness, due to the
increased resistance to the bending force. However, this may have also illustrated the
greater extent of time-dependent flow that occurred with the thicker specimens resulting in
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Stronger specimen structures. Table 7.2 lists the ratio of the tensile strength of the 12mm
diameter Avicel PH I02 specimens to the 25mm diameter Avicel PHI02 specimens, at 8 =
0.30, following three-point flexure testing. The ratio is approximately constant (1.1 to 1.2)
with changing specimen volume (as similarly shown in Table 7.1) and is also particularly
close to unity as shown for the diametral compression test (Table 7.2). Thus the flexure
test demonstrates an even lower sensitivity to specimen volume effects {i.e. both changes
in the thickness and diameter and physical structure), as described for the diametral
compression test which could probably be corrected for by using the Weibull modulus.
Furthermore, as shown in Table 7.1 the tensile strength ratios for both three-point flexure
testing and diametral compression testing are alike, indicating that both tests respond
similarly to changes in the specimen volume.
In contrast to the studies of Chapters 4 and 5 the tensile strength slightly increased
with specimen thickness following equi-biaxial fracture stress testing.

Thus specimen

volume effects appeared to be masked by the increased time-dependent plastic flow that
occurred with the thicker specimens resulting in stronger particle bonding. The plate-like
geometry of the 25mm diameter specimens was also closer to the optimum geometry
recommended by Stanley (1985) and may therefore have enhanced the effects of increased
specimen resistance to the bending force. Table 7.2 lists the ratio of the tensile strength of
the 12mm diameter Avicel PHI02 specimens to the 25mm diameter Avicel PHI02
specimens, at s = 0.30, following equi-biaxial fracture stress testing. Although the ratio is
approximately constant with changing thickness/diameter ratio (indicating that the test is
not particularly sensitive to specimen volume effects), it is less than one half of that shown
for the flexure and diametral compression tests. This implies that changes in the specimen
surface area have a considerably greater effect on the measured equi-biaxial fracture stress
than is the case with the diametral compression or flexure tests. As suggested above this
may reflect the more suitable plate-like geometry of the 25mm diameter specimens. Future
investigations require further studies of a similar type with a wide range of materials having
differing compaction properties, to establish the magnitude of the tensile strength obtained
with equi-biaxial fracture stress testing in relation to the other three tensile testing
procedures and additionally clarify the effects of specimen volume.
Twenty-five millimetre diameter Avicel PHI 02 specimens subjected to compression
testing failed in a similar manner to both the 12mm diameter Avicel PH 102 and Methocel
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E4M specimens even though their length/diameter (L/D) ratio was only 0.5. However,
following diametral compression the compressive to tensile strength ratio was not constant
with varying specimen porosity.

This indicated that specimen-platen end effects were

particularly dominant throughout the specimen invalidating the stress state and therefore the
determination of the compressive strength. This is in agreement with compression testing
literature (Hawkes and Mellor, 1972; Newman and Lachance, 1974) which advises against
the use of specimens having a L/D ratio of less than 1. Future studies should therefore
involve the use of longer specimens as discussed above with photo-elastic stress analysis of
both cylindrical and bevelled-edge specimens during compression testing to investigate the
influence of the specimen geometry on the stress state. Comparison of the compressive
strength obtained for the 12 and 25mm diameter Avicel PH 102 specimens is not
appropriate because of the different specimen geometries, volumes and porosity ranges
over which the compacts were prepared.

The diametral compression test is the most commonly used test for routine tensile strength
evaluation. It is very simple and rapid to perform, requiring only a standard physical testing
machine or similar bench-top apparatus where the loads required to cause specimen
fracture are generally lower than those required by the other tensile test methods.

A

complicated test rig is not necessary and large diameter tablet punches can be used as
platens.

Positioning of the specimen prior to testing is easy and failure is readily

recognisable as documented by Rudnick et al (1963).

In addition, the equation for

calculating tensile strength is straightforward. The only disadvantage of the test is that it is
fairly non-sensitive towards specimen volume effects.
The modified diametral compression test is slightly more difficult to perform
requiring similar apparatus and higher loads to cause fracture.

The platens require a

modification and positioning of the specimens to ensure diametral loading can be a
problem. Specimen failure is normally easily recognisable as the two halves of the specimen
are projected sideways from the platens, although on some occasions failure was not clear
even though the X-Y plotter had registered a drop in the force acting on the load cell. The
test seems very useful for detecting materials with poor particle bonding properties with a
tendency to laminate. In addition, the test appears sensitive towards detecting variation in
specimen physical structure such as inherent flaw and inhomogeneity effects. However, it
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is possible that the equation for calculating tensile strength is incorrect and requires
modification to account for the change in the indenter width to specimen thickness ratio.
The three-point flexure test is relatively easy to perform requiring slightly higher
loads than the diametral compression test to cause specimen fi-acture. A special test rig is
required which ideally should include a device to ensure that the specimen is accurately
centred because this can be a problem. The four-point flexure test is actually the preferred
testing configuration as this ensures a more uniform uniaxial tensile stress along the lower
surface (Church and Kennerley, 1982). Specimen failure is easy to recognise although
calculation of the tensile strength is slightly more complicated than the previous two tests.
Unfortunately this test is not particularly sensitive towards detecting changes in the
specimen structure as described above.
The equi-biaxial fl'acture stress test is the most time-consuming of the four tests
requiring the highest load to cause specimen fl’acture. The test rig is difficult to make and
requires good manual dexterity.

Unfortunately, failure of the specimen can only be

recognised after removal fl’om the test rig although there is a clear drop in the force
registered on the load cell upon fl’acture. However, the test is particularly sensitive towards
detecting changes in the specimen structure as described above.

Future mechanical strength testing research on pharmaceutical powder compacts
should involve shear strength measurements using notched symmetrical beams as described
by losipescu (1967) and Rabie (1981). Shear stresses represent an equally important part
of the tableting process to which powder beds are subjected during compaction. This
would then allow compression/shear and shear/tension ratios to be evaluated which might
yield useful information concerning the mechanical properties of materials. In addition,
most materials are subjected to these particular combination of interacting stresses (Darvell,
1990).
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In summary this thesis has demonstrated:

a)

A change in the normal mode of failure and mechanical behaviour of 12mm

diameter Avicel PH 102 specimens following diametral compression.

This may be of

particular importance for Avicel PHI 02-rich formulations compacted at high compaction
pressures or those which undergo slugging where the mechanical properties of the
formulation may be changed.

b)

Diametral compression, modified diametral compression, three-point flexure and

equi-biaxial fl'acture stress testing are all tensile strength test procedures which are readily
applicable to pharmaceutical tablet-shaped compacts. These yielded both diflerent and
useful information for 12mm diameter Avicel PH 102 and Methocel E4M compacts, which
allowed their physical structure to be probed with respect to specimen volume, inherent
flaw and inhomogeneity effects.

c)

All of the above tensile tests seem readily applicable to 25mm diameter Avicel

PH 102 specimens with a bevelled-edge geometry as illustrated by comparing the tensile
strength ratios of the 12 and 25mm diameter Avicel PHI 02 specimens.

d)

Compression testing and the compressive/tensile strength ratio both provide useful

information concerning the mechanical properties of materials and thus should be, like
tensile strength, more widely employed in pharmaceutical research. Compressive strength
was also shown to be linearly related to the specimen porosity.

e)

Compressive Young’s modulus measurements should be more widely undertaken

in conjunction with compression testing on a wide range of pharmaceutical materials as
these measure mechanical properties in a manner which directly relates to their use.
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