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Summary

The critical stress intensity factor, K¢, of a number of pharmaceutical materials has been determined using a three-point single
edge notched beam (SENB) technique. The technique was initially validated using microcrystalline cellulose and the value of the
critical stress intensity factor at zero porosity, K¢, of microcrystalline cellulose was found to compare reasonably well to literature
data determined by four-point SENB testing. The technique utilising sawn notches was tested on a number of other important
pharmaceutical materials ranging from excipients to drugs including aspirin, ibuprofen and paracetamol, It was found in general
that organic pharmaceutical materials are primarily brittle or semi-brittle in their mechanical response to stress based on a
brittleness index, defined as the ratio of indentation hardness to the critical stress intensity factor.

Introduction

The fracture properties of materials are im-
portant in our understanding of how they behave
during compaction and comminution. Roberts et
al. (1989a) used an approach based on equation
of Kendall (1978a) which describes the balance
between fracture properties and ductility, i.e.,
critical stress intensity factor, K., and yield stress
respectively and were able to show reasonable
agreement between the measured deformation
stress and the calculated deformation stress using
independently measured K- and yield stress

Correspondence to: R.J. Roberts, ICI Pharmaceuticals, Alder-
ley Park, Macclesfield, Cheshire SK10 2NA, U.K.

measurements for different particle sizes of
sodium chloride. Kendall (1978b) had previously
demonstrated that the theory of brittle /ductile
transitions could account for the particle size
obtained during milling. These two papers em-
phasise the importance of the measurement of
critical stress intensity factor and its profound
effect on pharmaceutical processing.

The critical stress intensity factor, K-, de-
scribes the state of stress around an unstable
crack or flaw in a material and is an indication of
the stress required to produce catastrophic prop-
agation of a crack. It is thus a measure of the
resistance of a material to cracking via tensile
stresses acting normal to the crack walls.

Several techniques have been used to measure
the critical stress intensity factor of powders the
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most commonly used technique is the single-edge
notched beam (SENB) test in which a pre-notched
rectangular beam of small thickness and width in
comparison to its length is subjected to transverse
loads and the load at fracture measured. To data
only two researchers have used the four-point
loading configuration for pharmaceutical materi-
als (Mashadi and Newton, 1987a,b, York et al.,
1990. In the former paper a single grade of mi-
crocrystalline cellulose was examined whereas in
the latter paper the critical stress intensity factors
of a number of grades from different manufactur-
ers of microcrystalline cellulose were determined.

With the same material reported in the earlier
study, Mashadi and Newton (1988) described a
double torsion (DT) technique for the experimen-
tal determination of K.. They commented on
the differences in extrapolated value of the criti-
cal stress intensity factor to zero porosity, K,
between the two techniques suggesting that for
the DT specimen higher values were due to the
addition of a shearing mode of fracture. It is
interesting that they suggested it is essential for
the method of determination be stated when
quoting values of K.

Roberts and Rowe (1989) reported on a novel
method of determining the critical stress intensity
factor of microcrystalline cellulose (Avicel PH101)
by the use of radially edge-cracked tablets
(RECT) both by edge opening, i.e., RECT (EQ)
and diametral compression, i.e., RECT (C). They
commented on the importance of the initial crack
length on the value of the K assessed using a
diametral compression test, concluding that an
increase in initial crack length resulted in an
increase of K c,, attributable to the influence of
plastic deformation at the loading points. In addi-
tion, the differences in K, for Avicel (PH101)
between various measuring techniques were at-
tributed to differences in crack sharpness, i.e. the
RECT and DT specimens have the sharpest
cracks and hence the highest values while the
four point SENB test specimens have the bluntest
crack and hence the lowest values.

Duncan-Hewitt and Weatherly (1989a,b) re-
ported a technique utilising the cracking around
Vickers indentations on single crystals of sucrose,
adipic acid, paracetamol and sodium chloride.

This method is of considerable interest and a full
consideration of the technique compared to mea-
surements on compacts will be the subject of a
future paper.

All the techniques described above with the
possible exception of the tablet tests, require
large specimens and therefore a reasonable
amount of material. This is unsuitable for the
determination of the critical stress intensity factor
of drugs in early stages of formulation design
since in many instances the total quantity of
material available is only 5-10 g. Therefore, a
three point loading method requiring only small
quantities of material (approximately 500 mg) has
been developed using the same rig as used to
measure the Young’s modulus of materials (Ro-
berts et al., 1989b, 1991).

Theoretical
For the geometry shown in Fig. 1 the stress
intensity factor of a specimen, K., is calculated

using Eqn 1 (Brown and Srawley, 1966):

3Flc'/?
Kie=Y——7" (1)

where F is the load that caused the beam to

(2]
—-
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Fig. 1. Schematic diagram of the three-point single edged
notched beam (SENB) test.
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fracture, ¢ denotes the crack length, [/ is the
distance between rollers (17 mm), w represents
the width, ¢ is the thickness and Y denotes a
function of the geometry of the specimen ex-
pressed as a polynomial of the parameter c¢/¢
(Brown and Srawley, 1966) given by Eqn 2:

c c\2 c\3
Y=1.93—3.07(?) +14.53(7) —25.11(?)

+ 25.8(;)4 (2)

The effect of specimen dimensions and crack
lengths on the determination of critical stress
intensity factor using the three point loaded sin-
gle edge notched bend (SENB) test has been well
studied both for ceramics (Bansal and Duck-
worth, 1980) and polymers (Hashemi and
Williams, 1984) and has been the subject of an
ASTM report (Brown and Srawley, 1966). The
test has been criticised because of the difficulties
in inserting sharp cracks into the specimens (Frei-
man, 1983) and assumes that sharp cracks will
‘pop in” * at the notch during loading. Ceramics,
described as being brittle, tend to be tougher and
have higher breaking strengths than porous phar-
maceutical specimens, i.e., pharmaceutical mate-
rials have critical stress intensity factors of the
order 0.05-0.5 MPa m!/? whereas in general
ceramics tend to be 0.5-18 MPa m'/? (Atkins
and Mai, 1985). For low strength materials, e.g.,
pharmaceuticals, few problems are anticipated
since, in contrast to polymers, whatever size of
specimen or mode of loading, fracture will be
brittle with little or no plasticity at the crack tip
(Hashemi and Williams, 1984). The effect of plas-
tic deformation is often represented by the size of
the plastic zone near to the crack tip, and in
brittle materials this tends to be small. The

* Note: ‘pop-in’, refers to method of introducing a sharp
crack into the specimen. This is done by first generating a
starter crack, which is then allowed to propogate before
being stopped when of sufficient length of removal of the
load (see Mashadi and Newton, 1988; and Roberts and
Rowe, 1989.
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toughness of a material is best characterised by
its value under plane-strain conditions, K., and
to achieve this the plastic zone must be apprecia-
bly less than the specimen thickness. This has
been embodied in the ASTM empirical criterian
for bend test (Brown and Srawley, 1966) such
that:

2
Ky
c(crack length) > 2.5 — (3)
Uy
2
. . Kic
t(specimen thickness) > 2.5| — (4
Uy
2
. . Kic
w(specimen width) > 5.0 — (5
O'y

where o, is the yield stress.

With these equations it is possible to calculate
the approximate physical dimensions of a speci-
men that will satisfy the criteria. For example, in
the case of microcrystalline cellulose (Kg, = 0.7
MPa m'/? (York et al., 1990) and o, = 50 MPa
(Roberts and Rowe, 1987), the specimen size
should be greater than 0.6 mm for crack length
and thickness respectively, and 1.2 mm for the
width. This concept has been embodied in the
test implemented below.

Materials and Methods

Microcrystalline cellulose (Avicel PH101, FMC
Corp.) was used to validate the technique since it
is a well characterised material in terms of its
critical stress intensity factor, K-. In fact the
same batch of microcrystalline cellulose was
utilised as that tested by York et al. (1990), allow-
ing direct comparisons between the three-point
and four-point loading configuration to be made.

Other materials that were studied were as
follows: anhydrous B-lactose (Sheffield Chemical
Co.), a-lactose monohydrate (extrafine grade,
Dairy Crest), sucrose (icing grade, British Sugar),
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V notch Sawn noich
Fig. 2. Schematic diagram of the two types of notches.

adipic acid (BDH Chemicals Ltd), sodium chlo-
ride (micronised, ICI Chemicals and Polymers),
Paracetamol DC (Graesser Salicylates), aspirin
(hammer milled, Fluka chemicals), paracetamol
(Thornton and Ross) and ibuprofen (Bradford
University).

Beams of dimensions (20 mm X7 mm X t),
where ¢ was approximately between 3 and 4 mm,
were prepared using a small punch and die using
about 500 mg material compressed at varying
compaction loads on a Tensometer (M30K, J.J.
Lloyd) or a hydraulic press (Specac). The beam
thickness, ¢, was greater than those used for
modulus measurement (Roberts et al., 1991) to
enable notches to be included. For microcrys-
talline cellulose a comparison was made between
two notch types - the small ‘V’ notch (Fig. 2) and
the preferred sawn slit notch (Fig. 2) to investi-
gate the effect of notch depth and shape on the
critical stress intensity factor. The V notch was
produced by pressing a razor blade into the beam
and sawn notches, essentially slits of width 0.5
mm (Fig. 2), were prepared by using a small saw
blade (Agar Scientific).

Notch lengths (crack length, ¢) were measured
using a travelling microscope to an accuracy of
+0.05 mm. The beams were placed on the three
point bend rig as shown in Fig. 1 and stressed
using a Tensometer at a constant velocity of 0.2
mm min . The load, F, that caused the beam to
fracture was recorded and used to calculate the
critical stress intensity factor of the beam speci-
men using Eqn. 1.

The critical stress intensity factor at zero
porosity, K, was evaluated by extrapolating the
specimen K- at porosity, P, using an exponen-

tial equation as suggested by Roberts and Rowe
(1989) and York et al. (1990):

Kic =K, exp™®” (6)

where b is a constant.

Results and Discussion

Validation of the method using microcrystalline
cellulose

In a recent paper, York et al. (1990) examined
the effects of notch shape on the critical stress
intensity for beams of 10% porosity of microcrys-
talline cellulose and showed that for V shaped
notches there was more variability when com-
pared against straight notches when the dimen-
sions of the notch were varied. Furthermore, the
original test introduced by Mashadi and Newton
(1987b) used V notches in a four-point bend
configuration. It is therefore important that the
effect of notch shape is investigated more fully
and that the proposed three point test is vali-
dated against the four point loading configura-
tion.

A comparison between results from this test
and those of York et al. (1990) for the four point
notched beam (notch length = 1 mm and width =
0.1 mm) is shown in Fig. 3, as a plot of measured
K- vs the porosity of the beams. Regression
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Fig. 3. Comparison between V notches (B) and sawn notches

(a) for the three-point SENB test and the four-point SENB

results (X) of York et al. (1990), where the dotted line

represents the 95% confidence limits and the full line the best

fit for the data points using the exponential relationship (Eqn
6).



analysis was performed on each individual set of
results and the constants, correlation coefficients
and standard errors presented in Table 1. The
values of the critical stress intensity factor at zero
porosity, K, for the two crack geometries in
the three point bend test show similar variability
as evident from the standard errors (Table 1).
Furthermore, the blunter sawn notch test has a
lower K|, than the sharper V notch.

Despite the fact that the four point test has a
higher K-, possibly due to the fact that the
notch width is smaller (0.1 mm) as compared to
the three point bend test (0.5 mm), when all the
data are combined the results from each test lie
extremely close to the mean line (Fig. 3) and
hence the small differences seen may be due to
the fact that for the four point SENB test mea-
surements were only taken over a limited part of
the porosity range.

Examination of the crack propagation through
two beams of the same porosity (Fig. 4a and b)
shows similarities in the shape of the crack path
which is not straight. It is interesting to note that
in both crack geometries the crack has been
deflected due to the influence of the central
roller but later appears to revert to its original
path. It may well be that the cracks that run
horizontally along the length of the beam (Fig.
4b), i.e., at right angles to the direction of the
compaction load, have some influence on the
vertical cracking. It is interesting to note that the
introduction of weak interfaces into a ceramic
can increase the toughness of brittle materials by
deflecting a growing crack (Clegg et al., 1990) and
this may be an important factor influencing the
toughness of microcrystalline cellulose specimens.

K¢, determined using the three-point SENB
test for microcrystalline cellulose can be com-

TABLE 1

Regression analysis results for microcrystalline cellulose
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Fig. 4. (a) Scanning electron photomicrograph (SEM) of a V
notch in a beam of microcrystalline cellulose; (b) SEM of a
sawn notch in a beam of microcrystalline cellulose.

pared to that from the four-point SENB test used
by Mashadi and Newton (1987b) since a V notch
was utilised in both cases. They reported a value
of 1.21 MPa m!/? for a notch of depth 0.5 mm

Regression analysis Three-point Three-point Four-point Combined
results ‘V’ notch Sawn notch straight notch data

K¢, (MPa m!l/?) 0.7519 0.6927 0.8675 0.7568

b 5.2486 3.9897 5.5907 4.7415
Correlation coefficient 0.9813 0.9307 0.9836 0.9474

Standard error 0.0555 0.0630 0.0253 0.0529
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being somewhat higher than for the test here with
a value of 0.75 MPa m'/? for a 0.9 mm notch
depth. Additionally, Mashadi and Newton (1987b)
used a glass cutter to score a notch into the beam
which may produce a sharper crack than those in
this study and it is known that for blunt crack
systems the true equilibrium crack length before
fast brittle fracture may be underestimated result-
ing in a lower calculated critical stress intensity
factors (Munz, 1983). Similarly techniques involv-
ing test geometries utilising sharper cracks tend
to give much higher fracture toughness values,
e.g. double torsion, K-, = 1.81 MPa m!/2
(Mashadi and Newton, 1988) and radially edge
cracked disc (K¢, = 2.24 MPa m'/? (Roberts and
Rowe, 1989) (see table 2). It has also been sug-
gested that microcrystalline cellulose is a material
with a rising crack resistance curve (York et al.,
1990). As crack lengths becomes longer there is
more resistance to crack propagation and hence
the measured critical stress intensity factor rises
(Munz, 1983). Furthermore, K-, cannot be re-
garded as a unique material constant but is sim-
ply one point on a crack growth curve. York et al.
(1990) also suggested that if a definitive value of
K, is required individual crack resistance curves
should be investigated to allow all materials to be
compared under the same conditions. It is inter-
esting to note that York et al. (1990) reported an
increase in K-, as particle size decreased for
various grades of Avicel and noted that similar
effects occur in ceramic materials. This effect is
probably due to an increase in the number of

TABLE 2

K¢ (MPam '2)
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Fig. 5. Critical stress intensity factor vs porosity for various
materials: (a) anhydrous B-lactose, (M) a-lactose monohy-
drate, () sucrose, ( v) ibuprofen.

contact points within the porous specimens as
particle size decreases.

The critical stress intensity factor of excipients and
drugs

The results of K- vs porosity for a number of
selected excipients and drugs are shown in Fig. 5
with the line for the fit of the experimental points
corresponding to the exponential relationship
(Eqn 6). Data for the regression analysis of the
results of all the materials are shown in Table 3,
with both the correlation coefficients and stan-
dard errors of the results. The correlation coeffi-
cients and standard errors for the majority of
materials tested were of a reasonable order.
However, the correlation coefficient for paraceta-
mol was low suggesting the influence of specimen

The effect of crack sharpness effects on the measurement of the critical stress intensity factor, K, of microcrystalline cellulose from

various workers

Test Notch Kico References

type (MPam'/?)
Radially edge cracked disc (compression) pop-in 2.98 Roberts and Rowe (1989)
Radially edge cracked disc (tension) pop-in 2.24 Roberts and Rowe (1989)
Double torsion pop-in 1.81 Mashadi and Newton (1988)
Four-point SENB \% 1.21 Mashadi and Newton (1987b)
Four-point SENB straight # 0.87 York et al. (1990)
Three-point SENB razor 0.76 This work
Three-point SENB sawn 0.69 This work

# Straight-through notches cut using a lathe, e.g., same shape as sawn notches.



TABLE 3

Critical stress intensity factors and regression analysis results
(exponential equation) for various excipients, (where CC is the
correlation coefficient and SE is the standard error)

Material b CcC SE

KICo
(MPa m!/?)
Anhydrous B-lactose (.7597

12.2736 0.9910 0.0295

Avicel PH101 0.7569 4.7315 0.9474 0.0529
Sodium chloride 0.4769 7.2438 0.9487 0.0662
a-Lactose mono-

hydrate 0.3540 13.2881 0.9895 0.0055
Paracetamol DC 0.2463 7.7112 0.9597 0.0197
Sucrose 0.2239 12.1346 0.9133 0.0107
Aspirin 0.1561 9.5791 0.9431 0.0087
Adipic acid 0.1398 11.1476 0.9602 0.0086
Paracetamol 0.1153 6.8934 0.8865 0.0140
Ibuprofen 0.1044 11.4747 0.9635 0.0049

effects, e.g., the presence of microcracks in the
beam specimens.

It would be useful to compare values of critical
stress intensity factor of these materials to values
reported in the literature. However the only
available data are those from microindentation
testing (Duncan-Hewitt and Weatherly, 1989b)
who reported values for sodium chloride, sucrose,
paracetamol and adipic acid of 0.50, 0.08, 0.05
and 0.02 MPa m'/?, respectively. These with the
exception of sodium chloride are in general much
lower than the values measured in this work
(Table 3). Furthermore, the value for adipic acid
is, in terms of rank order, lower by indentation
than by SENB testing. These findings are not
unexpected since the indentation technique has
been criticised by a number of workers, notably
Ponton and Rawlings (1989a, b), who commented
that, in general, the microindentation test tends
to underestimate values of the true material frac-
ture toughness, because of slow post indentation
crack growth. However the same authors consid-
ered that the SENB test gives a value which tends
to be overestimated due to fast cracking. A de-
tailed comparison between the two techniques is
beyond the scope of this paper but will be consid-
ered in a future paper.

It is interesting that anhydrous B-lactose has a
critical stress intensity factor about twice the value
of a-lactose monohydrate. Similarly differences
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of the same order has been reported for measure-
ments of indentation hardness for these two ma-
terials with values of 251 and 515 MPa, respec-
tively (Leuenberger, 1982). The critical stress in-
tensity factor of the carbohydrates can be com-
pared with that of sorbitol instant (Mashadi and
Newton, 1987a) with a reported value of K, =
0.47 MPa m'/2. The carbohydrates can thus be
arranged in the following order to decreasing
K¢, anhydrous B-lactose > sorbitol instant > «a-
lactose monohydrate > sucrose.

The critical stress intensity factor as well as
describing the ability of a material to resist frac-
ture can be thought of as representing the stress
to cause failure and therefore an indication of
whether a material is weak or strong. Low values
of critical stress intensity factor represent materi-
als which are inherently weak, e.g., paracetamol
and ibuprofen and high values represent materi-
als which are strong, e.g., anhydrous gB-lactose
and microcrystalline cellulose. This definition has
similarities to Hiestand’s measure of brittleness,
the brittle fracture propensity (BFP), a measure
of the ability of a material to relieve stress (Hies-
tand et al., 1977), since it was suggested that a
high BFP might indicate a materials suceptibility
to lamination and capping or low strength. De-
spite this, there are clear differences in the re-
sponse to stress of ibuprofen and paracetamol as
evident from literature data. In terms of ductility
ibuprofen is much more ductile than paracetamol
with reported yield pressures of 25 MPa (Bate-
man et al., 1987) and 99 MPa (Von Podczeck and
Wenzel, 1989), respectively.

Finally it is interesting to note that Paraceta-
mol DC (a spray dried material containing 4%
hydrolysed gelatin) has a critical stress intensity
factor twice as large as that of paracetamol drug.
This would appear reasonable from the expected
function of a binder which is to increase both the
strength of bonds between particles and the over-
all ductility of the material reflected in an in-
crease in the toughness.

Brittleness index

Although it is clear that ductility can be re-
flected by a measure of the yield stress or inden-
tation hardness, the brittleness of a material re-
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quires a further parameter to describe this type
of mechanical reaction to stress. Lawn and Mar-
shall (1979) considered that the brittleness of a
material is a measure of the relative susceptibility
of a material to two competing mechanical re-
sponses, deformation and fracture. The abrupt
brittle /ductile transition of many materials as
size is reduced (Roberts and Rowe, 1989a) is a
classic manifestation of this competition. Lawn
and Marshall (1979) suggested the used of the
indentation test which gives both parameters de-
scribing the resistance to deformation and the
resistance of a material to cracking, i.e. hardness,
H, and the critical stress intensity factor, K_,
respectively. They proposed a simple index of
brittleness and the ratio of hardness to toughness,
H /K., with units gm~'/2,

By reference to literature data of indentation
hardness and critical stress intensity factors, K,
from this study, the brittleness index, H/K
can be computed. These data are presented in
Table 4 with additional values of H/K_ from
Duncan-Hewitt and Weatherly (1989b) for com-
parison. Duncan-Hewitt and Weatherly (1989b)
used this brittleness index to indicate that su-
crose, adipic acid and paracetamol (with high
values) were materials which fragment extensively
during compaction (Table 4) whereas sodium

TABLE 4

chloride with a value an order of magnitude
smaller (Table 4) was indicative of a material
which essentially behaves in a ductile manner
during compaction. Although the absolute magni-
tude of a parameter H/K_ from Duncan-Hewitt
and Weatherly (1989b) does not agree with
H/K -, the rank order for the materials is the
same. The difference in magnitude is probably
due to the under-estimation of K_ in the inden-
tation test as mentioned above.

The most striking feature of this data is that in
terms of the brittleness index the drugs ibuprofen
and paracetamol are at opposite ends of the scale
whereas in terms of their critical stress intensity
factors they are very similar (Table 4). This sug-
gests that although both materials are weak
ibuprofen is more ductile than paracetamol.
These assignments are in agreement with their
compaction behaviour; ibuprofen is ductile but
laminates extensively even at low compaction
speeds (Bateman et al., 1987) but paracetamol is
a highly brittle drug that laminates and caps
(Shotten and Obiorah, 1975).

Similarly in the case of the brittleness index of
the two lactoses. Although both are considered
strong (Table 4) a-lactose monohydrate is more
brittle than anhydrous B-lactose.

It is useful to compare the values of H/K -,

The brittleness of materials as indicated by H /K ¢, (where H is the indentation hardness (literature data) and K, is the critical
stress intensity factor of the material) as compared to H /K _ of Duncan-Hewitt and Weatherly (1989b)

Material H Kico Kico H/K,
(MPa) (MPa m!/?) (um~1/2) (um~Y?)
Avicel PH101 168 2 0.7569 0.22 -
Anhydrous B-lactose 251" 0.7597 0.33 -
Ibuprofen 350 0.1044 0.34 -
Sodium chloride 213 ¢ 0.4769 0.45 04
Aspirin 87 ¢ 0.1561 0.56 - Increasing
Adipic acid 123 ¢ 0.1398 0.88 6.3 brittleness
Paracetamol DC 265 2 0.2463 1.08 -
a-Lactose monohydrate 515 ° 0.3540 1.45 -
Sucrose 645 ¢ 0.2239 2.88 8.3
Paracetamol 421°¢ 0.1153 3.65 8.3

4 Jetzer et al. (1983).

b [ euenberger (1982).

¢ Duncan-Hewitt and Weatherly (1989b).
4 Ridgway et al. (1969).



from this work with those of H/K_ from Lawn
and Marshall (1979) since it is important that
pharmaceutical materials are compared with
other materials based on this brittleness scale.
The least brittle material, microcrystalline cellu-
lose, is comparable with a value of 0.1 to medium
strength steel (Lawn and Marshall, 1979) and
0.14 for polymethylmethacrylate, e.g., using H =
210 MPa and K, = 1.46 MPa m'/? (Ritter et al.,
1988). At the other end of the brittleness scale,
paracetamol which is extremely brittle has a value
comparable to that for Al,O, (H/K_ = 3) but not
as high as that for glass (H/K_= 8.8).

Thus, in general, pharmaceutical materials
cover a wide range of behaviour in terms of
brittleness, from semi-brittle to brittle materials
showing similarities to most classes of engineer-
ing materials, e.g., metals, polymers and ceramics.

Conclusion

The technique of three point single edge
notched beam (SENB) testing on pharmaceutical
materials has been successfully validated using
microcrystalline cellulose as a standard material.
The K¢, values compare well with those deter-
mined by four point single edge notched beam
testing and the technique has the added advan-
tage that only a small amount of material is used.

The values of K, of a wide range of pharma-
ceutical materials determined by SENB testing
are considered to be accurate and representative.
Pharmaceutical materials including both drugs
and excipients span a wide range of critical stress
intensity factors ranging from ‘weak’ materials
like paracetamol and ibuprofen to ‘strong’ mate-
rials like anhydrous B-lactose and Avicel. In terms
of brittleness, the index H/K -, is excellent in
its ability to distinguish and describe the defor-
mation behaviour of both excipients and drugs.

References

Atkins, A.G. and Mai, Y.W., Elastic and Plastic Fracture,
Metals, Polymers, Ceramics, Composites, Biological Materi-
als, Ellis Horwood, Halsted, 1985.

181

Bansal, G.K., and Duckworth, W.H., Fracture surface energy
measurements by the notch-beam technique. In Freiman,
S.W. (Ed.), Fracture Mechanics Applied to Brittle Materials,
ASTM Tech. Publ. 678, 1980.

Bateman, S.D., Rubinstein, M.H., and Wright, P., The effect
of compression speed on the properties of ibuprofen, J.
Pharm. Pharmacol., 39 (Suppl.) (1987) 66P.

Brown, W.F. and Srawley, J.E., ASTM Special Tech. Publ. 410,
1966.

Clegg, W.J., Kendall, K., Alford, McN.,, Button, T.W. and
Birchall, J.D., A simple way to make tough ceramics.
Nature, 347 (1990) 455-457.

Duncan-Hewitt, W.C. and Weatherly, G.C., Evaluating the
fracture toughness of sucrose crystals using microindenta-
tion techniques. Pharm. Res., 6 (1989a) 373-378.

Duncan-Hewitt, W.C. and Weatherly, G.C., Evaluating the
hardness, Young’s modulus, and fracture toughness of
some pharmaceutical crystals using microindentation tech-
niques. J. Mater. Sci. Lett., 8 (1989b) 1350-1352.

Freiman, S.W., A critical evaluation of fracture mechanics
techniques for brittle materials. In Bradt, R.C., Evans,
A.G., Hasselman, D.P.H. and Lange, F.F. (eds), Fracture
Mechanics of Ceramics, Vol. 6, Measurements, Transforma-
tions, and High-temperature Fracture, Plenum, New York,
1983, pp. 27-45.

Hashemi, S. and Williams, J.G., Size and loading mode effects
in fracture toughness testing of polymers J. Mater. Sci., 19
(1984) 3746-3759.

Hiestand, E.N., Wells, J.E., Peot, C.B. and Ochs, J.F., Physi-
cal processes of tableting. J. Pharm. Sci., 66 (1977) 510-
519.

Jetzer, W., Leuenberger, H. and Sucker, H., The compress-
ibility and compactibility of pharmaceutical powders.
Pharm. Tech., April (1983) 33-39.

Kendall, K., Complexities of compression failure. Proc. R.
Soc. Lond., A361 (1978a) 245-263.

Kendall, K., The impossibility of comminuting small particles
by compression Nature, 272 (1978b) 710-711.

Lawn, B.R. and Marshall, D.B., Hardness, toughness and
brittleness: an indentation analysis. J. Am. Chem. Soc., 62
(1979) 347-350.

Leuenberger, H., The compressibility and compactibility of
powder systems. Int. J. Pharm., 12 (1982) 41-55.

Mashadi, A.B. and Newton, J.M., Assessment of the mechani-
cal properties of compacted sorbitol instant. J. Pharm.
Pharmacol., 39 (1987a) Suppl., 67P.

Mashadi, A.B. and Newton, J.M., The characterisation of the
mechanical properties of microcrystalline cellulose: a frac-
ture mechanics approach. J. Pharm. Pharmacol., 39 (1987b)
961-965.

Mashadi, A.B. and Newton, J.M., Determination of the criti-
cal stress intensity factor (K ) of compacted pharmaceu-
tical powders by the double torsion method. J. Pharm.
Pharmacol., 40 (1988) 597-600.

Munz, D., Effect of specimen type on the measured values of
fracture toughness of brittle ceramics. In (Bradt, R.C,
Evans, A.G., Hasselman, D.P.H., and Lange, F.F. (Eds),



182

Fracture Mechanics of Ceramics, Vol. 6, Measurements,
Transformations and High-temperature Fracture, Plenum,
New York, 1983, pp. 1-26.

Ponton, C.B. and Rawlings, R.D., Vickers indentation frac-
ture toughness test. 1: Review of literature and formula-
tion of standardised indentation toughness equations.
Mater. Sci. Technol., 5 (1989a) 865-872.

Ponton, C.B. and Rawlings, R.D., Vickers indentation frac-
ture toughness test. Part 2: Application and critical evalua-
tion of standardised indentation toughness equations.
Mater. Sci. Technol., 5 (1989b) 961.

Ridgway, K., Shotten, E. and Glasby, J., The hardness and
elastic modulus of some crystalline pharmaceutical materi-
als. J. Pharm. Pharmacol., 21 (Suppl.) (1969) 24S.

Ritter, J.E.,, Lin, M.R. and Lardner, T.J., Strength of
poly(methyl methacrylate) with indentation flaws. J. Mater.
Sci., 23 (1988) 2370-2378.

Roberts, R.J. and Rowe, R.C., Determination of the critical
stress intensity factor (K ) of microcrystalline cellulose
using radially edge-cracked tablets. Int. J. Pharm., 52
(1989) 213-219.

Roberts, R.J. and Rowe, R.C., The compaction of pharma-

ceutical and other model materials — a pragmatic ap-
proach. Chem. Eng. Sci., 42 (1987) 903-911.

Roberts, R.J., Rowe, R.C. and Kendall, K., Brittle-ductile
transitions in the compaction of sodium chloride. Chem.
Eng. Sci., 44 (1989a) 1647-1651.

Roberts, R.J., Rowe, R.C. and York, P., A dynamic mechani-
cal method for the determination of the Young’s modulus
of powdered drugs and excipients. J. Pharm. Pharmacol.,
41 (Suppl.) (1989b) 30P.

Roberts, R.J., Rowe, R.C. and York, P., The relationship
between Young’s modulus of elasticity of organic solids
and their molecular structure. Powder Technol., 65 (1991)
139-146.

Von Podczeck, F. and Wenzel, U., Untersuchungen zur Di-
rekttablettierung von Arzneistoffen. Pharm. Ind., 51 (1989)
524-527.

Shotton, E. and Obiorah, B.A., Effect of physical properties
on compression characteristics. J. Pharm. Sci., 64 (1975)
1213-1216.

York, P., Bassam, F., Rowe, R.C. and Roberts, R.J., Fracture
mechanics of microcrystalline cellulose powders, Int. J.
Pharm., 66 (1990) 143-148.



