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G R A P H I C A L A B S T R A C T

H I G H L I G H T S

Fracture behavior of pharmaceutical tablets is a key issue for their manufacturing.
An alternative to the diametral compression test is proposed here.
No instability issues using the notch opening displacement controller.
A quasi-brittle behavior identified through equivalent LEFM theory.
Presence of dissipative mechanisms like micro-friction inside the process zone.
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A B S T R A C T

Pharmaceutical tablets must meet a number of requirements and among them, the mechanical strength plays
an important role. The diametral compression test is generally used to evaluate it but can generate unstable
failures. Thanks to load–unload cycles applied to the tablets subjected to a DCT test, it was shown that the
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Quasi-brittle fracture
Energy release rate
Fracture process zone
L.E.F.M. equivalent
R-curve

concept of equivalent linear elastic fracture mechanics usually, can be successfully applied to the Mode I
fracture behavior. Within this framework, the equivalent elastic crack growth resistance, commonly called
resistance curve (R-curve), of the studied material was obtained and revealed the development of a Fracture
Process Zone (FPZ) which is symptomatic of a quasi-brittle behavior. Moreover, the cyclic loading applied
during the fracture test revealed the existence of a second dissipative mechanism leading to residual crack
opening which seems to be mainly caused by friction phenomenon in the FPZ.
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1. Introduction

Pharmaceutical tablets are common forms of drug delivery systems.
They are produced using a process of die compaction. Compared to the
die compaction used in other fields (e.g. ceramics or metallic powders),
the specificity of pharmaceutical die compaction, also called tableting,
is the use of relatively high strain rates. The time of compression of
the powder in the rotary presses used in the industry is around a few
10 ms. This makes it possible to produce several hundred thousand
tablets per hour and this explains the wide use of this process in the
pharmaceutical industry [1].

Despite these advantages, tableting can also be a challenging pro-
cess and several kinds of defects can appear during the manufacturing
of tablets. Among these defects, problems of tablet fracture are com-
monly reported. In some conditions, the tablet breaks when ejected
from the die. Depending the kind of failure, these phenomena are called
capping or lamination [1]. There is a large literature on this subject,
and the mechanisms that promote the failure have been proposed [2–
8]. Nevertheless, these phenomena are still complicated to predict. One
of the reason is that the fracture behavior of tablets is still not fully
understood.

Depending on the chemical nature of the powder used to make
the tablets, the fracture behavior obtained can differ. Some products,
like microcrystalline cellulose, are said to present a ductile failure
whereas other products, like lactose, mannitol or calcium phosphate
seems to present brittle fracture [3,9,10]. Hiestand et al. proposed a
classification based on the Brittle Fracture Index (BFI) coefficient [3].
It consists on using the maximum force evaluated on a brazillian test
for a drilled and non drilled specimen, respectively 𝐹𝑡0 and 𝐹𝑡 in the
following equation:

BFI = 1
2

(

𝐹𝑡
𝐹𝑡0

− 1
)

. (1)

The brittle fracture index was developed in order to classify the
materials related to their ability to relax local stresses and then predict
defects like capping and lamination. Results presented in the literature
indicate that products with a high BFI, i.e. that present a brittle
fracture, are more prone to present capping and lamination during
compaction. The BFI is obtained by calculating the apparent tensile
strength of tablets with and without a hole at the center, from the peak
force obtained in the diametral compression test, also known as the
brazilian test.

The brazillian test is a common way (Fig. 1-a), for many decades,
to evaluate the tensile strength of heterogeneous and brittle materials
like rock [11–14], concrete [15], ceramics [16–19] and pharmaceutical
tablets [20–22]. This mechanical test presents great advantages com-
pared to the bending test regarding the experimental set up, especially
for pharmaceutical tablets which are mainly cylindrical and cannot be
easily manufactured in the shape adapted to other tests. Nevertheless,
strong recommendations need to be followed in the setting up of this
test to avoid contact boundary effects [23–25].

These limitations do not make it possible to obtain a quantitative
characterization of the fracture behavior using this test. For example,
it is well-known that different tensile strengths are obtained in the
Brazilian test and in the three-point bending test [26–29]. Nevertheless,
no convincing explanation of this phenomenon is so far proposed in the
2

literature. a
A pharmaceutical tablet is a porous and heterogeneous solid. Recent
works proposed to link these inherent defects of the material and the
strength evaluation through standard brazillian tests [30]. An extended
Hiestand criteria was also proposed [31] and seemed to indicate that
the behavior of pharmaceutical materials may be better described as a
quasi-brittle material than as a brittle one.

The quasi-brittle theory was mainly used for concrete-like mate-
rials [32–35]. In a quasi-brittle material, the tip of the main crack
originates from a finite Fracture Process Zone (FPZ) in which toughen-
ing mechanisms take place as microcracking and crack bridging. When
a fracture test is performed on a notched specimen, the FPZ develops
from the notch up to a critical size, then the main crack propagates pre-
ceded by its critical FPZ, leading the so-called self-similar propagation
regime. Nevertheless, for most specimen geometries, the self-similar
propagation of the main crack takes place in the postpeak regime
emphasizing that, at peak load, the FPZ is still under development.
Thus, studying the fracture behavior from the peak load leads to a very
partial characterization of the fracture phenomena. It is thus necessary
to use a fracture test that makes it possible to study the whole fracture
process, i.e. the pre- and post-peak phenomena. Moreover, in such
materials, the Linear Elastic Fracture Mechanics (LEFM) cannot be used
directly due to the existence of the FPZ ahead of the main crack tip and
the associated non linear phenomena.

The concept of equivalent linear elastic fracture mechanics was
developed in the literature in order to apply the tools of LEFM to
quasi-brittle materials [36–39]. It is also known that energy dissipative
mechanisms due to internal contacts and friction phenomena which
take place within the FPZ need to be taken into account through cyclic
loading [33], in order to avoid overestimation of the energy release
rate.

In the pharmaceutical field, some studies used the Single Edged
Notched Beam (SNEB) test (Fig. 1-b) [40,41]. Nevertheless, this test
limits the free development of the FPZ or the self-similar propagation
of the main crack due to the compression zone which is present along
the specimen ligament. Thus, if this test is suited to study a brittle
material, it does not allow for a correct study of quasi-brittle materials
unless using large dimensions (which is difficult for pharmaceutical
powder-based materials).

To overcome these problems, it is proposed in this article to use
the Disk-shaped Compact Tension (DCT) test which proposes, like all
the previous works, an opening fracture mode, so called mode I,
pposed to the two other opening modes II and III, the transverse
nd longitudinal shear opening modes. This test is well known as a
atural self-stabilized fracture test [42] and was used successfully for a
uasi-brittle material such as concrete [43]. This test presents many
dvantages. First, thanks to a retroaction loop on the displacement
easurement, it is possible to control the propagation of the crack

nd thus to avoid any dynamic uncontrolled propagation that would
equire a dynamic fracture approach [44]. Second, this test allows for
good control of the boundary conditions. Finally, it can be applied to

he geometry of a tablet (round) which is close to the geometry used
ndustrially and that can be manufactured using relevant compaction
onditions. The objective of this work was to show, on one model
aterial, that the DCT test can be applied to pharmaceutical tablets

nd that it makes it possible to study their quasi-brittle behavior.
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Fig. 1. The two main test used in the pharmaceutical field: the brazilian test [30] (a)
and the SENB test [40] (b).

2. Material and tools

2.1. Tablets manufacturing

2.1.1. Powders
The powder used to produce compacts in this study was an anhy-

drous calcium phosphate (ACP) (Anhydrous Emcompress®, JRS
Pharma, Rosenberg, Germany). Fig. 2 presents, for this product, the
particle size distribution data (analysis performed in dry mode at 0.5
bars by laser diffraction using a Mastersizer 2000 Malvern, Malvern,
UK) and a micrography obtained using a scanning electron micro-
scope (TM3000, Hitachi, Tokyo, Japan). The mean grain size of the
ACP powder was found close to 173 μm. To perform the compaction
experiments, the product was mixed with 1.5% (w/w) of magnesium
stearate (Cooper, Melun, France) to minimize the frictions in the die.
The blending was performed at 49 rpm for 5 min using a turbula mixer
(Type T2C, Willy A Bachofen, Muttenz, Switzerland).

2.1.2. Tablet compaction
All the compacts were produced using a compaction simulator

𝑆𝑡𝑦𝑙𝑐𝑎𝑚® (Medelpharm, Beynost, France). This tableting press is a
single station press. It is equipped with force sensors (accuracy of 10N)
and the displacements of the punches are monitored with an accuracy
of 0.01 mm.

One set of round flat-faced euro B punches with a diameter of 16mm
was used (ACM, Avilly-Saint-Leonard, France). All the compacts were
obtained using the same compaction kinematic (total compression time
of about 100ms). The compression profile used on the stylcam was
a direct cam profile running at 15cpm. An example of the obtained
kinematic can be found on Fig. 3.

One compression pressure of 200MPa was chosen for the selected
product in order to obtain sufficiently strong tablets to perform the
tests. The filling height was set in order to obtain tablets with a
thickness around 4.6mm.

2.1.3. Tablet machining
The cylindrical tablets were then modified in order to obtain the

DCT geometry presented in Fig. 4. Two holes for tensile loading of
the specimen and an initial notch were machined. In the pharmaceu-
tical field, two techniques are used to insert holes in the compacts:
using specially designed punches [3,45–47] or machining holes using a
drill [30,48]. In the present study, the last method which was already
successfully applied in the case of pharmaceutical tablets was used. It is
already known that this process does not damage the sample near the
hole [30]. A micro-chainsaw with a 𝑒 = 0.5 mm width disk was used to
machine the initial notch and its length was the half of the diameter as
𝐷 = 8 mm. The two holes, with a diameter 𝐷𝑝 of 1mm, were machined
for the pins using a specific drill bit. The position of the pins and of
the tip of the initial notch were set such that the ratio 𝑎0∕𝑊 was equal
to 0.35. The final geometry of the sample does not follow the standard
ASTM (E 399 – 90), but remains closed to it.
3

2.2. Experimental setup

The implementation of this test required the development of an
experimental device illustrated in Fig. 5. As can be seen, the upper
part of the sample is connected to a conventional tension-compression
machine MTS of 50 kN capacity thanks to a pin and an ‘‘extra-flexible’’
steel wire of 3 mm diameter, allowing the rotation of the sample
to its optimal position during the loading. A system of nut/counter-
nut ensured an optimal positioning of the device. The lower part of
the device was fixed to the machine frame to avoid any unwanted
rotation during the unloading phases. To measure the force, a 100
N load cell was used. For the displacement measurement, a digital
extensometry system was used with two cameras (one for each side
of the sample). Based on the movement of a fresh speckle applied
on both sides of the sample, the value of the displacement measured
by each extensometer (using the Vic2D software) corresponded to the
relative displacement between two small area of interests (the pink
squares in Fig. 5-(b)) located in the alignment of the pins, on both
sides of the initial notch and in the immediate vicinity of the pins.
Note that the average of these displacements led to an estimation of
the displacement corresponding to the load applied to the specimen
and also to the external work. Indeed, this displacement avoids the
consideration of indentation displacements due to the pin contacts with
the specimen and hence provides a reliable estimation of the actual load
displacement implied in the external work done on the specimen. The
spatial resolution of the two cameras is 1 pixel for 15 μm, the precision
of the two extensometers being around one twentieth of a pixel, this is
equivalent in our case to an accuracy of about 0.7 μm.

During the loading and the unloading, the specimen was stressed
in tension (Mode I) by imposing a crack opening speed controlled
by the digital extensometry. A proportional–integral–derivative (PID)
controller was adjusted between the displacement of the machine (i.e
the displacement of the upper pin) and the optically measured displace-
ment. It ensured a real time control of the crack opening and stabilized
the crack propagation. The loading rate, i.e. the notch opening velocity,
was set equal to 0.5 μm s−1 for all tests in this work. The next section
illustrates this stability control.

3. Preliminaries

3.1. Stability during monotonic loadings

A monotonic DCT test was first performed using a constant cross
head displacement velocity (i.e. without notch opening control). The
force–displacement curve is shown in Fig. 6. A sudden break of the
specimen occurs just after reaching the maximum force at around 9 N.

Fig. 7 exhibits the load–displacement response obtained from the
same experimental set up but by controlling the test in displacement
from the notch opening measured using the average of the two digital
extensometers. The curve exhibits first a linear portion corresponding
to the elastic regime of the specimen until reaching also a maximum
value around 9N. Then a non linear behavior takes place up to the
peak load followed by a post peak regime in which the load decreases
progressively with respect to the notch opening displacement. The
non linear regime occurring in the pre-peak regime and continuing
in the post-peak, as shown in Fig. 7, is symptomatic of a softening
behavior as expected in the case of a quasi-brittle behavior and is
not observable without the notch opening controller. This softening
behavior is associated with the development of the FPZ from the initial
notch in which microcracking and crack bridging phenomena take
place.

Thus, the behavior exhibited by the tablet was typical from a quasi-
brittle material and it proved that the material used must be treated as
such. It confirms that, if the maximum force obtained from a brazilian
test is sufficient to characterize a brittle behavior, this one appears very
insufficient to characterize the complexity of a quasi-brittle fracture
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Fig. 2. Granulometry (a) and microscopy of the powder (b).
Fig. 3. Compaction kinematic used to obtain the compress..

Fig. 4. Sample geometry schemes for the DCT test (the width 𝑤 is 4.6mm).

process induced by the development of a fracture process zone. Indeed,
if the characterization of a brittle material requires the estimate of
a single fracture energy value which can be obtained from the peak
load, the characterization of a quasi-brittle fracture process requires
the estimate of the resistance to crack growth with respect to the crack
advance.

If the monotonic loading test allows the observation of the quasi-
brittle behavior of the material, it appeared insufficient to ensure
4

that the crack propagation only involves dissipation of elastic energy
which would then be characterized by a simple decrease of the elastic
stiffness of the specimen and that no energy was dissipated through
other dissipative phenomena. In order to analyze this last point, cyclic
loading tests are necessary and are presented in the next section.

3.2. Cyclic loadings

A progressive cyclic displacement was then applied on eight sam-
ples. The boundary conditions remained the same as for the monotonic
test with a notch opening control and a progressive displacement was
imposed on the specimen. The loading was divided into 20 cycles. The
load–displacement response is plotted in Fig. 8 and is compared to
the result shown in Fig. 7. The envelope curve of the cyclic loading is
comparable to the response obtained from the monotonic curve which
was expected and makes it possible to show that the test was properly
controlled and repeatable.

Moreover, cyclic tests can be used to check if residual displacements
are cumulated during the cycles. This can be done by measuring, for
each cycle noted 𝑖, the residual displacement using the reloading curve
of the following cycle 𝑖 + 1. When the sample is reloaded for the cycle
𝑖 + 1, the initial linear slope corresponds to the current stiffness of
the sample. When a straight line is fitted into this linear part, if the
process is completely elastic, it should intercept the origin. Indeed, if
the FPZ development only involved toughening mechanisms such as
microcracking and crack bridging associated or not with the propaga-
tion of the main crack, the elastic released energy should only lead to
a decrease of the elastic stiffness of the specimen without any residual
displacements. Thus, if the line intercepts the 𝑥-axis at a positive
value, this value would be symptomatic of a residual displacement
and reveal that some energy was dissipated by other mechanisms like
microfriction (or micro-plasticity). The results of this evaluation are
presented in the following Fig. 9.

The cumulated residual displacement was increasing for all the
tested samples, starting at 0 and reaching values between 10 and
40 μm. The high difference on the values at the end of the cycles can
be explained by the natural variability of the microstructure of the
material and also with the graphical building of the elastic stiffness
which can induce also a variability regarding the intersection with
the 𝑥-axis. Nevertheless, among all the eight tests, the tendency was
clear and the residual displacement was increasing during the crack
propagation and thus ACP cannot be considered as a purely damageable
elastic material. This means that the secant stiffness cannot be used to
estimate the elastic stiffness of the specimen and hence to estimate the
equivalent linear elastic crack length used as the 𝑥-axis of the R-curve.
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Fig. 5. Pictures of the experimental set up with a sample without the speckle (a) and details of one side of the speckle used for the digital extensometers where pink squares are
the area of interest (b). These areas are aligned with the pin axis, on both sides of the initial notch and in immediate vicinity of the pin axis. The relative displacement between
the areas of interest was used for the displacement control of the test.
Fig. 6. Typical load–displacement curve obtained from a non-stabilized monotonic
loading (sample #A).

In this sense, the fracture energy 𝐺𝐹 ≈ 6.17 Jm−2 estimated from
the area under the red envelope curve plotted in Fig. 8 integrates both
the actual fracture energy of the tablet and the energy related to the
microfriction mechanism accompanying the fracture phenomena. As a
consequence, in the rest of this work, only cyclic tests were considered.

A specific analysis was required to dissociate the actual fracture
energy and the energy related to other dissipative mechanisms. One
could speak of plasticity because of the residual displacement. This term
might seem abusive from the point of view of the local mechanisms
which are not a priori associated with plasticity, but rather than with
microfriction phenomenon as previously mentioned. Nevertheless, the
term plasticity was used in the rest of this article.

3.3. Analysis procedure

3.3.1. Elastic stiffness
The graphical procedure applied from the load–displacement curve

to get the elastic stiffness of each cycle is illustrated in Fig. 10. For
5

each cycle, a red line is built thanks to a linear regression and cor-
responds to the tangent of the curve. The minimal mean square error
is used to quantify the proper range of the load–displacement curve
that is set to evaluate the tangent. Non linear behaviors appear at the
beginning of the reloading part of the cycle, mainly due to contact
effects and/or microfriction mechanisms. On Fig. 10, the slope of the
red line corresponds to the elastic stiffness of the sample at the onset
each cycles.

3.3.2. Energetic evaluation
In order to dissociate the energies related to fracture from other dis-

sipative mechanisms at each cycle, the following method was proposed
for two consecutive cycles 𝑖 and 𝑖 + 1 and is also illustrated in Fig. 10
(cycles number 6–7 and number 15–16 on the cyclic DCT test of the
sample referred to #3):

• the orange area was used as the elastic energy loss by quasi-brittle
damage. To evaluate graphically this area, two lines L1 and L2
(in red in Fig. 10-a) was defined that are respectively the slope
of the elastic stiffness of cycles 𝑖 and 𝑖 + 1. Then, the point P1
was defined as the peak force during the cycle 𝑖. And finally, the
point P2 was defined as the intersection between : (1) L2′ which
is parallel to L2 and have the same origin than L1, and (2) the
force ordinate when the unloading of the cycle 𝑖 is beginning.
Finally, the orange area was evaluated with the following contour
{L1;P1;P2;L2′};

• the blue area was used as the plastic energy. To evaluate graphi-
cally this area, the orange area was subtracted from the total area
composed of the contour {L1;part of the curve between L1
and L2;L2}.

The so-called ‘elastic’ and ‘plastic’ energies were estimated from
the orange and blue surfaces. These energies was used to estimate the
resistance to crack growth of the tablets also called as resistance curve
or R-curve.

3.3.3. Equivalent LEFM crack length
In order to estimate the resistance curve of the material, the equiv-

alent LEFM formalism was used. In our case, as seen in the previous
section, an energetic approach was considered. In quasi-brittle fracture,
the development of FPZ ahead of the crack tip prohibits the direct use
of LEFM because of:
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Fig. 7. Typical load–displacement curve obtained from a monotonic loading preformed under notch opening control (sample #B). The term 𝐹𝑚 corresponds to the maximum force
during the test.
Fig. 8. Typical force–displacement curve for a cyclic loading (sample #8). The
superposed red curve is the previous monotonic test (sample #B) for comparison.

• non linear toughening mechanisms taking place in the FPZ;
• the difficulty to estimate the location of the crack tip in the FPZ.

Nevertheless, an adaptation of LEFM so called equivalent LEFM pro-
ides an approximation of quasi-brittle fracture through the use of an
quivalent linear elastic crack length (so called equivalent LEFM crack
ength) which gives, in a purely elastic medium, the same specimen
tiffness as the one of the experimental specimen, i.e. the stiffness
nduced by the main crack with its FPZ [37,49,50].

Thus, a 3D numerical simulation was first built to simulate the crack
ropagation with the same geometry configuration as experimentally
see in Fig. 11) but assuming a purely linear elastic behavior described
y Young modulus and Poisson ratio values respectively equal to
.16GPa [21] and 0.3. A symmetry plane was used and the crack
ropagation was done by releasing the nodes located in this plane.
t each release of node, a numerical stiffness 𝐾 was evaluated in the
ame way as experimentally by taking ratio between the nodal force
t the pins and the displacement at the location where it is measured
xperimentally using the digital extensometers. Then, thanks to this
imulation, the stiffness loss ratio which is the ratio between the current
6

Fig. 9. Experimental results for the cumulated residual displacement for all the 8
sample tested in this work.

elastic stiffness and the initial one 𝐾
𝐾0

was calculated as a function of

the crack length increment. The result is plotted in Fig. 12. This last
relation was used to link the experimental stiffness at each cycle and
the so-called equivalent LEFM crack length.

4. Final analysis

Based on the protocols explained in the previous section, eight tests
(i.e. eight tablets) were performed and analyzed. The stiffness evolution
for each cycle is plotted in Fig. 13. For all the tests, the initial stiffness
exhibited a value around 1.2Nμm−1 with a deviation of 15%. The
decrease was very well repeatable and the stiffness tended toward 0
at the cycle number 20.

Fig. 14 shows the results in terms of crack length increment (𝛥𝑎 =
𝑎 − 𝑎0) for the eight tests at each cycle in the same graphics than the
experimental stiffness ratio obtained from the datas of Fig. 13. To get
𝛥𝑎, the data from Fig. 12 was used to derive, using an interpolation
procedure, the value of the equivalent LEFM crack length increment
from the experimental values of the stiffness loss ratio. The eight tests
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Fig. 10. Example of the energy dissociation for the sample #3, in between the cycles [6–7] and [15–16]. The orange area will be used as the elastic energy loss by damage and
the blue area as the so-called ‘plastic’ energy loss by micro friction and/or micro plasticity. Red lines correspond to the initial elastic stiffnesses of each cycles.
showed the same tendency of a growing crack reaching a final crack
length around 6mm, close to the edge of the sample.

Thanks to the previous values for each test, the resistance to the
equivalent LEFM crack growth noted 𝐺𝑅 is plotted as a function of the
crack length in Fig. 15-(a). 𝐺𝑅 was obtained by dividing the so-called
‘elastic’ energy by the equivalent crack length increment and the width
of the sample (4.6mm), i.e the equivalent crack surface increment. An
equivalent ‘plastic’ energy, noted as 𝐺𝑝

𝑅, was also obtained by dividing
the corresponding energy by the equivalent crack surface increment
and plotted in Fig. 15-(b).
7

The 𝐺𝑅 data showed an increasing tendency until reaching a con-

stant value, which is a typical response observed in the case of quasi-

brittle fracture. According to previous works [49,50], a fitting function

was proposed to adjust the datas as:

𝐺𝑅(𝛥𝑎) =

⎧

⎪

⎨

⎪

𝐺𝑅𝑐

(

𝛥𝑎
𝛥𝑎𝑐

)𝛽
if 𝛥𝑎 < 𝛥𝑎𝑐

𝐺 if 𝛥𝑎 ≥ 𝛥𝑎
(2)
⎩

𝑅𝑐 𝑐
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Fig. 11. Displacement field obtained by 3D FEM simulation.

where 𝛥𝑎 = 𝑎 − 𝑎0 corresponds to the crack length increment from the
initial notch length 𝑎0, and 𝛥𝑎𝑐 = 𝑎𝑐 − 𝑎0 is the critical crack length
increment denoting the end of the rising part of the R-curve and so the
onset of the plateau regime of the resistance to crack growth noted as
𝐺𝑅𝑐 (𝑎𝑐 is then the eq. LEFM crack length for which 𝐺𝑅𝑐 is reached).
The 𝛽 exponent guides the non linear rising of 𝐺𝑅. An incremental
algorithm was built based on mean square method finding the optimal
couple {𝛥𝑎𝑐 ∶ 𝛽} to minimize the mean square error. Thus, 𝐺𝑅𝑐 took
the value of the output coefficient of the mean square algorithm for
this discontinuous function. The result is plotted as the blue dotted
curve, noted ‘fit’, in Fig. 15-(a) with: 𝛥𝑎𝑐 = 2mm, 𝛽 = 0.4081 and 𝐺𝑅𝑐
= 4.68 Jm−2.

The R-curve data, i.e. the values of 𝐺𝑅 as a function of 𝛥𝑎 exhibited
typical curve shape expected for a quasi-brittle material. The resistance
to crack growth first increases before reaching a plateau value at a
crack increment greater than 𝛥𝑎𝑐 . The rising part of the R-curve (i.e.
for 0 < 𝛥𝑎 < 𝛥𝑎 ) reflects the development of the FPZ from the initial
8

𝑐

Fig. 12. Simulated loss ratio of the stiffness as a function of the crack length increment.

Fig. 13. Experimental results for the evaluation of the stiffness for all the 8 sample
tested in this work.

notch to its maximum size at 𝛥𝑎 = 𝛥𝑎𝑐 . Thus, this critical crack length
increment corresponds to the so called equivalent linear elastic length
of the FPZ (eq. LEFM length of FPZ) which is approximately equal to
2mm for ACP. The real length of the FPZ can be considered with a
value between one and two times greater than its equivalent elastic
length [37], but is nevertheless sufficiently small for this DCT geometry
to guarantee a self-similar crack propagation.

For crack length increments 𝛥𝑎 > 𝛥𝑎𝑐 , the resistance to crack growth
exhibits a plateau value 𝐺𝑅𝑐 which emphasizes a self-similar crack
propagation. This regime corresponds to the propagation of the main
crack with its critical FPZ and this propagation takes place in a self-
similar way emphasizing that the critical FPZ can be considered in an
energetic steady state during the main crack propagation [37].

Moreover, for each tests, the equivalent crack length increment
corresponding to the peak load, noted 𝛥𝑎𝑢 was also evaluated with the
same interpolation methods from the simulated stiffness loss ratio 𝐾

𝐾0
,

𝐾 being in this case the ratio
𝐹𝑚
𝑑𝑢

(𝐹𝑚 and 𝑑𝑢 being respectively the

maximum load and its corresponding displacement) and are plotted in
Fig. 15-(a) in green. All the values of 𝛥𝑎𝑢 are around a mean value
of 1.1mm which is lower than the equivalent critical crack length
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Fig. 14. Estimation of the crack length increment and the stiffness loss ratio for each cycles and for all the eight tested samples.
Fig. 15. Final R-curve for the ACP (a) and its corresponding ‘plastic’ energy curve (b).
ncrement 𝛥𝑎𝑐 which indicates that the FPZ is not yet fully developed
t the peak load with ACP.

Thus, the DCT test proposed in this work can be considered as valid
n so far as it allows for (𝑖) the self-similar propagation of the main crack
ith its FPZ (characterized by the plateau value of the R-curve) and,
s a consequence, (𝑖𝑖) the free development of the FPZ from the initial
otch preceeding this self-similar crack propagation. These two points
re the two characteristics of a minimal dependence of the fracture
rocess on the specimen geometry [37]

Moreover, the value 𝐺𝑅𝑐 can be compared to the average fracture
nergy 𝐺𝐹 of 6.17 Jm−2 (the red dashed line in Fig. 15-(a)), which

clearly shows and quantifies the contribution of other dissipative mech-
anisms during the fracture process for the ACP. Fig. 15-(b) represents
the ‘plastic’ energy 𝐺𝑃 associated with these other dissipative mech-
anisms. Despite the high variability of the data, one can see that the
difference between 𝐺𝐹 and 𝐺𝑅 is of the same order of magnitude as
𝐺𝑃 but not for all the data points, which can be one of the limits of the
proposed protocol to indentify other dissipative mechanisms during a
propagation. Numerical simulations at small scales could be a valuable
9

benefit in this sense.
5. Discussion & conclusions

In the light of this experimental campaign, the material studied in
this work reveals a quasi-brittle behavior in the sense that toughening
non linear mechanisms are occurring at the crack tip inside a FPZ.
Thus, the LEFM cannot be used without at least an adaptation such as
the equivalent LEFM proposed here. Moreover, the peak load cannot
also be used to build a design criteria. Indeed, for all tests of this
campaign, the equivalent crack length increment at the peak load 𝑎𝑢
was at most 60% of the critical equivalent crack length increment
𝑎𝑐 (see Fig. 16). This critical value indicates the beginning of the
self-similar regime that need to be captured experimentally to fully
analyze the material. Fig. 16 illustrates this effect by putting the two
corresponding stiffnesses for 𝑎𝑢 and 𝑎𝑐 on the data from Fig. 7. The
green point indicates the end of the development of the FPZ and so the
onset of the self-similar regime of the crack propagation.

Thus, the analysis of the fracture properties of the material from
the peak load (which is the case of the brazilian’s test) can only lead
to a partial analysis of the fracture process. The characterization of

the fracture properties of a quasi-brittle material requires the analysis
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Fig. 16. Typical load–displacement curve obtained from a non-stabilized monotonic
oading (sample #A).

f the whole fracture process (pre- and post-peak) and quantifica-
ion of the evolution of the elastic stiffness of the specimen from
oading–unloading cycles.

Moreover, these results show that in order to describe and simulate
recisely the quasi-brittle behavior, it is necessary to use either a
amage model [37] (softening) that can includes a plasticity part (in the
ase of ACP, it was shown that the ‘plastic’ energy cannot be neglected),
r a discrete model also with softening but with a friction model instead
f using a plasticity one, or again an analytical approach using the
-curve and the ‘plastic’ energy curve 𝐺𝑃 given in this work.

Further fracture analyses on other classical materials coming from
the pharmaceutical field are currently in process. As all of these ma-
terials are made by the same powder compaction process, it is ex-
pected that they will give also a quasi-brittle behavior and thus can
be analyzed with the proposed methodology composed of:

• the stabilization of the Disk Shaped Compact Tension test using
the notch opening displacement controller, that allows to avoid
instability issues;

• the cycling loading in order to estimate the elastic stiffness evo-
lution and thus to quantify all the other dissipative mechanisms
like micro-friction inside the FPZ that can occur during the devel-
opment of the FPZ and also during the self-similar regime;

• the equivalent LEFM framework which adapts the classical LEFM
to the non linear case and where the resistance curve of the
material can be obtained.

The perspective of this work is to build a featured cohesive law
including the softening but also the micro-friction mechanisms. The
implementation is now in process using very recent developments using
the discrete element method [51] that will be able to simulate real ap-
plication cases during the manufacturing process of the pharmaceutical
tablets, such as capping or lamination.
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