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Abstract

Cracks in engineering materials and structures can undergo different modes of
deformation. This chapter presents a numerical and experimental approaches aimed
to assess the fracture toughness and the Fracture behavior under tensile and shear
loading of bioceramics based on commercial Alumina (Al2O3), synthesized
Tricalcium phosphate (β-TCP). Conditioning was conducted at different percent-
ages of TCP. After a sintering process at 1600°C for 1 hour, The Crack Straight
Through Brazilian Disc were performed by image correlation during a mechanical
test and numerical tests were carried out in order to find the angle where the pure
mode II. A CDM based constitutive model was selected and implemented into a
finite element code to study the damage of our bioceramics. The result of this
combination was compared with the direction of crack propagation obtained
experimentally. The directions of crack propagation found numerically were found
in good agreement with those experimentally obtained by a mechanical test. Alu-
mina-10 wt.% Tricalcium phosphate composites displayed the highest values of the
fracture toughness. This value reached 8.76 MPa m1/2 MPa. The same optimal
composition for the mode I and mode II stress intensity factor with maximum
values of 7.6 MPa m1/2 and 8.45 MPa m1/2 respectively.

Keywords: Fracture, Modeling, Tensile loading, Shear loading

1. Introduction

Recently, the technology of tissue engineering has widely known in substantial
advancements and innovations. This technology is a discipline to restoring the task
of various organs through the regeneration and also develop novel synthetic bio-
materials. It is being investigated and applied in most organ systems, restoring the
function of various tissues and organs, such as heart valves, blood vessels and
orthopedic implants, among many others [1–3]. Cracks and flaws which certainly
exist in the sample reduce in a significant way the load-bearing capacity and then
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cause the substitute to break [4, 5]. The fracture toughness and stress intensity
factor have been proposed to express the critical stress states in the vicinity of the
crack tip, in the aim to analyze crack initiation and propagation [5].

Calcium phosphate bioceramics, with its excellent biological properties, such as
biocompatibility and osteconductivity and its outstanding mechanical properties,
including hardness, low density and its inertness at high temperature, is widely
known as a suitable candidate for biomaterials. Despite their advantages, Calcium
phosphates bioceramics exhibit very low toughness which limits their overall appli-
cations [6]. The challenge of increasing the toughness of bioceramic has been a key
motivation in the field of biomaterials research. In this pursuit of improving tough-
ness, β-tricalcium phosphate (β-Ca3(PO4)2) (β-TCP) are often used due to its
outstanding biological responses to physiological environments [7]. The introduc-
tion of Alumina (Al2O3) toughening agent increased the toughness of the
tricalcium phosphate composite.

Alumina has been widely studied due to its high wear resistance, fracture
toughness and strength as well as relatively low friction without forgetting its
bioinertness [8].

In recent investigation, Barkallah et al. [9] have been concerned with the Alu-
mina - Tricalcium phosphate composites with different percentages. These Al2O3/β-
TCP composites have shown a good combination of elastic modulus (76 GPa),
tensile strength (27 MPa), compressive (173 MPa) and flexural strength (66 MPa)
but this biomaterial has never been investigated the stress intensity factors in Crack
Straight Through Brazilian Disc specimen, under tensile and shear loading and their
crack’s initiation and its propagation. Those parameters of the developed compos-
ites should be evaluated.

In fact, there are three basic fracture propagation modes (Figure 1): Mode I
(opening mode), Mode II (in-plane shear mode), and mixed mode [10]. In pure
mode I loading, any two respective points along the notch faces open relative to the
notch bi-sector line without any sliding. Under pure mode II, the two respective
points along the notch faces slide relative to the notch bi-sector line without any
opening and the tangential stress along the bi-sector line is zero. Any combination
of mode I and mode II deformation is called mixed mode loading. The shear stress
along the bi-sector line is zero for only the loading is pure mode I [11].

Figure 1.
Basic modes known in fracture mechanics: (a) tensile opening (mode I), (b) In-plane shear (mode II) and
(c) out-of-plane shear (mode III).
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Many different test specimens have been proposed in the past for brittle or
quasi-brittle materials for determining the mode I, II fracture toughness for various
engineering materials [12–14]. The centrally cracked Brazilian disc specimen has
been used by many researchers to study mode I and mode II fracture mechanics in
different brittle materials [11, 14].

Because of the brittleness of Biomaterials based on ceramics, the study of the
contact problem with external objects is important. However, ceramics and
bioceramics are inherently brittle. This characteristic leads, in particular, to a wide
variation in the material strength. A CDM based constitutive model have been
developed to study the damage of our bioceramics and thanks to this model, the
numerical modeling of the damage behavior of bioceramics during a mechanical
test is reported. This modeling is essential for a better understanding of fracture
mechanisms of bioceramics [15].

On the other hand, in the last 20 years, digital image correlation (DIC) has
shown that it is a valuable non-contact technique for measuring kinematic fields
during a mechanical test [16, 17]. In order to account for the maximum load, it is
crucial to work with local displacements at the damage progress zone.

In this chapter, we present a damage model in combination with finite element
technique that can help automatize the damage progress fracture in an efficient
manner. Our work was undertaken to evaluate the mechanical behavior of the
combination of commercial alumina with synthetic Tricalcium phosphate as bone
substitute material. To achieve this purpose, we study the stress intensity factor
KI under tensile stress (mode I rupture) and stress intensity factor KII under
shear stress (mode II rupture experimentally and theoretically using modified
Brazilian test. The samples were also characterized by scanning electron
microscopy (SEM).

2. Materials and methods

2.1 Materials

In order to elaborate Al2O3-TCP, the materials used were commercial Al2O3

(Riedel-de Haёn, purity >98%) and synthesized tricalcium phosphate powders.
The β-TCP powder was synthesized by solid-state reaction from calcium phos-

phate dibasic anhydrous (CaHPO4) and calcium carbonate (CaCO3). Stoichiometric
amounts of high purity powders, CaCO3 (Fluka, purity ≥98.5%) and CaHPO4

(Fluka, purity ≥99%) were sintered at 1000°C for 20 hours to obtain the β-TCP
according to the following reaction [18]:

Synthesized Tricalcium phosphate was introduced with α-Alumina powders.
The approximate representatives Al2O3-TCP were {90 wt.%, 10 wt.%}, {80 wt.%,
20 wt.%}, {60 wt.%, 40 wt.%} and {50 wt.%, 50 wt.%}.

It is worth mentioning that the size of particles of each powder was measured
(2.53 μm for Al2O3 and 2.79 μm for TCP).

As starting materials, calculated quantities of The β-TCP and Al2O3 powder were
mixed by homogeneous mixing in a mortar and milled in absolute ethanol and
treated with an ultrasound machine for 20 min. After milling these powders, the
mixture was dried at 80°C for 24 hours to eliminate the ethanol. After drying,
mixtures powders thus prepared were molded in a metallic cylinder mold having a
diameter of 30 mm and a thickness of 5 mm and uniaxially pressed at 67 MPa. A
crack “2a” of 12 mm was added to the CSTBD specimens were considered for each
compacted specimens. The crack of the CSTBD specimens was added by a specific
metal mold (Figure 1). At least six specimens were tested under each test condition.
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Finally, the specimens were sintered at 1600°C for 1 hour in a vertical program-
mable muffle furnace (Pyrox 2408) and were heated and cooled at a rate of 10°
C min�1 and 20°C min�1, respectively.

On the other hand, one side of each fracture sample has been sprayed with black
then white paint in order to form the speckle pattern that will be used by the Digital
Image Correlation (DIC) technique.

2.2 Experimental part

At least six specimens were tested under each condition and then average values
(KIC, KI and KII) were considered.

2.2.1 Bending test.

The fracture toughness KIC of the samples were assessed using Semi Circular
Bending tests. The samples were positioned on the loading platform by 3-point
compressive loading, at a uniform loading speed of 0.075 mm/min (Figure 2a). The
SCB specimen diameter is equal to 30 mm and 5 mm for thickness. The specimen
contains a crack of 4 mm in the semi disc, as shown in Figure 2b. The crack-length-
to diameter ratio S/D was 0.13.

Using the SCB specimen with straight crack, the fracture toughness KIC was
calculated with the following formula [19]:

KIC ¼ Pmax
ffiffiffiffiffiffi

πa
p

2Rt
YI a=R, S=Rð Þ (1)

Where a is the crack length, Pmax is the maximum load, D is the cylindrical block
diameter and YI is the geometry factor. The latter is a function of the ratio of the
crack length (a) over the semi-disc radius (R) and the ratio of the half-distance
between the two bottom supports (S) over the semi-disc radius (R) (Figure 2b).
The geometry factor YI is expressed as follows [19]:

Figure 2.
Semi-circular bending (SCB): (a) real photo of SCB test (b) illustration of cracked SCB specimen.
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2.2.2 Cracked straight-through Brazilian disc

The introduction of the fracture mechanics approach to brittle materials has led
to the development of materials fracture mechanics, which refers to the initiation
and propagation of a crack or many cracks in materials.

According to the applied stress condition, a crack propagates depending on the
three basic failure modes [20]: Mode I loading state is defined as opening mode, the
mode II is defined as sliding mode (shear mode) and mode III is defined as tearing.

In this chapter, only mode I and II will be studied and detailed. Bioceramic stress
intensity factor under modes I and II was measured using CSTBD specimens for an
experimental and analytical investigation [21, 22]. Disc-type specimens are simple
in geometry and have many advantages in terms of sample preparation, testing and
analysis.

Different combinations of mode I and mode II can be shown by changing the
crack angle β: if the direction of compressive applied load is along the crack bi-sector
line β = 0, the samples is subjected to pure mode I loading. If β 6¼ 0, the samples are
subjected to mixed mode I/II loading. A gradual increase of the loading angle results
in an elevation in mode II effects and reduction in mode I effects. Finally, there are a
specific loading angle β_II for which the sample undergoes pure mode II deforma-
tion. This angle was found in this research by a series of finite element analyses [11].

The UMTS criterion is a criterion for brittle fracture is proposed by Ayatollahi
[11] for prediction the mode II fracture toughness of U notched components and the
fracture initiation angle in CSTBD under pure mode II loading.

The International Society for Rock Mechanics (ISRM) proposed many analytical
formulas for measuring fracture toughness mode I of brittle materials: the cracked
chevron notched Brazilian disc (CCNBD) specimens and the Cracked straight
through Brazilian disc (CSTBD) [12, 23] (see Figure 3a and b). The CSTBD and
CCNBD specimens has the same geometry and shape as the conventional Brazilian
disc used for measuring the indirect tensile strength, except that the CSTBD speci-
men has a through notch length of 2a, by means of the straight-through crack
assumption (STCA) method.

By comparing these two methods, CSTBD has superiority over CCNBD consid-
ering that producing a stream crack is easier than a V-shape crack. [14, 24]

Figure 3.
Disc-type specimens: (a) CSTBD and (b) CCNBD.

5

Combination of Numerical, Experimental and Digital Image Correlation for Mechanical…
DOI: http://dx.doi.org/10.5772/intechopen.99357



The stress intensity factor (SIF) solutions for CSTBD specimens can be met in
Cherepanov’s book [25] and the handbook [26]. the main formulas to remember are
collected as follows:

Cherepanov’s book:

KI ¼
P
ffiffiffiffi

D
p

t
Y (3)

Y ¼
ffiffiffi

2

π

r

ffiffiffiffi

α
p

1þ 3

2
α2 þ 3

4
α6 þ 3

64
α8

� �

(4)

The handbook:

KI ¼
P
ffiffiffiffi

D
p

t
Y (5)

Y ¼
ffiffiffi

2

π

r

ffiffiffiffiffiffiffiffiffiffiffi

α

1� α

r

1� 0:4964 αþ 1:5582 α2 � 3:1818 α3 þ 10:096 α4 � 20:7782 α5
	

þ 20:1342 α6 � 7:5067 α7



(6)

where α ¼ a
R knowing that KI is the mode-I stress intensity factor, Y is the

dimensionless stress intensity factor, P is the concentrated diametral compressive
load, D is the diameter, t is the thickness and a is the crack length.

According to [27], the analytical solution of the stress intensity factor SIF for the
CSTBD specimen for measuring the fracture toughness of ceramics can be
expressed in the following form Shetty et al. [28]:

KI ¼
P

π R t

ffiffiffiffiffiffiffi

π a
p

NI ¼
P
ffiffiffiffiffiffiffi

π R
p

t

ffiffiffi

α
p

NI (7)

Where P is the load applied in compression, a is half the notch length and NI is
the dimensionless stress intensity factor depending on the dimension less crack
length α (a/R) and the notch inclination β.

NI solutions for the CSTBD sample can be determined by several methods:
Starting with Atkinson et al. [29] who has developed NI solutions for determin-

ing the fracture toughness and applied the stress intensity factor solutions of the
CSTBD.

By small crack approximation (α≤0:3) and five-term approximation, NI was
developed as the following formula:

NI ¼ 1� 4 sin 2βþ 4 sin 2β 1� 4 cos 2θ
� �

α2 (8)

With

α ¼ a

R

when β = 0, the problem is reduced to theMode I fracture situation, then
according to, the previously equation NI becomes [28]:

NI ¼ 0:991þ 0:141 αþ 0:863 α2 þ 0:886 α3 (9)
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Wherever, Fowell et al. [22] developed the formula on other form
0:05≤ α≤0:95:

NI ¼
ffiffiffi

π

α

r

0:0354þ 2:0394 α� 7:0356 α2 þ 12:1854 α3 þ 8:4111 α4 � 30:7418α5
�

� 29:4959 α6 þ 62:9739 α7 þ 66:5439 α8 � 82:1339 α9 � 73:6742 α10

þ 73:8466 α11
�

(10)

As mentioned, different combinations of mode fracture can be obtained by
changing the angle β. For while mode II, we can find the specific loading angle β, for
which the specimen undergoes pure mode II deformation, by a series of finite
element analyses. The mode II loading angle β was then determined from finite
element results for the notch length that is already selected for mode I.

The stress intensity factor, for the CSTBD specimen with a through notch length
of 2a, under mode II can be calculated with the following formula [28]:

KII ¼
P

π R t

ffiffiffiffiffiffiffi

π a
p

NII ¼
P
ffiffiffiffiffiffiffi

π R
p

t

ffiffiffi

α
p

NII (11)

NII ¼ 2þ 8 cos 2θ � 5
� �

α2
	 


sin 2β (12)

Where P is the load applied in compression, a is half the crack length and NII is
the dimensionless stress intensity factor under mode II, depending on the dimen-
sionless notch length α=a/R and the crack inclination angle with respect to loading
direction, β (Figure 4).

In this case, NII was developed by [29].

2.2.3 Digital correlation

Nowadays, various full-field non-contact optical methods have been reported in
literature and succeeded in replacing those classical techniques by Digital image
correlation for strain and displacement measurements [16, 30]. The principle of
DIC analysis is based on the comparison of the different successive digital images
acquired during the test.

Figure 4.
CSTBD under pure mode II fracture.
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As mentioned in introduction, the experimental displacement was here com-
puted by using Digital Image Correlation (DIC) in order to determinate the crack
propagation at different states of loading and different composition. In the present
work, DIC calculations have been managed with Correla software.

At each load step and at each composition, a series of images is taken with a CCD
camera and digitalized and then compared to the reference image. For this tech-
nique, the displacement field analysis was performed inside of a Region of Interest
(ROI) divided into discrete subsets. The shape (square or rectangular), the size
(number of pixels) and the distribution (vertical and horizontal distances between
centres, (Lx,Ly)) of these subsets should be carefully chosen. Those parameters
depending to the desired accuracy of measurements (displacement and strain) and
to the spatial resolution for map fields [16].

For each subset, a correlation function is used to estimate the degree of
similarity between the reference image state and the current one (for each given
load) [31].

Increasing the sub-set size allows decreasing the uncertainty because DIC error
mainly depends on the number of pixels in thesubset [17]. The dedicated subsets
were voluntary chosen with different scale factor (as shown on Table 1).

2.3 CDM model

In this study, the FE simulations were performed by a constitutive model
describing the mechanical behavior of brittle material is based on the CDM
approach.

At first, The CDM approach was introduced by Kachanov [32] and generalized
later by Le maitre and Chaboche [33]. It is a concept which provides a mathematical
description of the effect of micro-defects and micro-cracks, at a macro-scale, on the
macroscopic properties of the material. After that, the works of J. Ismail [15] show
that even the mathematical formulation of this damage mechanics model that
allows it to predict the cracking damage patterns in brittle materials.

Composition Scalor factor (mm/pixel)

Alumine 0,047138

Al2O3–10 wt.% TCP 0,047138

Al2O3–20 wt.% TCP 0,0474517

Al2O3–40 wt.% TCP 0,0470807

Al2O3–50 wt.% TCP 0,0480663

Al2O3–10 wt.% TCP - 1 wt.% TiO2 0,04803

Al2O3–10 wt.% TCP - 2,5 wt.% TiO2 0,04803

Al2O3–10 wt.% TCP - 3 wt.% TiO2 0,0481132

Al2O3–10 wt.% TCP - 4 wt.% TiO2 0,048955

Al2O3–10 wt.% TCP - 5 wt.% TiO2 0,0480843

Al2O3–10 wt.% TCP - 7,5 wt.% TiO2 0,0481766

Al2O3–10 wt.% TCP - 10 wt.% TiO2 0,0481766

Table 1.
Calibration scalor factor.
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For an exact estimation of damage patterns, there is a clear need of constitutive
equation of brittle material that is defined by:

σ ¼ k ∗ ε (13)

where K is the fourth-order stiffness tensor which is written as

k ¼ ke þ kd (14)

in which ke denotes the fourth-order stiffness tensor for the isotropic virgin

material. kd is a fourth-order tensor which represents the added damage influence
and the final expression is given by

kdijkl ¼ C1 δijDkl þ δklDij

� �

þ C2 δjkDil þ δilDjk

� �

(15)

where δ is the Kronecker-delta symbol and C1 and C2 are the damage
parameters.

The damage variables that expressed as functions of stress state is introduced
into an anisotropic damage tensor Dij. Their values vary between 0 for virgin state
and 1 for fully damaged (cracking) state.

Both damage patterns (mode I/mode II) are modeled by taking into consider-
ation the effects of tensile principal stresses as well as compressive and shear
stresses.

For the functioning of damage tensor, account should be taken of the effect of
normal principal stress and those shear stress components in the damage mecha-
nisms in brittle materials and the damage for both modes I and II is modeled.

• The first types of components (mode I)

This mode is involved by normal tensile principal stresses. The damage compo-
nents representing are the diagonal terms of tensor K and their values are expressed
in term of critical and threshold stress limits by:

:1

Dii ¼

0 if σi ≤ σt

σi � σt

σc � σt
if σt < σi < σc

1 if σi ≥ σc

8

>

>

>

>

>

<

>

>

>

>

>

:

i ¼ 1, 2, 3 (16)

Where σc and σt are the critical and threshold stresses that corresponds to the
stress below which no damage occurs.

• The second types of components (mode II)

In some cases, the shear mode (mode II) could be activated. Those components
are formulated as a function of shear stress in the symmetry plane. The general
form is:
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Dij ¼

0 if σij ≤ τt andmax σið Þ>0

σij � τt

τc � τt
if τt < σij < τc andmax σið Þ<0

1 if σij ≥ τc andmax σið Þ>0

8

>

>

>

>

>

<

>

>

>

>

>

:

(17)

i ¼ 1, 2, 3 and i 6¼ j

Where τc and τt are the critical and threshold shear parameters, respectively.
The damaged constitutive equations were coded in the Fortran programming

language and implemented in the commercial FE code MSC. Marc to simulate the
behavior and damage evolution in our materials.

The micro-cracks and micro-defects are an irreversible phenomenon. For this
reason, the damage does not decrease during the loading and the Dij is taken as a
monotonic increasing function of time increment:

Dij ¼ max Dn
ij,D

n�1
ij

� �

(18)

Where Dn
ij is the damage value at the current time step n and Dn�1

ij is the damage

value at the previous time increment n-1.
A procedure to identify the model parameters must now be defined. The input

parameters required are:

• The Poisson’s ratio

• The Young’s modulus

• The critical and threshold stresses: c and t in mode I.

• The breaking load

The material properties such as the ultimate tensile strength (σtÞ, the elastic
modulus (E) and the Poisson’s ratio (μ) for Al2O3-TCP were determined experi-
mentally using the standard test techniques at room temperature.

2.4 Finite element analysis

In this section, the commercial FE code MSC. Marc was used to perform the
simulations. A two-dimensional calculation has been performed using the finite
element program MARC. A plane stress FE model with a total number of 8000
Quad 4 elements was created for simulating the specimen by moving two plates to
effect compression on the disk. Figure 5a shows a sample FE grid pattern used for
simulating a CSTBD specimen. The finest elements were located near the notch tip
due to its high stress gradient (Figure 5b).

In order to determine the angle βII for which the sample undergoes pure mode II
deformation, this angle was found in this research by a series of finite element
analyses. Then, the values of the tangential and the shear stresses (σ12, σ22)
along the notch bi-sector line could be obtained from the FE results In a Cartesian
coordinate. In an auxiliary system of curvilinear coordinates, when σθθ r0, 0ð Þ ¼ 0,
the mode I is zero, and hence the specimen is subjected to pure mode II
deformation. Therefore, the mode II loading angle βII is the angle for which
σθθ r0, 0ð Þ ¼ 0 [11].
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After having used the matrix for passing from a Cartesian coordinate system to a
cylindrical coordinate system, σθθ can write Eq. (19),

σθθ ¼ σ22 ∗ cos θð Þ � sin θð Þ ∗ σ12 (19)

In order to obtain the pure mode II loading angle βII, the angle b was gradually
increased from zero and the value of tangential stress σθθ r0, 0ð Þ at the notch tip was
calculated for each loading angle, under a compressive load already found by the
mechanical tests. As the loading angle increased, the value of σθθ r0, 0ð Þ decreased
until it was equal to zero.

In a second step, a CDM criterion for brittle materials has been introduced in the
MARC-2005 to predict the mechanical behavior of our biomaterials subjected to a
mechanicals test and this modeling was used to simulate the damage process. This
combination has allowed to detect crack initiation and to analyze fracture process.

The mechanical properties were chosen to represent the composite specimens,
for which elastic modulus and Poisson’ s ratio are (47.03; 75.96; 55.75; 46.86 and
33.51 GPa) and (0.283; 0.318; 0.361; 0.363 and 0.28), respectively for the variation
of TCP.

3. Results and discussion

3.1 Determination of β under mode II

The CSTBD specimen has been used by many researchers to study mode I and
mode II brittle fracture in different materials. However, the experimental results
obtained in the past part from this specimen indicate that the mode II is β = 22° [34]
and β = 25° [11].

Depending on the crack length and the disc radius already chosen, the numerical
calculation reported in this figure (Figure 6) shows that the stress (σ) is equal to
zero near to angle 22, this result is similar for all compositions, so this angle verifies
the pure mode II. Therefore, the results of the FE analysis have been obtained shows

Figure 5.
A FE grid used for the simulations: (a) FE-mesh for the whole sample, (b) FE-mesh near the notch tip.
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that the angle 22°C verifies the pure mode II. The value of this angle is in the
interval of 20° and 30°. A very good agreement is shown between the theoretical
predictions and the experimental results. Applying the load, the same crack
propagation is carried out in the numerical and experimental element.

3.2 Digital image correlation

For mode I, a series of images is taken with a CCD camera and digitalized and
then compared to the reference image. It has been verified that in Mode I loading,
the crack surfaces separate symmetrically and the crack front propagates in the
direction of the crack plane (Figure 7).

Figure 6.
Variation of σθθ for each compositions.

Figure 7.
The image of correlation.
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3.3 Determination of stress intensity factor under mode I

Since the CSTBD specimen is closely linked to fracture toughness and stress
intensity factor, this sub section is there for compare different solutions of stress
intensity factor under mode I. We used the experimental data of the CSTBD sam-
ples to define KI, by applying the previous formulas Eq. (3) using two different
term of Y (6) and Eq. (7) using the different term of dimensionless stress intensity
factor (NI) (9) and (10), for different percentages of TCP additive calculation is
launched for crack length a/R = 0.4.

According to our previously work [9], the used composite specimens reached
their optimum in mechanical properties at 1600° C. Figure 8 illustrates the evolu-
tion of the stress intensity factor under mode I fracture in relation to the percentage
of TCP under optimal conditions at 1600°C for 1 hour using different methods. We
note that the Cherepanov, SIF values are close to those by handbook, Shetty and
Fowel and al. Hence, KI (Cherepanov) is basically consistent with KI (handbook)
and KI (Shetty et all) and shows a good compromise in the results.

For the study of the effect of TCP, this figure has illustrated that the stress
intensity factor KI increases with the addition of 10 wt.% of TCP until
8.452 MPa m1/2 using the formula mentioned in Cherepanov’s book. Beyond this
percentage of TCP, the overall stiffness falls gradually.

The initiation and propagation of each crack depends on the type of solicitation.
According to this test condition, cracks propagates in a parallel manner to the
direction of the notch, and as soon as it intersects with the surface, the sample is
divided into two parts. These cracks are generated by principal stresses, under
mode I loading (As shown in Figure 9).

3.4 Determination of stress intensity factor under mode II

In this research, the loading angle corresponding to mode II deformation in the
CSTBD specimens is approximately equal to 22 (deg.) for α = 0.4. Consequently, the
mode II fracture tests were performed according to these loading angle and then KII

is determined for pure mode II. In this test condition, a crack propagates according

Figure 8.
Mode I stress intensity factor versus percentage of TCP additive in Al2O3 using different methods.
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to mode II test and the same crack propagation is carried out in the numerical and
experimental part. (see Figure 10).

Analytical analysis for this geometry is accomplished by using Eq. (11).
Figure 11 presents the test results for the calculation of the stress intensity factor for
the same crack length with different percentages of TCP respectively. The stress

Figure 9.
Influence of mode I (opening mode) on crack initiation and propagation after the fracture tests:
(a) experimental fracture and (b) numerical fracture.

Figure 10.
Influence of mode II (shearing mode) on crack initiation and propagation after the fracture tests: (a)
experimental fracture and (b) numerical detection by successive simulations of the mode II loading angle
resulting in pure shearing mode effects.

Figure 11.
Mode II stress intensity factor versus percentage of TCP additive (in Al2O3).
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intensity factor mode II fracture values of Al2O3-wt.% TCP composites are com-
prised between 5.8 MPa m1/2 and 7.6 MPa m1/2. The lowest toughness is obtained
with the 50 wt.% TCP, while the highest one is approached with the 10 wt.% TCP
(7.6 MPa m1/2) (see Figure 11).

3.5 Determination of the fracture toughness KIC

For the SCB test, after the crack starts from the disc center at the maximum load,
the crack propagates symmetrically ahead the loading diameter. KIC is determined
by applying Eq. (1), the KIC is calculated for different percentages of TCP.

Figure 12 shows the fracture toughness of different amounts of TCP added to
Alumina. As sintered at 1600°C/1 h, The best value of the fracture toughness value
of Al2O3/10 wt.% TCP composites is 8.76 MPa m1/2.

3.6 S.E.M characterization of sintered samples

The microstructure of the sintered specimens was observed by scanning elec-
tronic microscopy (SEM). Figure 13 shows the S.E.M micrographs of the Alumina
(Al2O3) reinforced with the Tricalcium phosphate (TCP) with different additives
amounts sintered at 1600°C for 1 hour. This technique helps to investigate the
porosity and the texture of any biomaterial. These micrographs show the coales-
cence between alumina grains produced with all the percentages of added TCP
(Figure 13(a–f)).

These micrographs show the difference between fracture surface of Alumina,
Alumina �10 wt.% TCP and Alumina �50 wt.% TCP samples (Figure 13(a–f)).
The SEM micrographs of the pure Alumina sintered without TCP show an
intergranular porosity (Figure 13a and b). The significant improvement of the
characteristics of the Al2O3–10 wt.% TCP samples can be explaining by a coales-
cence between Alumina grains produced with all the percentages of added TCP. In
addition, the formed spherical pores demonstrate that a liquid phase was formed a
1600°C (Figure 13c and d). For this composition, one notices also the absence of
micro-cracking and the reduction of the sizes of the pores that achieves higher

Figure 12.
Fracture toughness (KIC) as function of the percentage of TCP.
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densities and decrease the grain size. For this reason, the Alumina-10 wt.% TCP
composite presents excellent mechanical properties.

The strength started to decrease with higher percentage of TCP (20, 40, and
50 wt.%). A particular relation between grain size and mechanical strength in
sintered alumina-TCP composites was found.

4. Conclusion

This work aimed at studying the fracture behavior of the Alumina-Tricalcium
phosphate. From the main results, the following conclusions can be drawn:

The fracture toughness KIC of the samples contains a crack were assessed using
Semi Circular Bending tests. The best fracture properties in terms of fracture

Figure 13.
SEM micrographs of different bioceramic composites sintered at 1600°C for 1 h: (a) and (b) Al2O3, (c) and
(d) Al2O3–10 wt.% TCP, (e) and (f) Al2O3–50 wt.% TCP.
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toughness, were obtained for Al2O3–10 wt.% TCP composition. The best value is
8.76 MPa m1/2.

The CSTBD specimen is an appropriate test specimen for fracture tests of U-
shaped notches particularly when the notch is subjected to pure mode II loading.

The CSTBD specimen was employed for mixed Mode I and II fracture studies.
The numerical analysis of Alumina-TCP subjected to static indentation by a spher-
ical indenter was presented. From a CDM based constitutive modeling, the aniso-
tropic damage mechanisms developed in the specimens were examined through the
principal (mode I) and shear stresses (mode II). The stress intensity factor under
mode I and II of the Alumina-TCP composites increase with the amount of TCP
until 10 wt.%.

The initiation and propagation of each crack depends on the type of solicitation.
The geometry model used includes a Brazilian disc containing a crack with two
different orientations: 0° for tensile mode (mode I), 22° for shear mode (mode II).
The predicted directions were found in good agreement with the experimental
observations reported in the literature.
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