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ABSTRACT. Crack growth and brittle fracture is one of the major failure
modes in bone materials and therefore understanding the fracture behavior
and affecting parameters on the crack growth resistance of bone is NeCessary  ciution: Aliha, MRM. Ghazi, H., Ataci, F.
for biomechanics researchers. In this paper, mode I fracture toughness value EXp]eriCrlnsmal f;acwreb resismncel study  for
g . cracked bovine femur bone samples, Frattura

for the left and right femur bones of same bovine were measured g inecgria Serutturale, 50 (2019) 602-612.
experimentally using several single edge notch bend beam specimens (SENB)

bi d h int bend loadi Tl ke The SENB . Received: 09.05.2019
subjected to three-point bend loading in dry condition. The SPECIMENS  Accepred: 26.08.2019
were cut along the longitudinal axis of bone but from different hoop Published: 01.10.2019
directions. Fracture toughness results of sample prepared from the frontal copyrighe: © 2019 This is an open access
part of bone were higher than the back or side sections. Depending on the article under the terms of the CC-BY 4.0,

1 . £ 1 he fi h £1 b ied fi 5 which permits unrestricted use, distribution,
ocation o sample, the tracture toug Ness Of remur bone was varied rrom and reproduction in any medium, provided the

to 10 MPa~/m . Furthermore, the results obtained for similar location of both &l author and source are credited.
left and right femur bones were nearly identical. The fracture energy (G) of
the tested specimens was also measured and it was found that a linear relation

can be fitted to the (Ki)* versus Gy results of the tested bovine bone.
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INTRODUCTION

loads inside the body of human or animal with different rates ranging from static to dynamic or even impact loads.

B one is a quasi-brittle and orthotropic material, which in practice can be subjected to different types of mechanical
Thus these materials are usually vulnerable to failure and catastrophic fracture. Because of applied loads and stresses,
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the mechanism of failure and damage in bone materials often involves micro and macro cracking or sometimes other failure
modes like delamination and etc. Accordingly, the common and general mechanical properties like tensile strength, elasticity
modulus, flexural strength and hardness may not be sufficient to describe the resistance of bone against crack growth and
other characteristic parameters such as fracture toughness (K) or fracture energy (G¢) must also be known for more accurate
measurement of bone performance in vitro conditions against fracture. A number of research works have been published
in the past for obtaining and investigating the fracture toughness and fracture energy of bone materials. K. and G are the
most fundamental parameters for explaining the resistance of material (like bone or other biomaterials) against crack growth
and catastrophic failure. Norman et al. [1] tested the longitudinal fracture toughness of both human cortical bone and bovine
cortical bone using the compact tension specimen. They obtained both Kic and Gie values for these two bone materials and
derived an empirical relation between the fracture parameters (i.e. Kic and Gy). Using a novel ring shape specimen, Barrero
and Adams [2] obtained experimentally the mode I fracture toughness of rat cortical bone. The average value for the Ki. of
rat bone was obtained about 0.55 MPaVm in their experiments. In another research paper, Behiri and Bonfield [3]
investigated the effect of anisotropy and orientation effects on the fracture toughness of bovine cortical bone using a
modified compact tension specimen. Lucksanasom et al. [4], investigated experimentally the effect of orientation and storage
media on the fracture toughness of bovine femur and tibia bone. They tested a number of single edge notched beam bone
samples taken from transverse and longitudinal directions and showed that the storing media ( i.e. saline and alcohol) and
also the direction of test sample have significant influence on the mode I fracture toughness of investigated bones. Similatly,
Yan et al. [5] studied the effect of temperature on the fracture toughness of bovine femur and manatee tib using single edge
V notched beam subjected to flexural four-point bend loading. They tested some bone samples at four different
temperatures ranging from zero to 50 °C and observed that the fracture toughness decreases by increasing the temperature.
In another research paper, Nalla and coworkers [0] studied tensile type fracture and R-curve behavior in human cortical
bone. They showed that in vitro fracture toughness value rises linearly with crack extension. Mode I, mode II and mixed
mode I/11 fractute behavior of human cortical bone was also obtained expetimentally by Zimmermann et al. [7] using edge
cracked four-point bend loading. Based on their observation, both fracture onset and fracture initiation directions were
differed in longitudinal and transverse directions mainly due the anisotropy and non-homogeneous nature of bone in
comparison with most brittle and homogeneous materials. Using double cantilever beam (DCB) specimen, Morais et al. [§]
determined the pure mode I fracture toughness of bone tissue. In other research works, the mode I, mode II and mixed
mode I/1I fracture toughness of human and bovine cortical bone have also been using different test specimens including
DCB specimen for mode I testing [9], End Notched Flexure (ENF) specimen for mode II testing [10,11] and Single Leg
Bending (SLB) test specimen for mixed mode I/11 testing [12].

Several test specimens with different configurations have been employed and suggested in the past for conducting the
fracture toughness experiments in different materials. Edge creaked rectangular beam subjected to three or four-point bend
loading [13-23], compact test specimen subjected to tension loading [24-28], center cracked Brazilian disc specimen
subjected to diametral compression[29-35], semi-circular specimen containing an edge crack and subjected to symmetric or
asymmetric three-point bend loading [36-40], square plate containing center crack and subjected to far field pin loading [47];
edge cracked triangular specimen subjected to bend loading [48-50], center cracked ring specimen under compressive
loading[51,52] and edge notch disc sample under three-point bend loading [53-61] are some of the frequently used test
samples for obtaining mode I, mode II, mode I1I or mixed mode fracture toughness of brittle and quasi-brittle materials.
Among the mentioned specimens, the rectangular edge cracked bend beam and edge cracked compact tension specimens
are more favorite test specimens for manufacturing small size test samples which leads easy loading setup in biomaterials
like bone or dentures. In this research, the fracture toughness and fracture energy of bovine femur bone is obtained
experimentally using single edge notch bend (SENB) specimen. The effect of sample preparation location on the crack
growth behavior of the tested bone is studied. It is also shown that a linear relation exists between the mode I fracture
toughness and fracture energy of tested bone material.

BONE FRACTURE TOUGHNESS TESTING

to obtain two cylindrical shape samples from each bone as shown in Fig 1. The bones were marked along a reference
direction before cutting. A number of single edge notch beam specimens with size of 60 mm * 10 mm * 4 mm were
cut and prepared from each cylindrical shape bone along the longitudinal direction. A vertical edge crack of length 5 mm
was also introduced in the specimens using a very natrow saw blade. The crack length ratio o/ W in the manufactured sample
was equal to 0.5. Before testing the specimens were soaked in normal saline and wrapped in normal saline soaked gauge and

T wo fresh femur bones from a same bovine of unknown age were used. They were cut by means of band saw machine
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were stored inside a freezer at -8°C for 24 h. The specimens were then loaded by a three-point bend fixture with bottom
loading span of 40 mm. Thus the loading span ratio was equal to §/L=0.8. The cross head speed of loading was fixed at
rate of 1 mm/min for all test samples. Figs. 2 and 3 show the schematic of test specimen and test setup used for fracture
toughness testing of the bovine bone. Each specimen was loaded monotonically until the failure of specimen. The critical

peak load Fe: which was measured by the load cell of testing machine was used to calculate the mode I fracture toughness
value, using the following equation:

K = OFla f(zj "

where the geometry factor fla/ W) is function of crack length ratio (a/ W) and is written as:

1.99—2‘(1—3)L2.15— 39 2.7(aj ]
372 @)
O G

The fracture energy Gr which is the representative of energy required for breaking the test specimen was also calculated
from the area under the load-displacement cutrve of each test. In the next section, the experimental results of mode I fracture
toughness (K1) and mode I fracture energy (Gy) are presented.

S )=

Figure 1: Test specimen preparation from the bovine femur in the shape of rectangular beam samples.
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Figure 2: Geometry and loading conditions of the SENB specimen used for fracture experiments on bone material.

Figure 3: Test setup used for bone fracture toughness testing.

EXPERIMENTAL RESULTS AND DISCUSSION

linear elastic fracture behavior of tested bovine bone cut along the longitudinal direction. Thus the framework of

LEFM was used to study the fracture behavior and obtain the fracture toughness value of tested bone samples.
The calculated fracture results including the fracture toughness values and fracture energies for the tested bovine bone have
been presented in Figs. 5 to 7. According to Figs. 5 and 7, a natural scatter is seen for fracture behavior of tested bone
samples that such observation is inevitable for bone materials that have orthotropic nature in general. According to the
fracture toughness results, the mode I fracture toughness value in the tested bone femur varies from minimum value of 4.9
MPaVm to maximum value of 10.4 MPaVm. Similarly, the lower and upper limits for the fracture energy value are 0.023 J
and 0.113 J, respectively. Variations of measured fracture toughness (Ki) for different SENB specimens given from different
locations of left and right femurs (i.e. from top and bottom of bone or frontal or lateral side of the bone) are shown in Fig.
5. This Figure demonstrates that the average value of Ki. obtained from the left femur bone is nearly identical with the right
femur of the same bovine. The average fracture toughness was obtained approximately equal to 6.8 MPa\m for the whole
samples. Tab. 1 presents and compares the mode I fracture toughness value of bovine bone material reported by different
researchers. It can be seen from Tab. 1 that the corresponding value of Ki. determined in the current research is quite in
good agreement with previous data obtained for the Kic of bovine bone. However, the fracture toughness Kic value depends
noticeably on the orientation and location of sample extraction from the bone. Generally, it is seen from Fig. 6 that the
lateral or side parts of the bone are approximately 20 to 30 % weaker than the frontal part (i.e. along the marked line shown
in Fig. 1) of the bovine femur bone.

ﬁ typical load-displacement curve for one of the tested SENB specimens has been presented in Fig. 4, demonstrating
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Figure 4: Typical load-displacement curve for one of the tested SENB specimens made of bovine femur.
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Figure 5: Variations of mode I fracture toughness for different SENB samples manufactured from the left and right bovine femur.

Fracture toughness value

Bone type Test specimen (MPa \/m) Ref.
Bovine femur Chevron-notched bend beam 5.8 [60]
bovine cortical bone Compact tension 6 [67]
Bovine femur Four point bend beam 4.3-7 [68]
Bovine tibia Compact tension 2.8-6.3 [69]
Bovine Short rod Chevron-notched 4.8 [70]
femur
Bovine femur Single-edge notched beam 5.58 [71]
Bovine tibia Compact tension 4.93-12.64 [72]
Bovine femur Single-edge notched beam 4-6 [73]
Bovine femur Compact tension 4.3 [74]
Wet Bovine femur Single-edge notched beam 6.35 [75]
Fresh Bovine femur Single-edge notched beam 6.8 Current research

Table 1: Comparison of bovine bone fracture toughness values reported in the literature.

606



Q M.RM. Aliha et alii, Frattura ed Integrita Strutturale, 50 (2019) 602-612; DOIL: 10.3221/IGF-ESIS.50.51

® Front region of bone = Side region of bone

10

(@)}
1

K, (MPavm)
N

0

Figure 6: Comparison of Ki values obtained for front and side regions of the tested bones.
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Figure 7: Variations of fracture energy (Gy) for different SENB samples manufactured from the left and right bovine femur.

Fig. 7 also presents the variations of fracture energy (Gy) for the tested SENB specimens made of bovine bone. The average
of fracture energy was determined about 0.055 J for the tested SENB specimens made of bovine bone. However, the
standard deviation and scatter of fracture energy results are greater than the fracture toughness data. Variations of (Ki)?
versus Gr for the whole experimental results of this research have been also plotted in Fig. 8. It is seen that there is a linear
relationship between these two fracture parameters in the investigated bone that supports the well-known relation in the
framework of linear elastic fracture mechanics (LEFM) between the stress intensity factor and fracture energy. According

K . 4 . .
<) ratio for the tested bovine femur is approximately
VG,

equal to 33. This index that is related to the well-known mechanical properties of the bone (such as elastic modulus,
Poisson's ratio, tensile strength density and etc.) can be used for estimating the corresponding value of fracture toughness
in terms of the fracture energy value and vice versa. The trajectory of fracture path for the whole samples given from

to the experimental findings of this research, the fracture index i.e. (
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different locations of bones was straight and along the initial crack with no significant curvature. A typical fracture surface
(with magnification of 60x) observed for one of the bone samples has also been shown in Fig. 9. The microstructure of the
investigated bone exhibits a rather smooth pattern that demonstrates dominantly tensile and brittle type of fracture for the
tested SENB specimens made of bovine femur bone. Indeed, the fracture patterns of the tested bovine bone are very similar
to cleavage fracture in brittle materials in which the micro cracks propagate through the weak paths of cement line leading
a tensile type brittle fracture. In addition, despite many engineering and industrial materials that have continuum and
homogenous structure, the micro structure of bone materials shown in Fig. 9 consists of different parts including osteons,
vascular and volkmann canals and secondary osteons [75,76] which results in non-continuum and non-homogenous micro
structure for the bone as natural material. Due to random distribution of such parts inside the bone and also difference in
the size and number of these particles (that some of them like vascular canals and secondary osteons act as stress
concentrations or weak points), a significant and noticeable scatter in their fracture and cracking behavior might be inevitable
and expected as shown via the several fracture experiments of this research for a same bovine femur bone material.
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Figure 8: Relationship between the fracture toughness and fracture energy of tested bone samples.

Figure 9: Typical fracture surface of tested SENB specimens under pure mode I loading condition.

CONCLUSIONS

e Fracture toughness (Ki;) of two fresh femur bones of the same bovine was measured experimentally using single
edge notch bend beam (SENB) specimen.
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e The fracture toughness of samples was dependent on the location of specimen cutting from the femur and the
frontal part of the bone had stronger crack growth resistance in comparison with the other parts along the hoop
direction.

e The fracture toughness results obtained from the left and right femur bone were nearly identical.

e The fracture energy (Gy) required for breaking and splitting the bone samples were also measured and it was found
that there is a nearly linear relation between the fracture toughness (Ki) and fracture energy (Gy) for the tested
femur bone. Therefore, the fracture energy of tested bone can be estimated in terms of fracture toughness value
and vice versa.

e The natural and noticeable scatter observed in the fracture behavior of tested bone (i.e. fracture toughness and
fracture energy) is mainly attributed to randomly distribution of different parts (such as voids, canals and secondary
osteons) existing in the micro-structure of bone material.
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