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Based on the linear elastic fracture mechanics, the propagating crack within the cup of total hip pros-
thesis was studied in this paper. Because of good advantages of zirconia it was proposed as a material of
the cup, in the other hand zirconia like all bioceramics has an important weakness which is fragility. To
predict the cracking of the cup under given conditions, a prior defect was created within the cup in two dif-
ferent locations. The approach is lying on determining the stress intensity factor by using extrapolating
method involving a numerical method of interpolating; moreover the size of the prior crack is incremented
and a new calculation of the stress intensity factor the same procedure is performed. The procedure is re-
peated until reaching a supposed threshold equal to the toughness fracture. The numerical simulation was
performed using finite element software Abaqus. The results showed good behavior of zirconia against
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1. INTRODUCTION

The hip joint consists of the acetabular fossa and the
femoral head, its main function is to provide dynamic
support to the weight of the trunk as the same time
permitting force and load transmission from the upper
part of the skeleton to the components of lower limbs
[1, 2].The anatomical complexity of allows to the hip
joint to get a large mobility meanwhile it can be a target
for several diseases like osteoarthritis, rheumatology
and Infectious diseases [3, 4]. When the treatments are
considered ineffective an expected joint replacement
(total hip arthroplasty) is considered as the most effec-
tive way of treatment for patients suffering from joint
diseases [5].

The malfunctioning hip joint is replaced by a pros-
thesis composed of an artificial acetabular cup and fem-
oral head, which replace the injured natural articulat-
ing surfaces [6]. Currently four main types of bearing
surfaces are studied and applied in Ttotal hip arthro-
plasty: metal-on-polyethylene, metal-on-metal, ceramic-
on-ceramic, and ceramic-on-polyethylene [7].

Metal-on-metal bearing surfaces are associated with
metal reactivity, which is a lymphocyte-dominated reac-
tion to metal ions that may cause osteolysis one of hip
joint diseases, stainless steel and metallic alloys have
some disadvantages which could lead to post-operative
pain (high weight compared to the human biological
environment, significant thermal conductivity, possibil-
ity of oxidation by other agents which may exist in the
human body).

Ceramic-on-ceramic (alumina or zirconia) bearing
surfaces made of second-generation materials have a
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small risk of brittle fracture [8, 9].

Zirconia as a bioceramic is known by following prop-
erties making it a replacement material for both im-
plants of the total hip prosthesis: significant compres-
sive strength close to 6000 MPa; purity up to 95.6 %;
fine grain size up to 1.5 pum; good surface roughness
approximately 0.02 pm; weak thermal and electrical
conductivities; significant hardness; high biocompatibil-
ity with the biological environment; good resistance to
corrosion; lightness compared to metals (volume density
~ 6 g/lcm3).

On the other hand zirconia presents an inconvenience
like most ceramics, which is the fragility, its fracture
toughness is approximately (Kic= 7 MPa-m1?) [11, 12].
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Fig. 1 - The total hip prosthesis

In this study we proposed zirconia as a material of
the two implants (The cup and the Head). To investi-
gate the mechanical behavior of zirconia to cracking we
created a prior defect within the acetabular cup in three
different areas (Fig. 1).
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The crack length is increased by a given increment
(p = 0.5 mm) at every analysis until to reach the critical
length. The used software of finite elements was
Abaqus, after all necessary data were implemented we
obtained results for each case of the study.

2. MATERIAL AND METHODS

The geometry and dimensions of the acetabular are
given by Fig. 2.
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Fig. 2 - Cup dimensions

The subject is assumed to undergo a total hip arthro-
plasty. The femur with its resected head and the ilium
supporting the acetabular cup are replaced by intermedi-
ate parts ensuring the transmission of stresses.
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Fig. 3 — Locations of the prior crack

The dimension b was set to 0.5 mm in the three
cases (A) and (B) and (C), in the other hand the initial
dimension a was fixed to 0.5 mm and increased by
0.5 mm in the three cases.

The mechanical characteristics of each component
of the total knee prosthesis are shown in Table 1.

Table 1 - Characteristics of materials

Young Poisson
Component Material Modulus ratio
(MPa)
Femoral Zirconia 201000 0.31
head
Acetabular Zirconia 201000 0.31
cup
Femoral Stainless 197500 0.97
component steel
Ilium Bone 20000 0.33

The study is considered when the patient is walking
and precisely when he leans on one foot and the other
foot is free (Fig. 4). According to Pauwels [13], in this
position, the head is subjected to 4 times the weight of
the patient body. By assuming the patient weight is
equal to 100 Kg, the weight to be considered consists of
the whole body except the lower limb on which the pa-
tient is leaning [14].

The finite element used here is the quadratic tetra-
hedron C3D4, it is appropriate for complex geometries
such implants ones. The mesh around crack tip, in the
three cases, was refined to get accurate results.
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Fig. 4 - Load applied to the hip joint [13]

Fig. 5 — Load and boundary conditions (a) and mesh (b)

The failure occurs in one of the three following
modes (Fig. 6).
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Fig. 6 — Modes of failure

The first mode, where the load is perpendicular to
the plane through the crack, is considered to be the
most dangerous one [15]. The stress intensity factor Kr
is used to check the propagation of the crack and the
relationship between stress and stress intensity factor
is given by the following expression [16].

K

im o™ L0 (g
Irlao i /27”- fij ( ) (1)
where:

)
%; : Components of tensor of stresses in the xy

plane in first mode.
r, 6 : Polar coordinates.

fij“)(e): Factor depending on the mode of solicita-

tion, the stress state and the geometry of the cracked
body.

The crack propagation will occur when the stress in-
tensity factor Ki reaches a level (fracture toughness) Kic

K1 = Kic @)

The stress intensity factor K1 could be determined
by the extrapolation method [17, 18].
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K, (r)=c"\2ar 3

Writing Ki(r), as an extrapolated function using
Newton method 19], will give:

K () =K, () + 2R oy e 28 vy o

2
h 2th ()
A"K
+ Th"o(r —)(r—r).(r-r.)
where:

ri i =0, n — 1): Interpolating data points

NKo (j = 1, n): Progressive finite differences

h =rj+1 —rj: Distance between two consecutive data
points

The data points are illustrated by Table 2.

The value of Kic will be calculated at the abscissa
(r=0).

Table 2 — Number of data points used for extrapolating

Case of the Defect length Number of data
defect location (mm) points
(1) 0.5 t0 5.0 9
@) 0.5 to 5.0 9

3. RESULTS AND DISCUSSION
3.1 First Case

The results in this case are shown by figures (7A to
7J), Fig. 8 and Fig. 9.

In this case it is observed in the pack of figures (Fig.
7A to Fig. 7J) that the maximum value of normal stress
oxx 18 approximately equal to 3 MPa at crack length equal
to 1.5 mm and it is almost equal 1.7 MPa in the remaining
cases of the crack length. Fig. 8 is an extended investiga-
tion to previous results; it shows the evolution of the nor-
mal ox along the perpendicular line to the crack plane.
The different illustrated curves of the evolution of oix
show that the normal stress oux is compressive along the
line passing perpendicularly by the crack tip. Fig. 9 illus-
trates the evolution of the stress intensity factor Ki as
function of crack length, it is almost zero, except for values
of the crack length: 3.5, 4.0 and 4.5 mm where it reached
0.25 MPa-m'2 which is relatively lower.

It is observed overall that oxx is compressive in this
configuration, therefore the stress intensity factor Ki is
considered zero, hence the crack will not propagate.

(8) a=1.0 mm

(A) 6=0.5 mm
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Fig. 7 - Distribution of normal stress ox in the first case at
different values of the crack
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Fig. 8 — Evolution of the normal stress ox on the perpendicu-
lar line to the crack tip at different values of the crack length
in the first case
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Fig. 9 — Evolution of stress intensity factor Ki vs crack length
in the first case

3.2 Second Case

The results in this case are shown by figures (10A
to 10d), Fig. 11 and Fig. 12.

(A) a=0.5m)

(8) a=1.0mm
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(D) a=2.0mm
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Fig. 10 — Distribution of normal stress o in the second case
at different values of the crack length

Figures (10A to 10J) showed that normal stress o in-
creased with the crack length, it reached the maximum
value 3.35 MPa. Fig. 11 showed the evolution of cix along
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Fig. 11 — Evolution of the normal stress o on the perpendicu-
lar line to the crack tip at different values
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YucesibHEe MOIEJIIOBAHHA MPOILECY PO3TPICKYBAHHSA B €HIOIPOTE3i KYJIBIIOBOrO Cyrjioda

Belkacem Meddour

Laboratoire d’Ingénierie et Sciences des Matériaux Avancés ISMA Department of Mechanical Engineering,
Abbas Laghrour University, Khenchela, Algeria

Ha ocroBi miHifiHO-TIPY:KHOI MeXaHIKU PyHHYBaHHS B JaHIM POOOTI JOCITIIKYETHCS IIPOLEC PO3TPICKY-
BaHHS, SIKUU IOIIUPIOETHCSI, BCEPEIUHI YALIKU IIPOTe3a KYJIBIIOBOro cyrioba. Ik marepian yamku OyB 3a-
IPOIIOHOBAHUN IITMPKOHIN, ajie BiH, AK 1 BeA Olokepamika,KpuXKuil. JIa mporHo3yBaHHS PO3TPICKYBAHHS
YaIlIKA 34 3aJaHUX YMOB, Y YAIIlll 0yJI0 CTBOPEHO IOoHepeaHii medeKT y ABoX pisHuxX Mmiciiax. [ligxim mosis-
rae y BU3HAYEHHI KoedillieHTa IHTeHCUBHOCTI HAIIPY KeHb 34 JOIOMOT0K METOIY €KCTPATOJISAIII, 10 BKJIIO-
Jae YHCeJIbHUM MeTO[l IHTePIIOJIALIIL; KPiM TOro, po3Mip HOIIepeaHbOl TPIIUHHA 301/IbIITYeThCs, 1 BUKOHY€EThCS
HOBHH PO3PaxyHOK Koe@illieHTa iHTEeHCHBHOCTI HAIIPYJKeHb 34 Tiel K mpollemypoio. [Ipomeaypa moBTopio-
€TBCS JI0 JIOCATHEHHs I1epe0adyBaHOI0 MOPOTY, II0 JOPIBHIOE B'S3KOCTI pYMHYyBaHHS. UncesIbHE MOJIEIIIo-
BaHHA 0yJI0 BUKOHAHO 3a JIOIIOMOTO00 IIPOIPAaMHOI0 3abe3ledeHHs: CKIHYeHHUX eqeMeHTiB Abaqus. Pesyiinb-
TaTHU ITOKA3aJIH XOPOIILy IIOBEIIHKY IIMPKOHII0 IIPOTH PO3TPICKYBAHHS.

Kiouosi cnosa: [Ipores, IIporec posrpickysauus, B'siske pyitnysanus, [{upkomiii.
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