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Numerical Simulation of Fatigue Crack Growth in Titanium Alloy Orthopaedic Plates
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Abstract: Biomaterials intended for orthopaedic plates manufacturing have much higher mechanical properties relative to the bone itself and still there are many cases
where those plates fracture in service, with fatigue as the main failure mode. This causes problem with the healing process and requires that the patient undergoes another
surgery. Experience and knowledge of the orthopaedic surgeon is one of the most important factors contributing to the frequency of fatigue failures. If incorrectly implanted,
plates will be subjected to overloading from the start, which is convenient for crack initiation. One of the most commonly used biocompatible materials for internal bone
fixation is a + @ titanium alloy Ti-6Al-4V. Focus of this study was to simulate the behaviour of titanium alloy orthopaedic plates in the presence of cracks under four-point
bending. The extended finite element method (XFEM) in ANSYS was employed for this purpose. Loads correspond to the ones occurring in human tibia during gait cycle for
different body weights. Experimental investigation of tensile and fracture mechanics parameters of Ti-6Al-4V alloy was conducted on tensile testing machine and fractomate.
Numerical simulation established the optimal geometry from remaining life point of view, indicating large differences between different geometries. Results also have shown
that the remaining life of orthopaedic plates is strongly dependant on patient's body weight (load) and that the relative differences in remaining life between compared plate

geometries stay the same under different loads. Influence of corrosive environment of the human body was not taken into consideration.
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1 INTRODUCTION

Owing to its good mechanical properties, outstanding
corrosion stability and biocompatibility, o + f titanium alloy
Ti-6Al-4V has been most frequently used for orthopaedic
plates manufacturing [1-4]. Fatigue fracturing has shown to
be the most common failure mode of in-service orthopaedic
plates. Fatigue, as a process of defect accumulation, i.e.
crack initiation and propagation due to bending cycles, is
likely to occur even under low cycling load. Also, ortho-
paedic surgeon's experience is crucial for avoiding overloads
of the implant due to incorrect implantation [5-7], which can
easily cause crack initiation in combination with stress
concentration locations [8].

American Society for Testing and Materials (ASTM)
has issued a standard [9] for testing metallic bone plate
stating that the time frame, number of loading cycles and
loading conditions are uncontrollable and unpredictable.
Also, there is no acceptable limit for the bending moment or
number of cycles which the bone plate should withstand.
Testing prescribed in this standard is used for comparison
between materials, different designs and materials.

Having the seriousness of plate in-service failure, it is
necessary to approach the subject of structural integrity and
life of internal fixation devices from all possible aspects.
Numerical simulations are widely used for assessing the
different behaviours of various implants, such as: artificial
hips, dental implants, etc. [10-14]. This study is a step
towards explaining the behaviour of different orthopaedic
plate designs, under uniaxial bending, with cracks initiated
at the stress concentration areas. Probably the most efficient
experimental method would be the optical strain measure-
ment systems [8, 15, 16], especially since commercial crack
length foils are hardly possible to be used on orthopaedic
plates. Here, numerical simulations in ANSY'S were used for
XFEM simulations based on experimentally determined
material parameters. Basic aims were to evaluate remaining
life of orthopaedic plates depending on different geometries,
so that the optimal one can be seleceted, and to assess the
effect of human weight, i.e. loading.

2 EXPERIMENTAL INVESTIGATION

Tenile and fatigue crack growth testing of Ti-6Al1-4V
alloy was performed at the Laboratory for Materials
testing, Military Technical Institute in Belgrade, providng
results for structural integrity and life assessment of
reconstructive plates.

2.1 Tensile Testing

Tensile testing was conducted according to EN ISO
6891-1 [17], using a servo hydraulic tensile tester with the
+100 kN force range, in deformation (elongation) control,
under loading rate of 5 mm/min. Test results are presented
in Tab. 1.

Table 1 Tensile testing results

Sample no Yield strength, | Ultimate strength Elongation
PO Ryea/MPa R,/ MPa A%
1 1035 1089 7,7
2 1015 1062 6,0
3 1022 1071 6,6

2.2 Fracture Mechanics Parameters

Room temperature testing of crack growth rate (da/dN)
and threshold value of stress intensity factor AKy is
performed on Charpy test samples, via three point bending
method on resonant high frequency pulsator. Testing was
done according to ASTM E647 [18], it was load controlled,
under load ratio of R = 0.1, in 215 - 235 Hz frequency
range. Average load and amplitudes were measured with
+3 Ncm accuracy.

Table 2 Fatigue crack growth parameters

Sample Stress intensity factor Coefficient Exponent
no. AKy;,/ MPa m'"? C m
1 4,5 1,54-10"2 2,15
2 4,8 3,70 - 107" 2,31
3 4,7 1,05- 10" 2,32

Measurement system is based on indirect potential
drop method and continuously indicates the measurement
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values. It generates an accurate result of the crack length
and can also be used to control the propagation of the crack.
Test procedure and calculation is described in detail
elsewhere [19, 20], whereas test results are given in Tab. 2.

3 NUMERICAL SIMULATIONS

Extended finite element method (XFEM) in ANSYS
software was employed for the purpose of simulating the
fatigue crack growth in orthopaedic plates. Numerical
simulations were used instead of experimental approach
due to cost and time effectiveness. Analysis includes 5
different plate geometries, marked with: A, B, C, D and E
(Fig. 1, Fig. 2, Fig. 3, Fig. 4 and Fig. 5). Cross sections B-
B on each plate's drawing show the location and size (R =
0.5 mm) of initial cracks. Example of initial crack mesh is
shown in Fig. 11.
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Tetrahedral finite elements (10 nodes) mesh was
generated for every type of plate (Fig. 6, Fig. 7, Fig. 8, Fig.
9 and Fig. 10). Number of finite elements, their average
size and number of nodes per plate is presented in Tab. 3.

Figure 6 Plate A mesh with initial cracks

Figure 7 Plate B mesh with initial cracks

Figure 8 Plate C mesh with initial cracks

Figure 9 Plate D mesh with initial cracks

Figure 10 Plate E mesh with initial cracks
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Table 3 Details of finite element mesh

Number of finite Average element Number of
Plate type .
elements size / mm nodes
A 40614 1,18580 63020
B 69386 0,98465 109765
C 67457 0,84443 104213
D 71599 0,90758 108990
E 57196 0,57034 88534

Figure 11 Mesh detail around the initial crack

Conditions described in ASTM F382 [9] were taken as
a basis for simulation of four-point bend testing. Maximal
bending moments in the human tibia (upper tibia region)
were approximately calculated, according to Wehner T. et
al. [21], for 60, 90 and 120 kg body weights (BW). In this
setup, orthopaedic plates can be observed as simple beams
for which the loading forces and support reactions can be
determined thus the calculated bending moments are
between loading points (Tab. 4). Locations of supports
(points A and B), loading points (points C and D) are
presented in Fig. 12 for plate D, as an example. R-ratio was
set to 0.1. Total of 60 steps were set in ANSYS.

Experimentally determined mechanical properties and
crack growth parameters were used alongside predefined
material parameters existing in ANSYS.

compared plate geometries, in regard to remaining life, stay
the same with changes in load, as shown in Fig. 13 to Fig. 15.
Plate C has the shortest remaining life in all three cases. Its
design, made for providing less contact surface with bone,
makes the plate less durable after crack initiation when
compared to all other plates. Plates A and B have nearly
identical remaining life in all three cases, while the remaining
life of the plate E was somewhat shorter. The best geometry
under given test conditions was of plate D. If we assume that
the average number of walking steps for a person making a
recovery after getting an internal fixation device is cca. 1000
[9], it can be easily calculated how many days of walking
could bring the orthopaedic plate made of Ti-6Al-4V to
fracture after the crack initiation. Patients should keep their
physical activity on minimal level and not apply full walking
load for a few months at least after the surgery.

Table 5 XFEM analysis results - 60 kg BW

Plate Number of cycles Stress intensity Maximal crack
type factor / MPa mm'? length / mm
A 65520 2256 6,4696
B 67831 2102 6,2486
C 43399 2791 6,2452
D 100670 1748 6,3982
E 58897 2150 6,1719

Results of XFEM show that the maximal obtained
crack length is more than 2 mm longer than the plate thick-
nesses. This is explained by showing the crack propagation
path of plate A, given in Fig. 16. In the beginning, crack
propagates equally through the plate thickness and along
the surface, up to the point where the crack predominantly
starts propagating along the surface. When the crack gets
along the surface to the full width of the plate it then
continues with fast propagation through plate thickness,
thus making the longer path then just 4 mm of the plate's
thickness. Same crack path (striation marks) was noticed
by experimental 4 - point bend testing of orthopaedic plate
made of 316L stainless steel and similar geometry to the
one of plate E, made by Mohajerzadeh S. et al. [22] which
is shown in Fig. 17.

Table 6 XFEM analysis results - 90 kg BW

Plate Stress intensity Crack length /
A Number of cycles factor / MPamm!”
Figure 12 Supports and loading points locations, plate D ype actor amm mm
Table 4 Loading forces A 25472 3396 6,5074
60 ke BW / 90 ke BW / B 26584 3152 6,2581
A 22 33 ia D 39016 2672 6,7589
B 22 33 aa E 23066 3225 6,1592
C 2,2 33 44
D 2,6 3,9 52 Table 7 XFEM analysis results -120 kg BW
E 2,3 3,45 4,6
Plate Stress intensity Maximal crack
Number of cycles n
4 RESULTS type factor / MPa mm length / mm
. . A 13097 4528 6,1167
The XFEM analysis results are presented in Tab. 5 to Tab.
. . : . . K B 13673 4203 6,347
7 and in Fig. 13 to Fig. 15. As body weights increase, the life c %674 5607 62529
of or.thppae.dlc plates decreases. After crack initiation, the D 20068 3563 6.5785
remaining hf(? of all plates, under the 120 kg BW and 90 kg E 11967 2763 6.151
BW of load, is = 80% and =~ 60% shorter when compared to
the 60 kg BW case, respectively. Differences between
Tehnicki viesnik 27, 6(2020), 1917-1922 1919
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Figure 15 Crack length vs. Number of cycles - 120 kg BW

Figure 16 Crack propagation through material-plate A example
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Figure 17 Crack propagation through 316L steel plate under 4 - point bending
(22]

5 CONCLUSIONS

Remaining life assessment of Ti-6Al-4V orthopaedic
plates after crack initiation was conducted by means of
extended finite element method (XFEM) in ANSYS
software. Four point bending of five different plate
geometries was analysed under three load magnitudes
occurring in the tibia. Following conclusions can be drawn:
- After crack initiation, the remaining life of all plates,
under the 120 kg BW and 90 kg BW of load, is ~ 80% and
~ 60% shorter when compared to the 60 kg BW case,
respectively.

- Differences in remaining life between compared plate
geometries stay the same under different loads.

- Plate designed for providing less contact with bone
surface has the shortest remaining life.

- Crack propagation path is more than 2 mm longer than
the plate's thickness in all cases, since the crack stops propa-
gating through thickness at one point and continues along
plate surface only. When the surface propagation finishes,
crack starts going through the thickness again and faster.
This information can be taken in consideration when
designing the plates in order to prolong the remaining life
after crack initiation.

- Patient should keep his physical activity on minimal
level and not apply full walking load for a few months after
the surgery at least.
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