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Abstract: In this paper, fracture behavior of four types of implants with different geometries (pure
titanium locking plate, pure titanium femoral implant, Ti-6Al-4V titanium alloy pelvic implant,
X2CrNiMo18 14-3 steel femoral implant) was studied in detail. Each implant fractured in the
human body. The scanning electron microscopy (SEM) was used to determine the potential cause
of implants fracture. It was found that the implants fracture mainly occurred in consequence of
mechanical overloads resulting from repetitive, prohibited excessive limb loads or singular, un-
intendent, secondary injures. Among many possible loading types, the implants were subjected to
an excessive fatigue loads with additional interactions caused by screws that were mounted in their
threaded holes. The results of this work enable to conclude that the design of orthopedic implants is
not fully sufficient to transduce mechanical loads acting over them due to an increasing weight of
treated patients and much higher their physical activity.

Keywords: medical fixation devices; orthopedic prostheses and implants; titanium; titanium alloy;
stainless steel; microscopic fracture analysis

1. Introduction

Stainless steels and titanium alloys are widely used as implant materials in orthopedic
surgery due to their good biocompatibility, corrosion resistance and durability [1-3]. These
materials are suitable for the production of biocomponents used in medicine due to their
relatively high biotolerance [4], which means that they are not toxic and do not induce
acute nor chronic immune reactions in organs and surrounding viable tissues [5]. One of
the most relevant in vitro biocompatibility tests verifies capabilities of the living cells to
multiply and migrate on the surface of implant material [6-10].

Austenitic chromium-nickel steel doped with molybdenum (X2CrNiMo18 14-3, also
known as 316L) belongs to materials most extensively used in medicine. Nowadays,
it is used to manufacture surgical instruments, surgical and cardiologic implants and
joint prostheses [11,12]. Cr-Ni-Mo steels are relatively cheap and are characterized by
relatively low resistance to crevice corrosion. The corrosion rate strongly depends on
the properties of its passive layer, formed by thin oxide film (Cr,O3) containing small
amounts of Co and Mo oxides. Their mechanical properties could be tailored during cold
working [11,13]. Chromium-based steels have been widely used for the production of
biocomponents [14-19].

Titanium and its alloys are well-tolerated in-between viable tissues. They are increas-
ingly used in orthopedics as a material for production of trauma implants, including plates,
screws, intramedullary nails, external fixators and joint prostheses. They are also used to
manufacture surgical instruments [4]. Commercially pure titanium (Cp Ti) is believed to be
among the most biocompatible metals due to its capability to form chemically stable and
inert oxide layer [20]. The most important factors characterizing titanium and its alloys in-
clude low level of electric conductivity, high corrosion resistance, thermodynamic stability
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at physiological pH values, low tendency to form ions soluble in water and the isoelectric
point of the oxide at the pH between 5 and 6. Thus, the surface protected by oxidized layer
is at the physiological pH only slightly negatively charged. Titanium’s dielectric constant is
comparable with that of water, which makes the Coulomb interactions of charged particles
similar to that in the water [20]. Titanium alloy implants, although expensive, overpass
other alloys by several advantages. They are lighter and do not corrode even in aggressive,
biological environment for many years, for example, when are placed in regenerated bone
with biomaterials [21]. Moreover, its physical properties, especially stiffness characterized
by the Young’s modulus, resembles that of the skeletal tissue much more than steel and
CoCrMo alloy. It is also not dielectric and, hence, does not warms up in electromagnetic
fields enabling magnetic resonance imaging. Additionally, titanium alloys could bring to a
diminished rate of bacterial colonization of prostheses, which could significantly improve
the success and survival of implant-prosthetic rehabilitations on immunocompromised
patients and further avoid facial perimandibular abscesses [22].

It should be mention however, that the main limitation of implant production with
titanium is the difficulty in processing and making complex geometrical shapes. Additive
manufacturing techniques allow to overcome such limitations. These specific techniques
enable to produce functional, complex parts created directly by selectively melting layers of
powder. Implants obtained from advanced additive methods, such as Direct Laser Forming
and Selective Laser Melting, allow material to retain its strength properties [23-26] while
adjust the shape and size individually adapted to the patient. An outstanding potentials of
Additive Manufacturing processes allow to produce sophisticated, complex, 3D products
dedicated for biomedical applications [27,28].

Despite the undeniable advantages of medical implants, their fractures remain a
problem. Yu et al. [29] presented a retrospective clinical study performed on thirteen
implants removed due to their fractures from twelve patients. The main facts observed
before fracture included: screw loosening in five, marginal bone loss in five and the presence
of peri-implant osteolysis in five cases. Similar retrospective studies were presented by
Yi et al. [30], in which the fracture of external and internal type of implants to suggest
directions for successful implant treatment was discussed. Lee et al. [31] performed a
retrospective analysis of 19,006 internal stabilizations performed in 5124 patients. Stoichkov
et al. [32] analyzed possible causative factors for implant fracture. In the described-above
analyses, it was concluded that overload itself is a causative factor that may be responsible
for implant fracture. Oh et al. [33] showed that material defects, occlusal overloads,
prosthetic design and nonpassive prosthesis fit have been identified as causative factors
for implant fractures. Gealh et al. [34] and Sanivarapu et al. [35] divided the potential
causes of implant fracture into three categories: (1) defects in the design of the material,
(2) nonpassive fit of the prosthetic structure and (3) biomechanical or physiologic overload.
It should be mentioned, however, that these reported papers and factors are only some of
the works reported on implant fracture [36—41]. The main factors considered as potential
causes of fracture were assigned to the patient’s condition, geometry of the implant and its
mechanical loads. Nevertheless, the microstructural mechanisms of fracture occurrence
have not been investigated in detail as yet. Thus, we performed a microstructural analysis
of the fractured trauma implants to evaluate the mechanism of the fracture leading to the
implant’s damage, as well as the microstructural analysis of the alloy used for implant’s
manufacturing and its composition and impurities.

2. Materials and Methods

Four different, exemplary implants were chosen out from 18 parts collected during last
two years anteceding coronavirus pandemics to validate the observations independently
from the type of an implant, its producer and an alloy itself. The study is focused on
implants dedicated for the stabilization of long bone fractures, such as those that could be
used temporarily, and possibly removed, when the fracture is healed; implants intended for
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bones subjected to mechanical loads in highest degree and implants representing materials
the most often used for orthopedic purposes: steel, pure titanium and its alloy (Ti-6Al-4V).
Thus, four different parts were investigated:

1. Pure titanium, angularly stabile, clavicular, locking plate (5.0 ChLP; ChM, Juchnowiec
Koécielny, Poland; Figure 1a);

2. Pure titanium, angularly stabile, femoral, condylar plate (7.0 ChLP, ChM, Juchnowiec
Koscielny, Poland; Figure 1b);

3. Ti-6Al-4V intramedullary nail (Triple Proximal Femoral Nail, Medgal, Poland; Ksiezyno,
Figure 1c);

4. X2CrNiMo18-14-3 steel femoral plate (4.5 mm VA LCP®Condylar Plate, DePuy Syn-
thes, Warsaw, IN, USA; Figure 1d).

Figure 1. General view of the exploited implants with different geometries made of pure titanium
clavicular (a) and distal femoral (b) plates, Ti-6Al-4V femoral gamma nail (c) and a X2CrNiMo18-14-3
femoral condylar plate (d).

All implants served for the stabilization of bone fractures and underwent breakage
during the treatment. After removal, the microstructural analysis was performed using
Jeol JOL6360 LA scanning electron microscope (Jeol, Tokyo, Japan) with energy-dispersive
spectroscopy (EDS) attachment (Oxford Instruments, Oxford, UK). Samples were obtained
from the implant within the fracture zone. The fracture area was analyzed on both sides of
the broken implant.

3. Results and Discussion
3.1. Pure Titanium Plates

The chemical composition of a titanium locking plate is presented in Table 1. The
implant’s fracture zone was subjected to observations using a scanning electron microscope
(Figure 2b). Figure 2a presents a general view of the fracture of exploited titanium implant
with marked fracture zones characteristic for fatigue damage: (1; Figure 2a) the focus of
the crack initiated around the inclusions with characteristically smoothed surface and the
(2; Figure 2a) zone of fatigue breakthrough characterized by a coarse-grained structure
(3; Figure 2a) residual area.
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Table 1. Chemical composition of the titanium locking plate.

Element Ti Impurities
Wt % 99.20 00.80

Figure 2. Fracture area of the titanium implant with marked fracture zones (a; 1-3) and its magnifica-
tion showing the fatigue crack propagation zone (b); the crack development observed on titanium
explant (c; 4-5) and its magnification showing the fatigue crack propagation area (d; 6) with local
inclusions (d; 7).

Nucleation of cracks was initiated on the side part of the implant and was followed
by a progressive crack development (Figure 2b) in consequence of cyclic loading. A further
microscopic analysis performed on the fracture zone showed analogical fracture character-
istics throughout the sample surface, as well as the same nucleation points and fracture
paths. Nucleation of the crack (4; Figure 2c), as well as their development (5; Figure 2c), can
be observed. Crack development led to the material fracture due to the friction between
surfaces of the crack during crack propagation. Typical fatigue behavior of the material
(Figure 3b) [42] with the direction of crack propagation (6; Figure 2d), as well as visible
traces of inclusions (7; Figure 2d), were observed. The mechanism of the implant’s fracture
points to its mixed nature due to the presence of both plastic and brittle zones. On the
fracture surface, cavities and extrusions (Figure 3a), characteristic for plastic deformation
and cracks at the grain boundaries that are typical for brittle fracture, were observed
(Figure 3b).

Figure 3. View of inclusions and precipitates on the implant surface and near the fracture zones (a);
enlarged view of the inclusions on the implant surface (b).
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Analysis of the chemical composition of the implant material (Figure 3b, point 1) and
inclusions in the implant’s fracture areas (marked with arrows, Figure 3a,b, point 2) using
the EDS technique showed characteristic peaks of oxygen and aluminum, clearly indicating
that the inclusions consisted of aluminum oxide Al,O3 (Figures 3 and 4). These precipitates,
which are characterized by extremely high hardness, serve as stress concentrators during
loading. Stress components allocated around them make the crack initiation much easier
in those areas rather than in homogeneous material [43]. The content of other elements in
the inclusions may indicate the formation of precipitates as a result of reaction with the
human body.
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Figure 4. Analysis of the chemical composition of the implant (a) and the inclusion (b).

3.2. Pure Titanium Femoral Implant

The chemical composition of the titanium alloy locking plate is presented in Table 2.
Visual inspection performed on the femoral implant surface (Figure 5) allows to ob-
serve numerous local plastic deformation areas of the material around the threaded holes
(Figure 5a,b, areas marked with arrows). Although no material losses were found on the
screws, it was assumed that they led to permanent deformation of the implant. Figure 5d
presents a macroscopic view of the fracture surfaces found near the threaded hole. These
fracture surfaces were characterized by high smoothness, which may indicate that long-
term friction occurred between them. As the fracture of the implant was found in this
particular area, scanning election microscopy was used to investigate the potential cause of
failure. The SEM observations were performed on the inner part of the thread.

Table 2. Chemical composition of the pure titanium femoral implant.

Element Ti Impurities

Wt % 99.12 00.88

Figure 6 presents a general view of the crack in the inner thread of a titanium implant.
The fracture was initiated in the center part of the thread (Figure 6a) and propagated deeply
into the material as shown with the arrow (Figure 6b), leading to complete fracture of the
implant, as shown in Figure 7. Furthermore, in the area of the dominant crack (Figure 6a,
marked with the arrow), a 300-pm microcrack was observed (Figure 6¢,d, marked with the
arrow). Based on the observations performed on the fracture surfaces (Figure 8), it was
found that, after the implant fracture, the two separated parts interacted with each other.
The observed smooth surfaces (Figure 8a,b) are characteristic for friction processes, which
result in surface wear of the material. The analysis of the fracture surface and the nature
of the fracture allow us to state that the material was damaged due to the interaction of
the implant and the screw that fastened the implant and the femur. Pieces of bone tissue
were observed in the structure of the fracture, which was confirmed by the analysis of the
chemical composition presented in Table 3.



Materials 2021, 14, 2209

6 of 16

Figure 5. General view of the exploited titanium implant: plastic deformations found around the
threated holes (a,b), fractured implant (c) and fracture surfaces (d).

Figure 6. View of the dominant crack observed inside the thread (a), crack propagation from the
thread surface (b), enlarged area of the crack initiation (c) and surface cracks observed near the
dominant crack (d).
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(a) (b)

Figure 8. Fracture surfaces observed on both parts of the fractured implant: left part (a); right part (b).

Table 3. Chemical composition of the intrusions found in the fracture surface of the titanium femoral
implant.

Element C (0] P Mo C1 K Ca Ti
Wt % 17.34 04.77 12.65 02.27 01.40 01.56 51.95 08.04

3.3. Ti-6Al-4V Titanium Alloy

Ti-6Al-4V titanium alloy femoral gamma nail with a full set of its components
(Figure 9) was subjected to visual inspection at first and, then, to microscopic observations.
The chemical composition of the Ti-6Al-4V titanium alloy implant is presented in Table 4.
Macroscopic examination of the implant surface allowed us to observe numerous local
plastic deformations of the threads (Figure 10, marked with arrows) and the areas around
the threaded holes (Figure 11, marked with arrows). These deformations caused the perma-
nent deformation of the telescopic lag screw (part 7 in Figure 9) that was attached to the nail
passing through the hole in the nail’s shaft (Figure 10a). Additionally, propagation of the
longitudinal crack from the shaft towards the thread was observed on the threaded surface
(Figure 10b, marked with arrow). Simultaneously, the threaded part itself was plastically
deformed (Figure 10c, marked with arrow), prohibiting damage and disabling its further
usage. Permanent deformation of the inner areas of the threaded holes and their locking
screws are presented and marked with arrows in Figure 11a—d. A significant abrasive wear
of the thread was observed, probably due to the interaction of the screw and thread itself.
On the other hand, traces of material wear in the unthreaded hole were observed as a
result of long-term friction (Figure 11a,b, marked with arrows) of the telescopic screw of
the nail’s shaft.
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Figure 9. General view of the broken femoral nail’s shaft; its proximal (1) and distal (2) parts (a) with
a set of assembling parts: proximal part of the broken nail’s shaft (1); blocking bolt (3); nail’s screw
(4); two self-tapping locking screws (5 and 6); telescopic lag screw (7); end cap (8); anti-rotation pin
(9); cap (10) (b).

Table 4. Chemical composition of the titanium alloy femoral/pelvic implant.

Element Ti Al A%
Wt % 90.12 06.72 03.16

Figure 10. Visual inspection of the exploited telescopic lag screw (number 7 in Figure 9b) of the
titanium implant: multiple cracks found on both sides of the telescopic lag screw (a,b); broken
thread (c).
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Figure 11. Visual inspection of the exploited part (number 1 in Figure 9a) of the titanium implant:
worn marks (a); broken hole thread (b); fracture surface with area of wear (c); broken threads of
screws (d,e) (number 5 in Figure 9b).

Figure 12 presents an overview of the fracture area observed in the outer part of the
titanium implant hole. The areas numbered 1-4 in Figure 12a during visual inspection were
subjected to microscopic observations and presented in Figure 12 b-e according to numbers
given. The crack was initiated at the outer part of the hole (on its edge-Figure 12b,d) and
propagated deeply into the material, leading to its complete fracture. Additionally, the
1.25-mm and 0.5-mm-long cracks were observed below the main crack (Figure 12c), as well
as micropores found on the edge of fractured implant (Figure 12e). Based on microscopic
observations, it could be concluded that, after the implant’s break, both its separated parts
rubbed on one another, producing characteristic smooth surfaces of the parts succumbing
to friction. Inspection of the components of the implant and surfaces of its fracture allowed
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us to conclude that the implants broke in consequence of the overloads that transmitted
excessive mechanical stresses from the bone to the implant’s shaft by attaching the screws.

100pum

Figure 12. Macroscopic view of the fracture surface with marked areas of SEM inspection (a); the
edge of fractured implant (b); cracks observed in the central part of hole (c); the second edge of
fractured implant (d); micropores found on the edge of the fractured implant (e).

3.4. X2CrNiMo18-14-3 Steel Femoral Implant

The steel femoral condylar plate (Table 5) was made of X2CrNiMo18-14-3 (D) steel
(316L, PN-ISO 5832-1 Standard [44]). A macroscopic inspection (Figure 13) allowed us to
observe the foci of the fracture in the area of the threaded hole (Figure 14). Smooth fracture
surfaces are characteristic for the friction processes that indicated that two separated parts
of the implant interacted between themselves after its break. Additionally, visible traces
of wear were observed on one of the implant’s mounting screws with damage of the
35-mm-long segment of its thread.

Table 5. Chemical composition of the steel femoral implant.

Element C Si Mo Cr Fe Ni
Wt % 2.11 0.64 3.18 17.45 61.73 14.89
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Figure 13. General view of the explanted steel femoral condylar plate.

)
.
.
-
-
-
.
-
-
-
-
-
-
-
-
-
-
-
-
-

Figure 14. Visual inspection of the fracture surface of the steel implant compared to the as-received

and exploited screw.

A visual analysis (Figure 15a) revealed a characteristic crater formed around the
threaded hole that occurred due to permanent deformation of the material caused by the
transmission of excessive forces by the screw mounted in it. Multiple cracks propagating
from the crater along the edge of the hole could also be observed (Figure 15b,c). Moreover,
numerous scratches inside the nonthreaded part of the hole were observed, most likely
caused by screwing the bolt into the hole or the impact of the bolt head on the side surface
of the hole (Figure 15d). The edges of the second part of the fractured implant were also
characterized by numerous cracks (Figure 15e—g). Analogically, smooth surfaces of the
fracture edge caused by friction of one part of the broken implant over another were
observed (Figure 15h).
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Figure 15. Microscopic observations of the fracture surface of the steel implant: crater formed around
the threaded hole (a); cracks propagating from the crater along the edge of the hole (b,c); scratches
inside the nonthreaded part of the hole (d); numerous cracks on edges of the second part of the
fractured implant (e-g); smooth surfaces of the fracture edge caused by friction of one part of the
broken implant over another (h).

Microscopic observations of the inner area of the fracture surface revealed dominant
cracks in the inner aspect of the thread (Figure 16, marked with arrow). The crack, which
initiated at the upper part of the thread, propagating deeply into the structure of the
implant up to its outer surface, leading to its fracture (Figure 16a, marked with arrow).
In addition, 100-300-pm microcracks could be observed on the threads and around the
unthreaded parts of the hole as marked with arrows in Figure 16¢,d. Bolts were subjected
to an additional analysis (Figure 17), showing a significant degree of wear in one of them.
The entire thread, about 30 mm long, was significantly damaged. Inspection of the fracture
surface and the nature of the fracture of the implant allowed us to state that the material
was damaged due to screwing it with excessive force to the plate.

A microstructural analysis of the fractured implants was performed in this paper. It
should be mentioned, however, that it is hard to compare the results obtained in this work
with the literature, since the knowledge on the implant fracture and its potential causes
has not been reported in detail yet. More importantly, the complex loading states that the
implants were subjected to were different for individual patients.
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Figure 16. Microscopic observations of the inner area of the fracture surface.

Exploited screw New screw

Figure 17. Comparison of the explanted screw (left column) and the new one (right column).
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4. Summary and Concluding Remarks

The paper focused on the analysis of orthopedic trauma implant failure, which led to
bone fracture destabilization. Implant fractures complicate orthopedic procedures, further
disabling effective interventions. Clinical practice shows that they occur in a limited
number of patients that usually present a fracture healing process or those who, due to
unintended secondary injuries or in consequence of the transgression of postoperative
recommendations, succumb to secondary limb traumatization. In those cases, implant
fractures and bone break destabilization point to the causative impact of accidental or
cumulative mechanical overloads of an implant.

Based on our investigations, it could be presumed that implant fractures are caused by:

1.  material impurities, where super-hard aluminum oxide acts as a mechanical strain
concentrator, serving as the center of cracks propagating between the structure of an
implant,

2. the deficient adjustment of implant designs to the stresses acting on it,

3. improper technology of implant production, especially in the case of drilling and
threading of the holes serving as mounting areas of screws attaching it to the bone,

4. inappropriate surgical technique during implantation,

5. its mechanical overloads caused by excessive forces acting on limbs treated with this
particular implant.

Nica et al. [45] analyzed the structure and remnants of implants removed due to
their breaks and further reported that an inappropriate surgical technique and structural
material flaws are responsible for most of the incidences of implant failures. It was con-
cluded that the improvement of material quality and implementation of higher-quality
standards would improve treatment results. The only explanation of the discrepancy of
their observation with ours comes from the fact that they analyzed implants produced
outside Europe.

In the materials investigated, implant fractures most probably occurred in consequence
to mechanical overloads resulting from repetitive, prohibitively excessive limb loads or
singular, unintended secondary injures. The first mechanism subjected the implant to
relatively mild but repetitive loads, which, when summarized, damaged it. The second
one fractured due to forces acting with an amplitude enormously exceeding those that the
implant could withstand. Based on a finite element analysis of the broken, steel condylar
plate, Gervais et al. [46] concluded that regular walks alone create mechanical forces
sufficient to break the implant. The crack, initiated at the area of stress concentration due to
repeated bending loads, propagated to deeper parts, resulting in the implant’s fracture. An
analogous observation was reported by Hou et al. [47], where the failure mechanisms of
screws manufactured by reputable producers were analyzed. The results clearly indicated
that overload plays a much more important role in implant fractures than material flaws
themselves.

For the observations given by our predecessors, we can add an additional one—
namely, that the current design of orthopedic implants is not fully suitable to transduce
mechanical loads acting on them due to the increasing weight of treated patients and, much
more important, their physical activity.

Moreover, the design of implants leads to the generation of stress concentrators that
serve as initiators of cracks. An analysis of the surfaces of the fractured implants revealed
that, regardless of the initial material state and geometry, the fracture was caused by the
concentration of the stress forces in its holes, including the threaded parts, where the
crack initiated and propagated within the material. Most probably, the implants were
subjected to an excessive fatigue load with additional effects caused by the interaction
between the screws and threaded holes. The very tight connection between the screws
and threated holes of the implant initiated cracks that led to significant wear between the
working surfaces. The wear of threads of screws and plates might reduce the rigidity of
the connection between the bone and the implant, thus enhancing the temporary loads
between them that promoted the propagation of the implant’s cracks.
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Taking into account the above observations, in order to reduce the risk of implant
fracture, one can require to increase the thickness of their dimensions, especially in the
areas with holes.

Author Contributions: Conceptualization, M.K., A.B. and G.S.; methodology, M.K., ZL.K. and A.B;
formal analysis, M.K., A.B., G.S. and Z.L.K.; writing—original draft preparation, M.K.; writing—
review and editing, M.K., Z.L. K. and G.S.; supervision, Z.L.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available in a publicly accessible repository.

Acknowledgments: The authors are grateful to Mirostaw Wyszkowski, Izabela Barwinska, and
Andrzej Chojnacki from the Institute of Fundamental Technological Research of the Polish Academy
of Sciences for their great support of the experimental work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ozcan, M.; Himmerle, C. Titanium as a Reconstruction and Implant Material in Dentistry: Advantages and Pitfalls. Materials
2012, 5, 1528-1545. [CrossRef]

2. Hayes, ].S; Richards, R.G. The use of titanium and stainless steel in fracture fixation. Expert Rev. Med. Devices 2010, 7, 843-853.
[CrossRef] [PubMed]

3. Becerikli, M.; Jaurich, H.; Wallner, C.; Wagner, ].M.; Dadras, M.; Jettkant, B. P2000—A high-nitrogen austenitic steel for application
in bone surgery. PLoS ONE 2019, 14. [CrossRef]

4. Nowacki, J.; Dobrzanski, L.A.; Gustavo, L. Implanty srédszpikowe w osteosyntezie kosci dtugich. Open Access Libr. 2012, 72,
1-150.

5. Wiliams, D.F. Definitions in Biomaterials; Elsevier: Amsterdam, The Netherlands, 1987; Volume 26, p. 414.

6. Hollander, D.A.; Von Walter, M.; Wirtz, T.; Sellei, R.; Schmidt-Rohlfing, B.; Paar, O.; Erli, H.-]. Structural, mechanical and in vitro
characterization of individually structured Ti-6Al-4V produced by direct laser forming. Biomaterials 2006, 27, 955-963. [CrossRef]

7. Zhou, Y.L.; Niinomi, M.; Akahori, T.; Fukui, H.; Toda, H. Corrosion resistance and biocompatibility of Ti-Ta alloys for biomedical
applications. Mater. Sci. Eng. A 2005, 398, 28-36. [CrossRef]

8.  Gepreel, M.A.-H.; Niinomi, M. Biocompatibility of Ti-alloys for long-term implantation. . Mech. Behav. Biomed. Mater. 2013, 20,
407-415. [CrossRef] [PubMed]

9.  Bruni, S.; Martinesi, M.; Stio, M.; Treves, C.; Bacci, T.; Borgioli, F. Effects of surface treatment of Ti-6Al—-4V titanium alloy on
biocompatibility in cultured human umbilical vein endothelial cells. Acta Biomater. 2005, 1, 223-234. [CrossRef] [PubMed]

10. Kumari, R.; Scharnweber, T.; Pfleging, W.; Besser, H.; Majumdar, ].D. Laser surface textured titanium alloy (Ti-6Al-4V)—Part
II—Studies on bio-compatibility. Appl. Surf. Sci. 2015, 357, 750-758. [CrossRef]

11.  Dobrzanski, L.A. Materialy Inzynierskie i Projektowanie Materiatowe. Podstawy Nauki o Materiatach i Metaloznawstwo; WNT: Warsaw,
Poland, 2006.

12.  Dobrzanski, L.A. Metaloznawstwo Opisowe Stopow Metali Niezelaznych; Wydawnictwo Politechniki Slaskiej: Gliwice, Poland, 2008.

13. Dobrzanski, L.A. Metaloznawstwo Opisowe Stopow Zelaza; Wydawnictwo Politechniki Slaskiej : Gliwice, Poland, 2007.

14. Gaadzik, T.S. GwoZdziowanie éro’dszpikowe; Wydawnictwo Medyczne G-Medica press: Bielsko-Biata, Poland, 2000.

15. Karoly, D.; Asztalos, L.; Micsik, T.; Szab6, PJ. Non-Destructive Analysis of Explanted Coronary Artery Stents. Acta Polytech. Hung.
2017, 14. [CrossRef]

16. Disegi, J.A.; Eschbach, L. Stainless steel in bone surgery. Injury 2000, 31, 2-6. [CrossRef]

17.  Banovetz, ].M.; Sharp, R.; Probe, R.A.; Anglen, J.O. Titanium plate fixation: A review of implant failures. J. Orthop. Trauma 1996,
10, 389-394. [CrossRef]

18. Gosain, A.K,; Song, L.; Corrao, M.A.; Pintar, F.A. Biomechanical evaluation of titanium, biodegradable plate and screw, and
cyanoacrylate glue fixation systems in craniofacial surgery. Plast. Reconstr. Surg. 1998, 101, 582-591. [CrossRef] [PubMed]

19. Suzuki, T.; Smith, WR,; Stahel, P.E; Morgan, S.J.; Baron, A ].; Hak, D.]J. Technical problems and complications in the removal of
the less invasive stabilization system. J. Orthop. Trauma 2010, 24, 369-373. [CrossRef] [PubMed]

20. Elias, C.N.; Lima, ].H.C,; Valiev, R.; Meyers, M.A. Biomedical Applications of Titanium and its Alloys. JOM 2008. [CrossRef]

21. Zizzari, V.L,; Zara, S.; Tete, G.; Vinci, R.; Gherlone, E.; Cataldi, A. Biologic and clinical aspects of integration of different bone

substitutes in oral surgery: A literature review. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2016, 122, 392—402. [CrossRef]
[PubMed]


http://doi.org/10.3390/ma5091528
http://doi.org/10.1586/erd.10.53
http://www.ncbi.nlm.nih.gov/pubmed/21050093
http://doi.org/10.1371/journal.pone.0214384
http://doi.org/10.1016/j.biomaterials.2005.07.041
http://doi.org/10.1016/j.msea.2005.03.032
http://doi.org/10.1016/j.jmbbm.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23507261
http://doi.org/10.1016/j.actbio.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/16701799
http://doi.org/10.1016/j.apsusc.2015.08.255
http://doi.org/10.12700/APH.14.2.2017.2.9
http://doi.org/10.1016/S0020-1383(00)80015-7
http://doi.org/10.1097/00005131-199608000-00005
http://doi.org/10.1097/00006534-199803000-00004
http://www.ncbi.nlm.nih.gov/pubmed/9500375
http://doi.org/10.1097/BOT.0b013e3181c29bf5
http://www.ncbi.nlm.nih.gov/pubmed/20502220
http://doi.org/10.1007/s11837-008-0031-1
http://doi.org/10.1016/j.oooo.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27496576

Materials 2021, 14, 2209 16 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Choi, S.H.; Lee, ].H. Absorbable Plate-Related Infection after Facial Bone Fracture Reduction. Arch. Craniofac. Surg. 2016, 17, 1-4.
[CrossRef] [PubMed]

Liang, H.; Yang, Y,; Xie, D.; Li, L.; Mao, N.; Wang, C.; Tian, Z.; Zhang, P.; Shen, L. Trabecular-like Ti-6Al-4V scaffolds for orthopedic:
Fabrication by selective laser melting and in vitro biocompatibility. J. Mater. Sci. Technol. 2019, 35, 1284-1297. [CrossRef]

Kruth, J.-P; Levy, G.; Klocke, F.; Childs, T. Consolidation phenomena in laser and powder-bed based layered manufacturing.
CIRP Ann. 2007, 56, 730-759. [CrossRef]

Yasa, E.; Deckers, J.; Kruth, J.-P.; Rombouts, M.; Luyten, ]. Charpy impact testing of metallic selective laser melting parts. Virtual
Phys. Prototyp. 2010, 5, 89-98. [CrossRef]

Azarniya, A.; Colera, X.G.; Mirzaali, M.].; Sovizi, S.; Bartolomeu, E; Weglowski, M.S.; Wits, WW.; Yap, C.Y.; Ahn, ].; Miranda, G.;
et al. Additive manufacturing of Ti-6A1-4V parts through laser metal deposition (LMD): Process, microstructure, and mechanical
properties. |. Alloys Compd. 2019, 804, 163-191. [CrossRef]

Everton, S.K.; Hirsch, M.; Stravroulakis, P.; Leach, R.K.; Clare, A.T. Review of in-situ process monitoring and in-situ metrology for
metal additive manufacturing. Mater. Des. 2016, 431-445. [CrossRef]

De Formanoir, C.; Michotte, S.; Rigo, O.; Germain, L.; Godet, S. Electron beam melted Ti-6A1-4V: Microstructure, texture and
mechanical behavior of the as-built and heat-treated material. Mater. Sci. Eng. A 2016, 652, 105-119. [CrossRef]

Yu, H.-C.; Kim, Y.-K. Fractures of implant fixtures: A retrospective clinical study. Maxillofac. Plast. Reconstr. Surg. 2020, 42, 13-16.
[CrossRef] [PubMed]

Yi, Y.; Koak, J.-Y.; Kim, S.-K; Lee, S.-J.; Heo, S.-J]. Comparison of implant component fractures in external and internal type: A
12-year retrospective study. J. Adv. Prosthodont. 2018, 10, 155-162. [CrossRef]

Lee, D.-W.; Kim, N.-H.; Lee, Y.; Oh, Y.-A,; Lee, J.-H.; You, H.-K. Implant fracture failure rate and potential associated risk
indicators: An up to 12-year retrospective study of implants in 5124 patients. Clin. Oral Implant. Res. 2019, 30, 206-217. [CrossRef]
Stoichkov, B.; Kirov, D. Analysis of the causes of dental implant fracture: A retrospective clinical study. Quintessence Int. 2018, 49,
279-286. [PubMed]

Oh, S.-L.; Barnes, D. Managing a fractured implant. J. Prosthet. Dent. 2016, 115, 397-401. [CrossRef]

Gealh, W.C.; Mazzo, V.; Barbi, F.; Camarini, E.T. Osseointegrated Implant Fracture: Causes and Treatment. J. Oral Implant. 2011,
37,499-503. [CrossRef]

Sanivarapu, S.; Moogla, S.; Kuntcham, R.S.; Kolaparthy, L.K. Implant fractures: Rare but not exceptional. J. Indian Soc. Periodontol.
2016, 20, 6-11. [CrossRef]

Gibney, K. Fracture of the body of an implant and its management—A case history. Br. Dent. ]. 2004, 197, 615-617. [CrossRef]
[PubMed]

Kim, J.S.; Choi, B.R;; Na, Y.C. Fracture of dental implants: Case report. J. Dent. Implant. Res. 2012, 31, 84-87.

Gargallo Albiol, J.; Satorres-Nieto, M.; Puyuelo Capablo, J.L.; Sanchez Garces, M. A.; Pi Urgell, J.; Gay Escoda, C. Endosseous
dental implant fractures: An analysis of 21 cases. Med. Oral Patol. Oral Cir. Bucal 2008, 13, 124-128.

Tabrizi, R.; Behnia, H.; Taherian, S.; Hesami, N. What are the incidence and factors associated with implant fracture? J. Oral
Maxillofac. Surg. 2017, 75, 1866-1872. [CrossRef] [PubMed]

Chrcanovic, B.R; Kisch, J.; Albrektsson, T.; Wennerberg, A. Factors influencing the fractures of dental implants. Clin. Implant.
Dent. Relat. Res. 2018, 20, 58—-67. [CrossRef] [PubMed]

Kyehee Wee, M.S.; Bo-Ah, L. Implant Fracture After Screw Fracture in a TissueLevel Implant: A Case Report. Implantology 2019,
23,229-234. [CrossRef]

ASM International. ASM Handbook. Fatigue and Fracture; ASM International: Novelty, OH, USA, 1996; Volume 19. [CrossRef]
Hearn, E.J. Chapter 15—Theories of elastic failure. In Mechanics of Materials 1, 3rd ed.; Butterworth-Heinemann: Oxford, UK,
1997; pp. 401-429.

ISO. Implants for Surgery—Metallic Materials—Part 1: Wrought Stainless Steel PN-ISO 5832-1 Standard; ISO: Geneva, Switzerland,
2016.

Nica, M.; Cretu, B.; Ene, D.; Antoniac, I.; Gheorghita, D.; Ene, R. Failure Analysis of Retrieved Osteosynthesis Implants. Materials
2020, 13, 1201. [CrossRef] [PubMed]

Gervais, B.; Vadean, A.; Raison, M.; Brochu, M. Failure analysis of a 316L stainless steel femoral orthopedic implant. Case Stud.
Eng. Fail. Anal. 2016, 5, 30-38. [CrossRef]

Hou, S.M.; Wang, ].L.; Lin, ]. Mechanical strength, fatigue life, and failure analysis of two prototypes and five conventional tibial
locking screws. . Orthop. Trauma 2002, 16, 701-708. [CrossRef]


http://doi.org/10.7181/acfs.2016.17.1.1
http://www.ncbi.nlm.nih.gov/pubmed/28913243
http://doi.org/10.1016/j.jmst.2019.01.012
http://doi.org/10.1016/j.cirp.2007.10.004
http://doi.org/10.1080/17452751003703894
http://doi.org/10.1016/j.jallcom.2019.04.255
http://doi.org/10.1016/j.matdes.2016.01.099
http://doi.org/10.1016/j.msea.2015.11.052
http://doi.org/10.1186/s40902-020-00258-3
http://www.ncbi.nlm.nih.gov/pubmed/32351913
http://doi.org/10.4047/jap.2018.10.2.155
http://doi.org/10.1111/clr.13407
http://www.ncbi.nlm.nih.gov/pubmed/29435519
http://doi.org/10.1016/j.prosdent.2015.08.027
http://doi.org/10.1563/AAID-JOI-D-09-00135.1
http://doi.org/10.4103/0972-124X.154190
http://doi.org/10.1038/sj.bdj.4811824
http://www.ncbi.nlm.nih.gov/pubmed/15611743
http://doi.org/10.1016/j.joms.2017.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28623680
http://doi.org/10.1111/cid.12572
http://www.ncbi.nlm.nih.gov/pubmed/29210188
http://doi.org/10.32542/implantology.2019020
http://doi.org/10.31399/asm.hb.v19.9781627081931
http://doi.org/10.3390/ma13051201
http://www.ncbi.nlm.nih.gov/pubmed/32155981
http://doi.org/10.1016/j.csefa.2015.12.001
http://doi.org/10.1097/00005131-200211000-00004

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Pure Titanium Plates 
	Pure Titanium Femoral Implant 
	Ti-6Al-4V Titanium Alloy 
	X2CrNiMo18-14-3 Steel Femoral Implant 

	Summary and Concluding Remarks 
	References

