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FRACTURE SURFACE ANALYSIS
OF THE FATIGUE-FAILED TITANIUM
DENTAL IMPLANTS

In recent years, the osseointegrated titanium dental implants have revolutionised the
field of dentistry owing to their ability to restore oral function. Thus, they have been
widely used for decades with high survival and success rates. Such prosthetic devices
demonstrate high long-term success rates. However, mechanical complications similar
to fatigue fracture remain the clinically significant cause of late implant failure. It is
one of the important biomechanical complications that can present a considerable prob-
lem to the patient and the dentist. This article aims to elucidate the microstructural
mechanism of fatigue failure of titanium dental implants. The fracture surfaces of two
types of failed implant samples made of technically (commercially) pure titanium (c.p.
Ti) and the Ti-6Al-4V alloy are studied. The specimens of the first type are tested in
laboratory conditions under the action of cyclic loading in accordance with the Euro-
pean normative used for the mechanical tests (UNI EN ISO 14801); the other implant
specimens are taken from the patient after their failure. The use of scanning electron
microscopy (SEM) on the fracture surface provides information about the failure-ini-
tiation site, loading history, environmental effects and surface-material quality of the

Citation: M.O. Vasylyev, B.M. Mordyuk, S.M. Voloshko, and P.O. Huryn, Fracture
Surface Analysis of the Fatigue-Failed Titanium Dental Implants, Progress in Physics
of Metals, 27, No. 3: 544-567 (2026)

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2026. This is an open ac-
cess article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

544 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 3



Fracture Surface Analysis of the Fatigue-Failed Titanium Dental Implants

implant body and abutment. SEM allowed confirmation that fatigue is the main im-
plant-failure mechanism comprising a three-stage pathway well-known for metals, i.e.,
a stable crack propagation followed by accelerated crack propagation with apparent
striations, and a final fast failure by voids’ nucleation, coalescence, and growth. De-
spite compliance with the requirements for the implant microstructure, stress concen-
tration on the implant constructive peculiarities and corrosion damage, which can be
induced by the aggressive oral environment, increases the fatigue-failure risk.

Keywords: dental implants, titanium, Ti-6A1-4V alloy, fatigue failure, cyclic loading,
implant fracture.

1. Infroduction

For many years, dental implants have emerged as a successful and widely
used treatment option in modern dentistry, providing both functional and
aesthetic solutions to patients with partially or edentulous jaws for repla-

cing missing teeth. In recent years,
with their ability to restore oral fun-
ction, dental implants have revolu-

Prosthetic
screw

Crown/abutment

tionised the field of dentistry [1-4].
Most dental implants are manufac-
tured as a two-piece system, which
consists of two functional compo-
nents: the fixture (body) and the
abutment (Fig. 1). The fixture is the
endosteal component, which is placed
in the bone volume during the first Corti
ortical

surgical procedure. The abutment is bone
the adapter head that is screwed to
the implant body after implant osse-
ointegration, and on which the crown
(or any other prosthetic design) is
fixed on the fixture top to support
the prosthetic restoration [5, 6].

Clinical practice has established that the success of the implant treat-
ment depends on a variety of factors that are specific to the implant itself
(e.g., design, material, and surgical procedure), the patient, or the actual
method used to place the implant.

Soft tissue

Implant
body

Trabecular
bone

Fig. 1. Assembly of the single dental
implant restoration [7]

2. Mechanical Complications and Implant Failures

The major concern for the dentist and patient is the durability of the dental
implant. Factors such as implant design, surface properties, and the manu-
facturing surgical process can influence the success rate of the implants.
Recent research also found that the oral environment and the actual implan-
tation procedure may have related to the success of the implants as impor-
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tant as the above-mentioned factors. Many longitudinal studies have re-
ported osseointegrated dental implant success and survival rates of close to
90-95% [8—10]. However, despite their overall success, failures and compli-
cations associated with dental implants can occur, with fractures and me-
chanical failures being significant concerns. Dental implant failures can be
classified into two categories: biological and mechanical. Biological failures
primarily involve issues related to osseointegration, peri-implantitis (inflam-
mation and bone loss around the implant), and soft tissue complications.

On the other hand, mechanical failures encompass fractures and other
structural problems directly associated with the implant components.
These failures can take place in the abutment, in the implant body or in
the prosthetic screw, depending on implant diameter, load case, implant
position, etc. Nevertheless, screw failures are the most common as com-
pared to failures of the abutment or implant [11-16].

Implant fracture is a major cause of late prosthetic implant failure, as
one of the possible complications of the implant. The incidence of implant
body fracture reported is 0.98-1.5% [17]. It was found that mechanical
complications included abutment and prosthesis screw loosening, abut-
ment and prosthesis screw fractures and implant fractures. The incidence
of abutment screw loosening was reported to be between 2 and 45%, de-
pending on the type of prosthesis, and abutment screw fracture occurs less
frequently, with an incidence of 0.5-8%. Prosthesis screw loosening
ranged from 1 to 38%, and their fracture rate ranged from 1 to 19%.
Fortunately, the incidence of implant fracture is far less, reported to be
0.2-3.5% [18]. Several reasons can increase the incidence and cause of
titanium implant fractures. According to a literature review, they can be
summarised as poor implant manufacturing or implant design and defects,
implant—abutment misfit, unfavourable occlusal loading with biomechani-
cal or physiologic overloading, bone resorption, loss of supporting tissue
secondary to infection or peri-implantitis, implant diameter, and galvanic
implant corrosion [19-24].

The design of the implantable dental implants must always take into
consideration the cyclic loads the implant will undergo throughout its
lifetime. The fatigue endurance of the materials used will play a very im-
portant role when trying to estimate the long-term performance of the
device. Thus, the assessment of the fatigue behaviour of the implantable
alloys has acquired greater importance. Metal fatigue due to biomechani-
cal overloading appears to be the most frequent cause. The fatigue life of
the implant depends on both the implant itself and the physical properties
of the bone, as well as on other morphological characteristics that are
patient-dependent, which explains why this fatigue life varies greatly
with each newly placed implant [25—-27].

Titanium and its alloys are appreciated as the implant materials in
dentistry since the discovery of osseointegration by Branemark [28, 29].
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Commercially pure titanium (c.p. Ti) is one of the most often used materials
for oral implants owing to its biocompatibility, moderate strength, fatigue
and corrosion resistance, as well as the low specific weight [30—34].

3. Laboratory Fatigue Tests

The laboratory fatigue testing setup for the dental implants is designed to
apply cyclic loading under controlled conditions in accordance with the
European normative used for the mechanical tests (UNI EN ISO 14801).
Such a testing system simulates worst-case clinical loading of the endos-
seous dental implant, providing a reliable framework for reproducing
fracture mechanisms observed in failed dental implants. The scheme and
view of the positioning system, which is applied for the complete tests and
implants without an angled connection, are shown in Fig. 2 and Fig. 3. In
particular, the sample was placed at 30° relative to the implant’s longitu-
dinal axis [37—41]. After the fractographic examination of the fatigue-
tested implants, identification of the crack initiation sites, crack propaga-
tion behaviour, and the final fracture modes contributes to improved im-
plant design and enhanced long-term clinical reliability.

Loading conditions during the fatigue testing are as follows: sinusoi-
dal cyclic load ratio (R = 0.1), frequency of 2—-15 Hz, number of 2—5 mil-
lion cycles, environment air or saline solution (optional). Stress (S) versus
number of cycles to failure (&), used to compare implant designs and
materials (S—N curves). Cyclic loading is applied using a servo-hydraulic
or electrodynamic testing machine. The importance of fatigue testing,
which predicts long-term clinical

f 30° reliability, allows comparison Dbe-
tween implant systems and identi-

!—\/ fies weak points in design. The fa-
/ tigue testing of dental implants is

Loading device

Abutment

Implant body

. Hemi-
Specimen spherical
holder Loading

member

Fig. 2. Schematic diagram of the fatigue Fig. 3. Schematic set-up according to
testing [35] the ISO 14801 protocol [36]
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A Finite life _ Infinite life  the key experimental method for in-
vestigating the fracture mechanisms
leading to implant fractures. Engi-
neering fatigue data is most common-
ly presented in the form of an S—-N
curve, where stress (S) is plotted
against the number of cycles to fail-
ure (N). This data is useful for life-
Cycles to Failure time prediction analysis. Generally,
Fig. 4. The sample S—N curve for tita- 85 the stress decreases, the metal en-
nium [36] dures a greater number of cycles; be-
low a certain stress, the S—N curve
levels off and becomes horizontal at the particular stress level. This stress
level is known as the fatigue limit. Below this limit, the metals can theo-
retically endure an infinite number of cycles without failure (Fig. 4). The
S—N curve is generated by testing multiple specimens at varying loads and
recording the number of cycles to failure. Traditionally, this has required
a larger number of specimens due to the wide distribution of both failure
loads at a constant number of cycles and the number of cycles to failure at
a constant load. Generating this data would be difficult due to the high
costs of the implants and the time required for testing dozens of speci-
mens for millions of cycles.

el
§ LF — Fatigue limit

4. Implant Body Failure

Evaluation of the body titanium dental implant fracture surface after fa-
tigue testing using SEM was performed in Ref. [42]. The fatigue testing
in dry conditions was carried out with sinusoidal and unidirectional load
(Standardized parameters according to UNI EN ISO 14801). The testing
was performed in the air (20+£5°C) at frequencies up to 30 Hz until failure
or five million cycles. Using the higher-magnification SEM images, it was
revealed that the three distinct stages of the body failure surface crack
evaluation, specifically the crack pop-in and arrest, the fatigue crack growth
and the catastrophic or ductile failure. Figure 5 shows the SEM image
series for the failed body implant. It can be noted that these three stages
of the crack growth contain representative topographical differences. In
particular, region A represents the crack pop-in phase, region B represents
fatigue crack growth, and region C represents the ductile failure region.
These three zones are normally observed in the fracture surfaces of
various metallic materials experiencing fatigue induced by cyclic loading
[43—-46], including pure titanium [47—-49] and Ti-6Al-4V alloy [49, 50].
Precisely, the crack initiation area with adjoined zone ‘A’ of stable crack
propagation is followed by zone ‘B’ of accelerated crack propagation with
apparent striations, and a final fast fracture zone ‘C’, which exhibits fai-
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Fig. 5. SEM images of three zones of the crack growth: a — stable crack propagation
(A), b — accelerated crack propagation (B) and failure by void nucleation (C); the dot
in the left figure (a) indicates the crack origin [42]

lure by void nucleation, coalescence and growth. Two different stages,
viz., the stage prior to short crack initiation in high-cycle fatigue (HCF)
and the stage of long crack propagation in low-cycle fatigue (LCF), are
known to be identified in fatigue behaviour of metallic materials [44, 51].
In the HCF regime, low applied stress amplitudes are known to be well
below the tensile and compressive yield stress, and they induce predomi-
nantly elastic strains in the material during the test, with most of the
fatigue life spent on crack initiation in this regime. Thus, the higher the
strength of the material is, the better the resistance against crack nuclea-
tion. On the contrary, plastic strain amplitudes are dominant in the LCF
regime as the applied stress amplitudes exceed the yield stress considera-
bly. Therefore, the ductility of the material becomes determinative in the
fatigue damage tolerance in this case.

The fracture surface within the crack pop-in region (zone ‘A’ of stable
crack propagation) at high magnification is presented in Fig. 6, a. As one
can see, such a fracture surface is relatively smooth and represents trans-
granular crack growth with little or no grain boundary involvement, and
no fatigue striations are evident. The stage II crack growth (zone ‘B’)
exhibits crack-arrest marks known as the fatigue striations (an example of
which is shown in Fig. 6, b), which are the result of one load cycle. It is
expected that the general direction of the crack propagation is from the
bottom of the image to the top, and the majority of the fatigue striations
are aligned perpendicular to this. In addition, one can see that the micro-
cracks between the grains and within some of the grains, the fatigue
striations follow a different direction than expected. Furthermore, the
crack is progressing on multiple plateaus at different elevations. A ductile
failure region (a final fast fracture zone ‘C’) occurred when the fractured
implant was manually detached. Figure 6, ¢ shows the characteristic im-
age of this fracture mode. Evidently, the cup-like depressions are also

ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 3 549



M.O. Vasylyev, B.M. Mordyuk, S.M. Voloshko, and P.O. Huryn

Fig. 6. The SEM images at high magnifi-
cations: a — the crack pop-in stage of
the failure corresponding to the location
A shown in Fig. 5; b — the representa-
tive fatigue crack growth corresponding
to location B in the previous figure; ¢ —
the ductile failure corresponding to the
location C in Fig. 5 [42]

known as dimples. As the strain was applied, the microvoids in the alloy
grew and coalesced. The lip or rim of the dimples is the result of the frac-
ture surfaces final separation. In addition, the dimples are non-uniformly
shaped, with some being round and others being more elongated.

It was demonstrated that the majority of the implants failed at less
than 250000 cycles. The fatigue life of 125000 cycles is the mean failure
period for this group. The fatigue striations would align perpendicularly
to the overall direction of the crack propagation.

The effect of commercial dental implant diameter on load fatigue tes-
ting in air and in a simulated oral environment was studied in [562]. Three
types of implants were tested with an outer diameter of 3.3 mm, 3.75 mm,
and 5 mm. To minimise vibration of the instrument during testing fatigue
life according to UNI EN ISO 14801, the applied cyclic load had a sinusoi-
dal force with a frequency of 15 Hz in air at a temperature of 20+5°. In
the simulated physiological environment, the fatigue testing was conduc-
ted at a frequency of 2 Hz. Normal saline with 0.9% NaCl, as an artificial
body fluid to simulate the implant being immersed in blood and saliva,
was used in this study. From the S—N curve results (in air) for the three
implant diameters, significant differences were observed. In particular,
for the 3.75-mm diameter implant, the normalised load decreased as the
mean number of cycles to failure increased, and the probability of sur-
vival increased as the normalised load decreased. For the 5-mm diameter
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Fig. 7. (a) The implant surface fractured in the simulated body with the low magnifi-
cation. (b) The fractured implant surface in the air with the low magnification. (¢) The
fracture surface of the implant fractured in the simulated body environment with the
high magnification. (d) The fracture surface of the implant fractured in the air with
high magnification [52]

implant, the normalised load decreased as the average number of cycles to
failure increased. In contrast, the 3.3-mm-diameter implant, which had a
different probability of survival from the other two implants, did not in-
crease monotonically as the normalised load decreased. The fatigue limit
of all of the implants tested in the simulated oral environment was lowe-
red by 20% compared to that under air conditions. It was pointed out that
the simulated oral physiological environment influenced the fatigue
strength by producing a corrosive environment that affected the fatigue
mechanism. The typical microphotographs of the fracture surfaces in two
kinds of conditions are shown in Fig. 7. It can be seen that the implant
surfaces were broken at a similar load level. However, the fatigue stria-
tions in the simulated body showed transgranular fracture with secondary
cracking, which was not found in the air testing instead.
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Fig. 8. Typical scanning electron photomicrographs from the fracture surface of the
failed abutment screw [53]

5. The Implant Abutment Fatigue Fracture

The fracture surface analysis of the pure titanium implant abutment was
tested in the study [563]. The system consisted of the 10-mm implant with
an outer diameter of 3.75 mm, the cylindrical abutment with a height of
8 mm, and the abutment screw to connect the components. To produce
fatigue-fracture samples, the cyclic load was applied to the implant ac-
cording to the protocol UNI EN ISO 14801. The applied cyclic load was set
as a sinusoidal force with a frequency of 15 Hz. The test machine was set
to automatically shut off when the specimen failed or the cyclic loading
reached 5-10° cycles. The fatigue-fracture surface of the fractured im-
plant components was examined using SEM. In this study, the smooth
region ratio (SRR) was defined as the ratio of the smooth phase area to the
area of the whole fracture surface. The typical SEM images of the frac-
tured abutment screw are exhibited in Fig. 8. As seen, the smooth and
rough surfaces at the tension and compression sites are formed, respec-
tively. The significant boundary between the smooth and rough regions
can be seen on the fracture surface. In addition, the crack propagation
direction can be identified from the lines parallel to the dimpled lines in
the smooth region. The fatigue fracture has been explained as the propa-
gation of microscopic cracks caused by the stress concentration in the
structural analysis.

6. The Fracture Surface of the Retrieved Failed Implants

When the titanium implant fracture surfaces are examined using SEM,
the first observed feature is the macroscopically different contrast be-
tween the stable fatigue crack growth region, followed by the catastrophic
overload (Fig. 9, a) [54]. In the fatigue region, the characteristic feature
of fine parallel lines (striations) can be discerned to a variable extent at
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Fig. 9. Typical features observable on
the fracture surface of the fatigued Ti—
6A1-4V alloy implant using SEM. Here,
a — overall fracture surface in which
two regions are discernible, delineated
by the dashed line. The stable fatigue
crack, followed by the catastrophic ove-
rload fracture; b — in the fatigue re-
gion, one can notice faint striations
(fine parallel lines) and secondary crack-
ing (arrowed); ¢ — ductile overload
dimples [54]

the relatively high magnifications (Fig. 9, b). As for c.p.-Ti, the striations
are usually quite apparent, but for the Ti-6Al-4V alloy, it may be more
difficult to detect this feature. However, in such an alloy, one can see ar-
rays of parallel microcracks that are perpendicular to the main fracture
plane at the higher magnifications. The secondary cracks (Fig. 9, b) in the
alloy are a clear indication of the fatigue failure process. As shown in
Fig. 9, ¢, finally, when the fatigue crack becomes unstable, overload frac-
ture ensues, which is characterised by microvoids (dimples). Therefore,
one can conclude that the identification of fatigue as the fracture mecha-
nism is well defined nowadays and is no longer subject to interpretations
or guesswork.

The effect of the dental-implant diameter on the fatigue behaviour of
the titanium alloy (Ti-6Al-4V) was studied with macro-failure analysis by
SEM in Ref. [65]. To perform this experiment, conical 13-mm dental im-
plants made of the titanium alloy were connected to a standard straight
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Fig. 10. The four modes of fracture: (a) 5-mm specimen broken on the screw and abut-
ment neck; (b) 3.75-mm specimen broken on the implant neck; (¢) 3.75-mm specimen
broken on the implant second thread; (d) 3.3-mm specimen broken on the implant sec-
ond thread; (e) 3.3-mm specimen broken on the implant third thread [55]

4

8-mm abutment using a 7-mm long screw. The implants of three diameters
were tested for their fatigue performance: 3.3, 3.75, and 5 mm at the im-
plant neck. The fatigue testing was performed under selected load control
loads, which were applied as a sinusoidal regime to the implant abutment
at an angle of 30° off-axis, inducing the bending moment. The test tech-
nique stopped operating when the implant fractured or when it reached
5-105 cycles without apparent failure. Eighty implants were fractured and
analysed. The next four marked fracture types are identified in Fig. 10:
the abutment neck and screw; the implant body—neck (the specimen was
broken at the implant neck); implant body—thread 2 (the specimen was
broken at the implant second thread); implant body-thread 3 (the specimen
was broken at the implant third thread). It was observed that for the
5-mm implant, 100% of the fractured implants were fractured at the
abutment neck and screw; for the 3.75-mm implant, 55.5% were fractured
at the implants second thread, which is the dominant fracture mode, and
44.4% of the fractured implants were fractured at the neck of the im-
plant; for the 3.3-mm implant, 52% of the fractured implants were frac-
tured at the implants second tread and 48% were fracture at the implants
third thread.

SEM representative macro- and microimages are presented in Fig. 11.
There are two different regions of the macroscopic appearance of the failed
implants. At the magnification between x1000 and x5000, the arrays of
parallel secondary cracks are observed. These are parallel to the macro-
scopic crack front propagation direction. However, it is only at the rela-
tively high magnifications (between 10 and 20 k) that one can discern
faint striations, whose observation is not straightforward.
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Fig. 11. (a) Fracture surface of the 5-mm implant. The maximum load was 852 N, and
the specimen failed after 162,458 cycles. (b) The fatigue striation (see the arrow) be-
tween transgranular fractures indicating fatigue fracture for the 3.75-mm implant,
with a maximum load of 810 N and 73,9883 cycles to failure. (¢) A view of the fatigue
fracture mode found in the 3.3-mm implant. The maximum load was of 438 N, and the
specimen failed after 1420000 cycles. (d) A view of the final fracture (monotonic over-
load) found on the fracture surface shown in the figure upper-left (a) [55]

There are different fracture modes of the 5-mm implant (Fig. 11, a),
i.e., A is a fatigue fracture, and B is the final fracture (monotonic over-
load). In the 3.3-mm implant (Fig. 11, b), fatigue failure does not origi-
nate from well-defined flaws and seems to have multiple sources. Fatigue
failure is characterised by transgranular fracture with many secondary
parallel cracks (arrow in Fig. 11, ¢) perpendicular to the local crack-front
propagation. Note that fatigue striations are only discernible at relatively
large magnifications, about x10000. The final fracture failure is charac-
terised by equiaxed dimples (Fig. 11, d) [55].

The main result of this study is as follows. Four distinctive fracture
loci were identified, and macrofracture mode analysis was performed,
showing that all 5-mm implants that fractured were fractured at the abut-
ment neck and screw. In the 3.75-mm group, 44.4% were fractured at the
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Fig. 12. Macrographic images of retrieved dental implants made of (a) c.p. Ti and (b)
Ti—6Al1-4V. (c¢) Final fracture in c.p. Ti dental implants: dimples from retrieved im-
plant. (d) Fracture surface topography of Ti—6Al-4V dental implants: fractography
taken from retrieved implants. Adopted from Ref. [56]

implant neck and 55.5% at the implants’ second thread. Fifty-two per
cent of the 3.3-mm fractured implants had it at the implants’ second
thread and 48% at the implant’s third thread. The implants’ metallo-
graphic sections revealed that the different fracture loci were located
where thin metal cross sections and sharp notches coexist. Using SEM, it
was able to characterise the failure micromechanisms and fatigue charac-
terisation as transgranular fracture and arrays of secondary parallel mi-
crocracks at relatively low magnifications and classic fatigue striations at
much higher magnifications.

The aim of the study [56] was to perform a detailed systematic failure
analysis on Ti—-6Al-4V alloy and c.p. Ti retrieved dental implants using
the fractographic analysis in laboratory conditions. Figure 12 shows the
representative macroscopic images of the retrieved dental implants’ parts
made of both c.p. Ti (a) and Ti—6Al-4V alloy (b). As seen, at the low mag-
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Fig. 13. SEM images of the retrieved upper part of the failed implant: (a) side view of
the part with the damaged area enclosed in a circle; (b) magnification of the marked
area in a; (¢, d) indicate the areas magnified in ¢ and d, respectively [57]

nification, the fracture surfaces are generally uniform and flat. This fact
suggests the operation of a single failure mechanism until the final failure
of the implant. Figures 12, ¢, d show the representative fracture surface
topographies of the retrieved dental implants made of both c.p. Ti (¢) and
Ti—-6Al1-4V alloy (d). SEM images clearly reveal that fatigue is the domi-
nant failure mechanism of the retrieved dental implants.

In the study [57], the commercially pure titanium implant-screw sys-
tem failed after 15 years. The side view of the retrieved failed upper part
of the implant is shown in Fig. 13, a. It is demonstrated that a fracture
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took place along the direction of the
implant external thread, resulting in
a step on the fracture surface. Inter-
estingly, the implant surface at both
sides of this step (Fig. 13, b) was
covered by the characteristic globule
formation (Fig. 13, ¢) and areas of
cellular morphology (Fig. 13, d).

The system was retrieved in three
pieces: the upper part of the implant,
part of the abutment screw, and the
apical part of the implant to which
Fig. 14. SEM image with the intergran-  {he gcrew part was installed. SEM
ular fracture of the implant [58] observations carried out on all three
retrieved parts demonstrated the synergistic effect of the distinct failure
mechanisms, which led to total failure under extrinsic common fatigue
loading. The microscopic observations failed because of the complex syn-
ergism of mechanisms. In the present study, total failure of both the den-
tal implant and the abutment screw has been observed after 15 years of
continuous function in the oral cavity of the patient. In the present case,
the fractographic analysis revealed several peculiarities that support the
activation of complementary mechanisms aggravating the common fatigue
loading of the system.

In the present case [568], the titanium fractured implant segment was
successfully removed and rehabilitated immediately with a larger diame-
ter implant. It was found that the retrieved fracture segment had a diame-
ter of 3.3 mm, and SEM analysis shows fatigue fractures, which may be
the result of excessive overloading and use of the small-diameter implant,
which enhances fatigue failure. An example of the fractured implant
surface SEM image is shown in Fig. 14. Although the fractured surface
is rather complex, the surface demonstrates evidence of intergranular
fracture.

The (c.p. Ti) narrow dental implants (NDIs) fractured after being in-
serted in patients were observed in Ref. [59], and the fracture mechanism
was fatigue in all cases. SEM fractography is shown in Fig. 15 with the
detailed description of both crack nucleation points and the crack propaga-
tion paths. There are many longitudinal cracks along practically all verti-
ces between the walls of the inner hexagonal connection. The crack nu-
cleation is generated within the implant body, specifically in the inner
hexagonal connection walls, just in the bottom horizontal ground plane.
After crack nucleation, the progressive crack growth produced under cy-
clic masticatory multiaxial loading seems to describe the propagation path
along the vertices of the hexagonal connection as well as through the wall
thickness, as can be seen in Fig. 15, b. Different premature fatigue frac-
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Fig. 15. SEM fractography of the explanted NDIs c.p. Ti implant: a — the explanted
implant top view (x20); b — the micrograph of the hexagonal inner connection (side
view) with detail of longitudinal fracture cracks (x30); ¢ and d — the micrographs
with the crack propagation detail at the different magnifications (x100 and x300, re-
spectively) [59]

tures have been observed due to the low mechanical properties and the
defects in the surfaces produced in the conformation process.

The experiment [60] was conducted after the explanation of the clini-
cal case, when the titanium Ti-6Al-4V alloy implant was fractured after
successful osseointegration without any significant trauma or external
force. The implant fixture dimension of 5.4 mm in diameter and 9 mm in
height was placed in the native bone tissue. The antagonist was natural
dentition with adequate occlusion. The crown had been in function for six
years since its placement, and the fracture became noticeable due to its
exaggerated movement. To evaluate the failed implant, the SEM was used
at x40, x100, and x500 magnifications (Fig. 16). The SEM visual analysis
was performed to identify the fracture origin and crack pattern. The com-
bination of the different factors, including abutment design misfit, mate-
rial fatigue, and biomechanical stress imposed on the implant during func-
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Fig. 16. SEM of the fractured retrieved
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nal crack originated from prosthetic
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tional loading, was analysed. Fractures and mechanical failures not only
require additional treatment interventions but also result in implant re-
moval and replacement, leading to increased treatment costs, extended
treatment duration, and patient dissatisfaction. Therefore, understanding
the causes, risk factors, and preventive strategies for implant fractures
and mechanical failures is crucial for ensuring long-term implant success.
Further reports should be performed to elucidate the major causes as well
as the risk factors associated with titanium fracture mechanics.

7. Contributing Factors for Fatigue
Failure of Titanium Dental Implants
(Gathered by Artificial Intelligence ChatGPT) [61]

Titanium dental implants demonstrate high long-term success rates; how-
ever, mechanical complications such as fatigue fracture remain a clini-
cally significant cause of late implant failure. Fatigue failure results from
the accumulation of microscopic damage under cyclic loading, even when
applied stresses are below the ultimate tensile strength of the material.
This section summarises the mechanisms of fatigue fracture in titanium
dental implants reported in the current literature [61], focusing on loading
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conditions, material properties, implant design, biological factors, and the
oral environment.

Titanium and its alloys, particularly commercially pure titanium (c.p.
Ti) and Ti-6Al-4V, are widely used in dental implantology due to their
favourable mechanical properties, corrosion resistance, and biocompatibi-
lity. Despite their high clinical success rates, implant fractures still occur,
typically several years after functional loading. These failures are most
often associated with metal fatigue, rather than overload or material de-
fects alone. Fatigue-related implant fractures are considered late mechan-
ical failures and are often irreversible, requiring implant removal. This
section collects the principal factors contributing to fatigue failure of ti-
tanium dental implants.

Under cyclic loading in the oral environment, dental implants are ex-
posed to complex and repetitive masticatory forces, which comprise: (i)
axial forces during normal chewing, (ii) lateral and oblique forces during
parafunctional activities, and (iii) high-frequency loading (up to several
million cycles per year). Non-axial loading generates bending moments,
which are particularly detrimental to implant fatigue resistance. Patients
with bruxism exhibit significantly increased fatigue risk due to higher
load magnitudes and cycle frequencies.

Fatigue cracks commonly initiate at areas of stress concentration, in-
cluding the following: (i) implant threads, (ii) the implant neck region,
(iii) the implant—abutment connection, (iv) microgaps and sharp geometric
transitions. Small-diameter implants are especially susceptible to fatigue
fracture due to reduced cross-sectional area and higher stress levels. De-
sign features such as thread geometry, connection type (internal vs. exter-
nal), and surface roughness play a crucial role in fatigue performance.

Material properties and microstructural factors are important for the
implants’ durability. Most modern dental implants are manufactured from
Ti—-6Al-4V alloy, which exhibits higher strength than c.p. Ti but may have
lower fracture toughness under certain conditions. Fatigue resistance is
influenced by the following: (i) grain size and crystallographic texture, (ii)
presence of internal defects (pores, inclusions), and (iii) residual stresses
induced during machining or surface treatment. Surface treatments (e.g.,
sandblasting, acid etching) improve osseointegration but may also intro-
duce micro-notches that act as fatigue crack-initiation sites.

The oral cavity represents an aggressive environment characterised
by: (i) saliva with electrolytes, (ii) fluctuating pH values, (iii) temperatu-
re changes, and (iv) mechanical micromovements. These factors may dis-
rupt the protective titanium oxide layer, leading to corrosion—fatigue
synergy, where corrosion accelerates crack initiation and propagation un-
der cyclic loading.

The synergetic influence of cycling and aggressive environment is
supplemented by biological, clinical and prosthetic factors, which are the
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following: marginal bone resorption significantly increases fatigue risk by
reducing the effective support length of the implant and by increasing
bending stresses at the implant neck. Peri-implantitis is frequently associa-
ted with implant fractures, as progressive bone loss shifts stress concen-
tration coronally. Thus, fatigue failure often reflects a combined mecha-
nical-biological complication rather than a purely material problem. Seve-
ral clinical factors which contribute to fatigue failure are the following:
(i) improper occlusal design, (ii) excessive crown height space, (iii) mis-
alignment between implant and prosthetic crown, and (iv) rigid prosthetic
restorations without stress distribution. Prosthetic misfit can induce ad-
ditional cyclic stresses at the implant—abutment interface, promoting fa-
tigue crack initiation.

Preventing fatigue fracture requires a multidisciplinary approach,
which can comprise the following actions: (i) adequate implant diame-
ter and length selection, (ii) proper surgical positioning, (iii) optimisa-
tion of occlusion and prosthetic design, (iv) early detection and manage-
ment of peri-implant bone loss, and (v) use of night guards in bruxism
patients.

8. Conclusions

This paper studies the microstructural mechanism of fatigue failure of the
titanium dental implants made of the technically pure titanium (c.p. Ti)
and the Ti-6Al-4V alloy. The scanning electron microscopy observations
of the fracture surfaces of two types of failed implant samples (i.e., the
implants taken from the patient after their failure and those tested in
laboratory conditions under the action of cyclic loading in accordance with
the European normative used for the mechanical tests (UNI EN ISO 14801))
were analysed.

As observed, the failure origin, loading history, environmental effects
and surface material quality of the implant body and abutment can be
elucidated using SEM of the fracture surfaces. As shown, fatigue is the
main implant failure mechanism, and fatigue crack growth occurs through
a three-stage pathway well known for metals, i.e., stable crack propagation
followed by accelerated crack propagation with apparent striations, and a
final fast failure by void nucleation, coalescence and growth. At the same
time, stress concentration on the implants’ constructive peculiarities and
corrosion damage, which can be induced by the aggressive oral environ-
ment, increases the probability of fatigue failure. Thus, without accoun-
ting for the biological, clinical and prosthetic factors, which are out of the
scope of this paper, the surface modification methods, such as severe plas-
tic deformation (shot peening, sand blasting, etc.), oxidation or coating,
may help prevent the implant surface from damage and, thus, enhance the
dental implant fatigue life.
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AHAUJII3 TIOBEPXHI 3JIAMY TUTAHOBUX 3YBHUX
IMITJIAHTATIB IIICJII BTOMHOI'O PYMHYBAHHS

VIIpOIOBK OCTAHHIX HECATUJIThP CTOMATOJIOTiYHA raJiy3b 3a3Hajla PeBOJIOIIAHUX 3MiH
3aBAAKY BIIPOBaAKEHHIO THTAHOBUX OCTEOiHTErpOBaHMUX 3yOHUX iMIJIaHTaTiB, 110 JaJio
3MOr'y BifHOBJIOBATH (DYHKIIiI0O POTOBOI mopo:kHMHM. Taki iMmimaHTaTy BUPIBHAIOTHCA
BUCOKOIO HaAiMHICTIO 1 J€éMOHCTDPYIOTh UyZOBi pe3ybTaTU 3a TPUBAJIOTO BUKOPUCTAHH.
OpHak MexaHiUHI yCKJIaZHEHHSA, IOAIOHI 0 BTOMHOrO PyHHYBAaHHSA, S3QJIUIIAIOTHCA KJIi-
HiYHO 3HAYYIIOI MPUYMHOIO IIi3HBOTO BiATOprHeHHs iMmiantariB. Ile — oxgHe 3 BasKIu-
BuX GioMexaHIUHUX YCKJIAJHEHb, AK€ MOYKe CTAHOBUTY 3HAUHY IPOOJIEMY AK AJA MallieH-
Ta, Tak i Ajasa cromaTosora. I'oJI0BHOIO MeTOIO Ifiel po6oTH € 3’ACyBaHHA MiKPOCTPYKTYP-
HOTO MeXaHi3My BTOMHOTO DPYHHYBaHHS TUTAHOBUX 3yOHUX immianTariB. HocaimxeHo
TOBEPXHi JBOX TUIIIB 3pa3KiB iMIJIaHTATiB, 1110 PYHHYIOTHCS, BUTOTOBJIEHUX 3 TEXHIUHO
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(xomepirifino) uuctoro tTurany (c.p. Ti) ta cmmaBy Ti—6Al-4V. 3pasku IepImoro TUIY
0yJio BUIIPOOYBAHO B JTa0OPATOPHUX yMOBAX IIiJ Ai€l0 IMUKJIIUHOrO HaBaHTAKEHHSA Bifmmo-
BiZTHO 0 €BPOIEHICHKOI0 CTAHAAPTY, 10 BUKOPUCTOBYETHCA IJIA MEXaHIUHUX BUIIPOOY-
Baub (UNI EN ISO 14801); inmri 3pasku iMmmianTaTiB 0yJI0 BUJIYYEHO Yy MAIli€HTIB ITicas
pyiiHyBaHHA. BuKopucTaHHA CKaHYyBaJbHOI ejieKTpoHHOI MiKpockormii (CEM) ana mocui-
I)KeHHs IIOBEePXHi 3jlaMy Hagajao iHgopMalliio mpo IOXOM:KeHHA PYHHYBAHHS, iCTOpiio
HaBaHTaKEeHHA, BILINB HABKOJIMIITHHOTO CEPEOBUIA Ta AKiCTh MaTepialy MOBEepXHi Tijia
iMmmaanTarty i kopoHku. 3a gomomoror CEM miaTBepa:KeHO, IO BTOMa € OCHOBHUM Me-
XaHi3MOM PYHHYBAaHHA IMILIAHTATY, AKUU CKJIALAETHCA 3 TPUCTALINHOTO IPOIlecy, Lo0pe
BiJIOMOTO CTOCOBHO MeTaJIiB, a caMme: cTabiJibHe IOIIUPEHHS TPIIIUHMA 3 HACTYIHUM ii
MPUIBUAIIIEHAM IIOIMUPEHHAM i piHATBHUM IMBUAKUM PYHHYBAHHSAM ILIAXOM (DOpMY-
BaHHA, KOaJIeCIleHIlil Ta 30iabirenHs mop. ITompu qoTpuMaHHA BUMOT II100 MiKPOCTPYK-
TYpHU IMILIAaHTATy, KOHIIEHTPAIlisl HAaIPYKeHb HAa HOTO0 KOHCTPYKTUBHUX OCOOJIMBOCTAX i
KOPO3ifHUX IONUIKOKEHHAX, 110 MOYKe BUHUKHYTHU Uepe3 arpeCUBHE CePeIOBUIIlEe POTO-
BOI OPOKHUHU, MiABUIIYE PUSUK HOT0 BTOMHOTO PYyHHYBaHHSA.

Karouosi caosa: 3yOHi immmamratu, TurtaH, ciiaB Ti—6Al-4V, BromHe pyiHYBaHHsd,
IMUKJiuYHe HaBaHTAKEHHdA, PYHHYBaHHA IMIIJIaHTATY.
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