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ABSTRACT

This paper investigates the influence of surface preparation treatments of dental implants
on their potential (mechanical) fatigue failure, with emphasis on grit-blasting. The
investigation includes limited fatigue testing of implants, showing the relationship
between fatigue life and surface damage condition. Those observations are corroborated
by a detailed failure analysis of retrieved fracture dental implants. In both cases, the
negative effect of embedded alumina particles related to the grit-blasting process is
identified. The study also comprises a numerical simulation part of the grit blasting
process that reveals, for a given implant material and particle size, the existence of a
velocity threshold, below which the rough surface is obtained without damage, and beyond
which the creation of significant surface damage will severely reduce the fatigue life, thus
increasing fracture probability.

The main outcome of this work is that the overall performance of dental implants
comprises, in addition to the biological considerations, mechanical reliability aspects.
Fatigue fracture is a central issue, and this study shows that uncontrolled surface
roughening grit-blasting treatments can induce significant surface damage which accel-
erate fatigue fracture under certain conditions, even if those treatments are beneficial to
the osseointegration process.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

the dental implant research field, for over a decade. Average
height deviation parameters (R, and S,) between 1 and 2 um,

Dental implants offer a highly successful solution for missing
teeth, contingent upon the well-known osseointegration
process. Albrektsson et al. (1981) stated that the implant's
surface properties affect the successful course of osseointe-
gration. Those properties can be addressed from three differ-
ent directions: Mechanical, topographic, and physicochemical
(Albrektsson and Wennerberg, 2004).

The effect of surface topography on the biological reaction
and on bone-implant contact has been studied extensively in
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which define a “moderately rough surface”, were found to be
optimal for a successful osseointegration process (Albrektsson
and Wennerberg, 2004; Elias and Meirelles, 2010; Wennerberg
and Albrektsson, 2009, 2010).

A great variety of surface treatments exist today, in order
to achieve a desired degree of surface roughness. Those
include machining, plasma spray and laser peening (LST),
acid etching, grit blasting followed by acid etching, anodizing
and biomimetic coating. Among those, grit blasting is one of
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the most common dental implant surface treatments (Elias
and Meirelles, 2010; Wennerberg and Albrektsson, 2010).
Blasted surface roughness with S, values ranging from 0.6
and 2.1 pm is deemed ideal for the implant's osseointegration
(Wennerberg and Albrektsson, 2009). During this process,
implants made of pure titanium (CP-Ti) and titanium alloy
(Ti-6Al-4V) — which are the most widely used biomaterials for
fabrication of dental implants (Elias et al., 2008) - are blasted
with air - propelled hard ceramic particles (Al,0s, TiO, or
Ca,P,0;) (Guéhennec et al., 2007). Depending on the size and
shape of the ceramic particle, which is polyhedral with sharp
corners (Barriuso et al., 2014), and on its velocity, erosion and
material tearing of the titanium surface, is inflicted. The
result is different surface roughness levels that can be
produced on the implant's surface.

While the biological benefit of such surface treatment has
become a paradigm in the field of dentistry, the mechanical
properties of the implant surfaces have not been thoroughly
studied yet, and researches dealing with the effect of the
surface treatment on the implant's mechanical behavior are
still scarce.

Late treatment complications in implant dentistry include
mechanical failures. Those consist of abutment screw loosen-
ing, abutment screw fracture, implant's abutment fracture
and implant fracture. Implant and implant components frac-
ture are considered severe in dentistry, because they often
necessitate extra surgery, and lead to the loss of implants and
loss of the prosthesis supported by the implants. Pjetursson
et al. (2012) reported an incidence of implants (and parts)
fracture of the order of only 0.5%, after a follow up time of at
least 5 years. Pommer et al. (2014) recently published a meta-
analysis on the incidence of implants' fracture, reviewing
clinical studies that reported such fractures. Their study
concluded that the incidence of implant fracture jumps to
2.8% after a follow up time of 8.3 years. Most fractured
implant included in this study, occurred just after 4.1+3.5
years. These incidences clearly highlight the importance of
follow up time on the occurrence of implant fracture. Here, the
concept of “bathtub curve” which is quite central in reliability
engineering should apply to dental implants as well. This
concept shows that failure occurs largely over the first short
period of life of a component (e.g. infant mortality), settles
down to a low level (service time), then finally rises drama-
tically towards the end of the product's life (Henley and
Kumamoto 1981). One could therefore surmise that the
studied period of less than 10 years, for the specific fracture
of implants, is most likely located in the bottom of the bathtub
curve (See Pjetursson et al., 2012; Pommer et al., 2014). Thus,
in order to prevent future implant fracture, it is important to
identify the relevant physical and mechanical causes. This
point should be clearly understood, since the current para-
digm, which states that implant fracture is a rare exception,
is mostly based on an extrapolation of results valid over 5
years to much longer periods, with the inherent error related
to the very concept of data extrapolation. All the more so,
when fatigue fracture (the main identified fracture mechan-
ism) amounts to damage accumulation over time, as dis-
cussed in the sequel.

Detailed failure analyses of retrieved fractured dental
implants are quite rare in the dental and in the biomechanical

literature alike. Most fractured implants are left in the alveolar
bone after fracture because of the difficulty to retrieve them.
In most cases, the fracture surface of the implants, which is
essential for fracture analysis, is destroyed or heavily damaged
to a point that renders fractographic analysis impossible.
A few published articles (Choe et al., 2004; Morgan et al,,
1993; Sbordone et al.,, 2010; Shemtov-Yona and Rittel, 2014;
Yokoyama et al.,, 2002), that examined the fracture surface of
retrieved fractured dental implants, identified the probable
causes leading to mechanical failure. Most studies (Choe et al,,
2004; Morgan et al., 1993; Sbordone et al., 2010) identified metal
fatigue (Suresh 1994) as the main failure mechanism. As
opposed to the crack growth mechanism, the cause(s) for
fatigue crack initiation and the crack nucleation site(s) could
not be clearly identified.

With that, implant design that includes significant stress
concentrators (Morgan et al., 1993) can be incriminated. In
addition, large dents and scratches, with foreign particles,
introduced during the manufacturing process, have also been
considered as another cause for fatigue crack initiation (Choe
et al.,, 2004; Yokoyama et al.,, 2002). All those are surface
defects.

Fatigue properties of metals are largely affected by surface
condition/topography, since fatigue cracks generally initiate
from free surfaces. The presence of notch-like surface irre-
gularities related to machining and surface treatments, may have
a deleterious effect on fatigue crack initiation and on the total
fatigue life. In addition, embedded particles and/or particles
adhered to the surface, combined with high surface rough-
ness, might induce stress concentrations and significantly
degrade the metal fatigue performance (Novovic 2004). Exam-
ination of treated CP-Ti or titanium alloy by scanning
electron microscopy reveals the aggressive effect of the
blasting treatment. The treated metal surface is rough, as
expected, but it may also comprise multiple notch-like super-
ficial defects. These defects are the evidence of erosion and
material tearing caused by the sharp edges of the ceramic
particles. Moreover, firmly embedded ceramic particles can
also be found attached to a crater-like morphology which
they have created (Leinenbach and Eifler, 2006; Multigner
et al., 2009; Pazos et al., 2010). These particles sometimes
cause very fine cracks in their immediate vicinity (Barriuso
et al.,, 2011; Conforto et al., 2004). All those evidences are
certainly detrimental to the long-term mechanical perfor-
mance of the implants.

The effect of grit blasting treatments on the fatigue
performance of titanium and titanium alloys was studied in
several instances. Baleani et al. (2000) showed that grit
blasting of Ti6Al4V can reduce the fatigue endurance limit
by 35-40%. The authors incriminated the surface roughness
and the sharp defects created by the treatment. Conversely,
Pazos et al. (2010) reported that the fatigue behavior of blast-
treated and machined CP-Ti surface is similar, in spite of the
inherent stress raisers related to the alumina particles. The
authors invoked the beneficial effect of blasting induced
compressive residual stresses that balanced the negative
effect of the stress raisers. Leinenbach and Eifler (2006)
compared the fatigue performance of grit blasted and
polished Ti-6Al-4V cylindrical specimens. The results
showed that the endurance limit of the grit blasted material
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was decreased by 25%. Scanning electron (SEM) characteriza-
tion revealed the formation of microcracks in the vicinity of
the embedded alumina particles. Multigner et al. (2009)
investigated grit-blasted Ti-6Al-4V, and their conclusion
was that surface defects induced by the process are respon-
sible for the observed degradation of the fatigue limit. How-
ever, all the above-mentioned studies did not consider the
parameters of the grit-blasting treatment per-se.

To summarize the main issues mentioned with the intro-
duction, it appears that while grit blasting surface treatments
may be beneficial to the clinical and (perhaps) mechanical
survivability of dental implants, they may as well signifi-
cantly degrade the surface of the implants in the context of
fatigue fractures. Let us emphasize that this work does not
investigate surface roughness per-se, but the focus is on
potential damage inflicted to the implant's surface and its
implications in future mechanical failure.

Therefore, one open question remains to be addressed,
namely can one identify parameters of the grit blasting
treatment that harm the fatigue performance of dental
implants?

This investigation includes laboratory fatigue testing of
commercial Ti-6Al-4V dental implants. It also includes a
detailed failure analysis of retrieved fractured dental
implants made of CP-Ti and Ti-6Al-4V collected at random
from the oral cavity. The investigation is supplemented with
3D finite element simulations of impact of alumina spheres
on CP-Ti and Ti-6Al-4V surfaces. Those simulations mimic
the grit blasting treatment, and shed light on the effect of the
surface treatment, its characteristics (particle impact velo-
city), and the potential for future mechanical failure.

2. Materials and methods

2.1.  Laboratory testing of new commercial Ti-6Al-4V
dental implants

Nine new specimens, of the same commercial dental implants
made of Ti-6Al1-4V were tested in this study. The tapered
implants were 13 mm long, with an outer diameter 3.75 mm
at implant neck (Fig. 1A), and a straight 8 mm implant
abutment (Fig. 1C) that was connected to the implant with
an abutment screw of 7 mm long (Fig. 1B). The components
were tightened with a clinical torque driver to 30 Ncm.

Fig. 1 - Tested implants and implant's parts. A: Implant
body. B: Abutment screw. C: Implant abutment.

All the mechanical laboratory tests were carried out in
room air on an MTS servo-hydraulic load frame, under load-
control, according to the recommendations of ASTM (ISO
14801, 2007). Additional details and test configuration can be
found in Shemtov-Yona et al. (2014a,b), and in Appendix A.

2.1.1. Static bending test

Five specimens were tested quasi-statically in order to test
the quasi-static bending strength of the specimens, and to
select the fatigue loads applied during the subsequent fatigue
tests. A vertical load was applied at a displacement rate of
0.4 mm/min until the sample fractured, or exhibited a sig-
nificant amount of (permanent) plastic deformation until a
load drop was recorded. The average failure (peak) load was
found to be of 930+77 N (Shemtov-Yona et al., 2014a,b).

2.1.2. Identification of fatigue crack initiation in commercial
dental implants

Previous fatigue test assessed the fatigue strength of 3.75 mm
diameter implants through the construction of S-N curve. For
those implants, the fatigue limit was found to be around
600 N (Shemtov-Yona et al., 2014a). Four additional identical
implants were tested in this work. It is important to note that,
whereas the implants are all identical to those previously
tested and manufactured by the same manufacturer, the
current batch was different from the previously tested batch
of specimens. The fatigue load selected for the tests was set
to 610N that is 65% of the specimens' static failure load
(Shemtov-Yona et al, 2014a). In order to identify crack
formation, the fatigue test was divided into check-points.
Each check-point corresponded to 5000 cycles. After each
check-point, the testing machine was stopped and the speci-
men was examined in the SEM to detect cracks. The test was
then continued until the next check-point, and so forth until
fracture. The total number of cycles to final fracture was
recorded.

2.2.  Failure analysis of retrieved fractured dental implants

Eighteen retrieved fractured dental implants were randomly
collected from private dental clinics. No medical record or
specific information about the implant and its manufacturer
were made available. Consequently, the broken parts were
investigated on purely technical grounds without addressing
the related medical issues.

The retrieved implants were cleaned from debris of bone
and organic materials before the examination. Debris of bone
were removed using EDTA solution (Ethylenediaminetetraa-
cetic acid, chelating agent, sequester metal ions such as Ca*"
and Fe®'). Debris of organic materials was removed using
commercially pure acetone.

A total number of 10 CP-Ti and 8 Ti-6Al-4V retrieved
dental implants were thus identified using SEM-EDX Energy
Dispersive X-ray Analysis (EDX).

2.3.  Numerical model
The impact of alumina spheres on plates made of CP-Ti and

Ti-6Al-4V was modeled using the finite element technique.
Modeling was carried out in order to shed light on the
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particle-substrate interaction. Emphasis was put on the
characterization of the damage imparted to the plate, and
the residual stress distribution due to impact of the alumina
particle. The simulations are fully qualitative, aimed at
clarifying physical phenomena only, without attempting to
reproduce accurately a complex multiple-impact situation.

2.3.1.
blocks.
The diameter of the alumina particle was fixed to D=200 pm.
The particle impacts a square block made of titanium alloy
(Ti-6Al-4V), or pure titanium (CP-Ti), having a width 2 W=1
mm and height H=0.5 mm. The simulations were carried out
using a 3D explicit commercial finite elements software,
(Abaqus/CAE, 2012). The model geometry is shown in Fig. 2.
A 3D adiabatic explicit analysis was conducted, based on
the fact that for short impact times, heat conduction can be
neglected to a first extent. The duration of the numerical
analysis was 3 ps, which is more than sufficient to show the
impact and its consequences. An initial downwards velocity
in the range V;=50-250m/s was imparted to the alumina
sphere. Due to the symmetry of the problem, only one
quarter of the assembly was modeled (Fig. 3A) with appro-
priate boundary conditions. The meshed quarter model is
shown in Fig. 3B. The element size of the meshed sphere and
the contact and penetration region of the block were 5-10 pm.
The general contact algorithm of Abaqus/CAE (2012) was used
with element-based surfaces that can adapt to the exposed

Impact of alumina sphere on Ti-6Al-4V and CP-Ti

b ‘ D? =02 [mm]

H=0.5[mm)

20 =1.0 [mm]

Fig. 2 - The simulated geometry.

A

a cut plane with

symmetry conditions

surfaces of failed elements. Abaqus frictional tangential
behavior with the penalty formulation was adopted. A coeffi-
cient of friction 0.5 was used. The material models and failure
criteria used for Ti-6Al-4V, CP-Ti, and alumina are fully
detailed in the Appendix section (B).

3. Results
3.1 Experimental

3.1.1. Fatigue testing of new commercial Ti-6Al-4V implants
3.1.1.1. Surface examination of the implants prior to testing.
Prior to fatigue testing, the implants' surface was examined
using the SEM, as shown in Fig. 4. The macrographs are taken
from the threaded parts of one of the new tested commercial
implants.

At small magnification (Fig. 4A), one can note that the
implant's surface is rough, as expected for improved osseoin-
tegration. However, large areas are covered by small white
particles. Fig. 4B, confirms the previous observations at
higher magnification. The surface is irregular and rough with
large crater-like areas, with sharp edges that result of plastic
deformation and material tearing. Micro-holes (pit-like sur-
face topography) are present in those craters, which are
characteristic of the acid etching surface treatment (Fig. 4C
and D). Embedded particles with different sizes and shapes
are scattered randomly all over the surface. Note that the
implants usually undergo a cleaning procedure after the grit-
blasting process, so that the observed particles survived the
treatment, implying a firm bonding to the substrate. Fig. 4C
and D shows that these particles, marked by red arrows, are
attached to the crater like morphology that they have
created. Fine small cracks 15-25pm long (yellow arrows),
which were generated in the vicinity of the particles, are
observed.

3.1.1.2. Fatigue testing — Identification of fatigue cracks. Table 1
summarizes the number of check-points done until crack
identification and the total number of cycles until final failure
for the 4 investigated implants.

B

Fig. 3 - The quarter model which was simulated. A: A symmetry plane. B: The mesh.
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Fig. 4 - SEM macrograph of the tested commercial implants. A: Implant threads macrograph B: implant surface macrograph -
the macrograph is a magnification of the area marked by a blue square on A. C and D: Embedded particle (red arrow) in a
crater like area (red circle) with small cracks (yellow arrow) on the implant surface. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).

Table 1 - Identification of fatigue crack initiation test results. The table describes, for each tested specimen, the results of
the examination of each check point that corresponds to 5000 cycles. The [—] symbol indicates that at this check point a

crack was not identified by using SEM. The [+] symbol indicates that a crack was identified at this stage. The total number

of cycles until final failure is indicated.

Implant # Check points (no. of cycles) 1 (5000) 2 (10000) 3 (15000) 4 (20000) Cycles until total failure
1 NA NA NA NA 4508
2 = - IF NA 15205
3 = — + NA 19850
4 - - = 4 36004

The fatigue test shows that, on the 4 tested specimens,
cracks were identified between check-points 3 and 4, mean-
ing they most likely nucleated in the interval of 10,000-15,000
cycles. This total number of cycles to failure is extremely low,
compared to our previous measurements for which similar
cases corresponded to a 90% probability of survival (i.e
N>5x10° cycles)! This point will be further discussed and
clarified since it is quite central to this work. At this stage, let
us reiterate that the tested specimens are identical to all the
previously tested ones, except for the fact they come from a
different batch. The current tests revealed an additional
point, namely that the incremental number of cycles to final
failure, once a crack was identified on the implant surface, is
extremely low, of the order of 7000 cycles. This observation
just points to the fact that crack propagation is rapid in
those tests.

Fig. 5 is a SEM surface micrograph of cracks observed on
specimen #3 after 3 check-points (15,000 cycles) before the final
fracture. Such micrographs are representative of all the tested

specimens. In all cases, a large main crack was identified. The
crack was located between the second and third threads of
the implant. Fig. SA-D shows details of that crack. Lateral
secondary cracks, branched from the large main crack, can be
identified (Fig. 5 yellow arrows). In addition, Fig. SA D shows
that large and small embedded particles (red arrows) are
located along the cracks paths, and probably dictated it.
Next, we examined the fracture surface of specimen #3 after
final fracture. Two regions can be identified. The main region
is rough with sharp edges that fill about 90% of the fracture
surface (Fig. 6A letter O). This region correspond the ductile
overload failure, with dimples (Kerlins and Phillips, 1987) at
magnification of 1K (not shown in the figure). The second
region is flat and fills only 10% of the fracture surface (Fig. 6A
letter F). This region corresponds to the fatigue failure process
with its classical striations (Kerlins and Phillips, 1987), at
magnification of 7K (not shown in the figure). The fatigue
crack initiation site is marked by blue arrow on the fracto-
graph, as identified from the array of steps (outlined by a
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Fig. 5 - A-D: SEM micrograph of crack identification on fatigue tested specimen 3 before the final failure. On each micrograph
the large main cracks and lateral secondary cracks can be identified (yellow arrows) embedded along the cracks are ceramic
particles (red arrows). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article).

c.V Spot Magn
0kV 40 50x

Det WD E
SE_ 2100

Fig. 6 — Fracture surface of fatigue tested implant after final fracture. A: The fracture surface with flat part caused by fatigue
failure mechanism marked by the letter “F” with crack initiation location (Blue arrow) and rough part marked by the letter “0”
B: Upper view of crack initiation location - the macrograph is an enlargement of the area marked by a blue square on A with
embedded particles marked by red arrows C: Side view of crack initiation location with embedded particles marked by red
arrows. D: Side view: secondary cracks, marked by yellow arrows, on the lateral view, at the vicinity of the fracture surface
with embedded particles along the crack, marked by red arrow. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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rectangle in Fig. 6A). This region is magnified in Fig. 6B. The
presence of foreign particles (red arrows) embedded in, or
close to the steps is clearly visible.

Looking at the outer face of each staircase from the surface
side (side view), shows again embedded particles (Fig. 6C red
arrows). All the above fractographic evidence suggests that
the ceramic particles are related to the cracks nucleation
sites, leading to final fracture. Lateral secondary cracks can be
identified on side views of the implant surface, near the outer
face of the fracture surface, (Fig. 6D yellow arrows) with
embedded particles (Fig. 6D red arrows).

3.1.2.  Fractographic analyses of retrieved CP-Ti and
Ti-6Al-4V dental implants
Fig. 7 (Ti-6Al-4V) and 8 (CP-Ti) show typical fractographs
obtained during the failure analysis that was carried out in
order to identify the failure mechanism(s). The fracture
surfaces are all outlined by a circle. The fracture surface can
be divided into two regions, as was observed for the labora-
tory specimens. The main part is flat and unified in appear-
ance and occupies roughly 90% of the fracture surface. The
second region is rough with sharp edges over the remaining
10% of the fracture surface. The operating failure mechanism
in the first region is identified as (ductile) monotonic over-
load, as evidenced from the dimples observed in this region
(Figs. 7D and 8D).

On the fracture surface of retrieved fractured CP-Ti and
Ti-6Al-4V dental implants, parallel lines were identified and
marked by the letter B in Figs. 7A and 8A. Those parallel lines

Spot Magn
/40 100x

SE 165

can be seen at higher magnification in Figs. 7B and 8B. Such
lines are identical in nature to those identified on the fracture
surfaces of the laboratory fatigue tested implants (Fig. 6A and
B). Consequently, those features point to the origin of the
fatigue crack, i.e. the onset of the implant's failure process
(Figs. 7B and 8B). In this case too, the lines originate from the
free surface of the implants.

Fractographic examination of the flat region, for every
examined retrieved dental implant, clearly reveals the opera-
tion of a fatigue fracture mechanism. Faint fatigue striations
(Kerlins and Phillips, 1987; Shemtov-Yona et al., 2014b) are
observed on the retrieved Ti-6Al-4V dental implants when
high magnification of 10K is used (Fig. 7C green arrow). These
fatigue striations were identical to the fatigue markings seen
on the specimen fractured in lab conditions. Likewise, clear
fatigue striations are visible on the retrieved CP-Ti dental
implants when a magnification of 6K or more is used (Fig. 8C,
green arrow).

The rough part of the fracture surface marked by the letter
D on Figs. 7A and 8A is characteristic of monotonic ductile
overload failure (Kerlins and Phillips, 1987).

While strong similarities can be noted concerning the
fractographic features, the surface topography of each
retrieved fractured implant is unique and characteristic. This
is deemed to be the result of the different surface treatments
aimed at roughening their surface. When the surface of the
implant is examined, numerous secondary cracks are
observed. Fig. 9 shows surface micrographs of secondary
cracks from four retrieved fracture dental implants made of

Magn
220x

Fig. 7 - Failure analysis of retrieved fractured Ti-6Al1-4V dental implants with representative fractographs A: The fracture
surface marked by round circle. The letters on the fracture surface are the locations on the fracture surface of fractographs B, C
and D. B: fractograph of crack initiation location (Blue square) (X220). C: fractograph of fatigue crack propagation: fatigue
striations are marked by green arrows (8 K) on the flat part. D: final failure markings, dimples on the rough part. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 8 - Failure analysis of retrieved fractured CP-Ti dental implants with representative fractographs A: The fracture surface
marked by round circle. The letters on the fracture surface are the locations on the fracture surface of fractographs B, C, and D.
B: fractograph of crack initiation location. Parallel line marked by a blue square on the flat part. C: fractograph of fatigue crack
propagation: fatigue striations are marked by green arrows on the flat part. D: final failure markings, dimples on the rough
part. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

TI-6Al-4V (Fig. 9 A and B) and CP-Ti (Fig. 9C and D). These
micrographs are taken from the threaded part of the
implant's body.

SEM micrographs of the secondary cracks in several
retrieved Ti-6Al-4V and CP-Ti implants, show embedded
foreign particles (Fig. 9 red arrows). EDX analysis of the
embedded particles on the path of the secondary cracks
reveals that these particles are made of Al,0; and/or FeO.
Judging from the overall secondary crack path, it appears that
the embedded particles affect the secondary crack path itself.

3.1.3.  Summary of the experimental results
To summarize, our experimental results have clearly shown
how surface cleanliness and topography have a major effect
on mechanical durability of dental implants.

For lab-tested implants, their surface before implantation is
likely to be heavily contaminated with ceramic particles
embedded on the surface. These particles are the result of the
surface treatment that leaves the titanium surface rough with
deep craters and embedded particles. The effect of the treatment
on the mechanical durability of the implants is deleterious, in
the sense that such a surface condition will lead to an acceler-
ated fatigue crack initiation and rapid failure.

Those observations are further corroborated by the examina-
tion of fractured implants retrieved from the oral cavity.
Here too, the fatigue crack nucleation can be unambiguously
traced back to various stress raisers, among which embedded
ceramic particles. In other words, lab-induced failures

can be considered as highly representative of intraoral-cavity
failures.

3.2. Numerical results

3.2.1. Residual pressure distribution

Impact of particles with initial velocities of 50-250 m/s, in
steps of 50 m/s, was simulated for the two plate materials,
Ti-6Al-4V and CP-Ti grade 1. The residual three-dimensional
(3D) pressure distribution (P =¢;/3) at t=2.5 ps, i.e. long after
the transient impact effects, is shown in Fig. 10. The pressure
distribution for the Ti-6Al-4V plate impacted at 50 and 250 m/
s is shown in Fig. 10A and C, respectively. The results for the
CP-Ti impacted at similar velocities are shown in Fig. 10B and
D. A large zone underneath the impact location is subjected
to a residual pressure (stress) because of the large plastic
deformation of the substrate. A crater is formed underneath
the impact location, as shown in Fig. 10A and B, even at the
lower impact velocity of 50m/s for both materials. The
dimensions (depth and diameter) of the crater grow with
increasing impact velocity. Both materials break and tear
for impact velocities higher than 150m/s, as shown in
Fig. 10C and D.

It thus appears that for a specific the investigated systems
(particle and target), there is a threshold impact velocity (V). This
threshold is of the order of 150 m/s. At lower velocities the
impact of the alumina sphere induces a residual pressure within
the metal surface. This comes along with the creation of a rough
surface topography consisting of craters whose diameter grows
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Fig. 9 - surface micrographs A and B: micrograph from Ti-6Al-4V implant's surface that were grit blasted and acid etched with
secondary cracks (yellow arrow) with embedded ceramic particles along the secondary cracks path (red arrow). C: micrograph
from machined implant surface with secondary cracks (yellow arrow) with embedded particles caused by machining.

D: micrograph from implant surface with secondary cracks (yellow arrow) with deep craters generated by the surface
treatment. The secondary crack passes through the deep crater. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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Fig. 10 - Contour maps of residual pressure due to impact. A: Ti-6A1-4V plate at 50 m/s. B: CP-Ti plate at 50 m/s. C: Ti-6Al-4V
plate at 250 m/s. D: CP-Ti plate at 250 m/s. Note that the region of positive residual pressure (compression) is much larger for

the CP-Ti for both impact velocities.
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with the impact velocity. At velocities higher than the Vy,, the
materials break and tear.

3.2.2. Residual strain distribution

The residual equivalent plastic strain distribution along a vertical
path is shown in Fig. 11 for impact velocities of 50, 100 and
150 m/s. The path starts at impact location and stretches to the
bottom of the plate (Fig. 3A). The velocities affect the size of the
region in which plastic residual strains exist and the strain
distribution (shape and magnitude) within this region. A first
characteristic parameter of the region is its length along the
path. A second characteristic parameter, indicating the extent of
the residual plastic strain within the region, is its peak value
(since the distribution shape is similar for all velocities). It can be
observed that the impact velocity has the same effect on the Ti-
6Al-4V and the CP-Ti. Increasing the impact velocity causes the
plastic region's length (along the path) to increase, and its peak
values to grow. The peak value of the residual equivalent plastic
strain in CP-Tiis ~50% higher than for the Ti-6A1-4V. The length
of the plastic zone of the CP-Ti is ~2 times larger. Such residual
strains are the essence of hardening surface treatments aimed at
improving the fatigue life of a component.

3.2.3. Damage regions in the plate
The residual pressure distribution along the vertical path (Fig. 3A)
is shown in Fig. 12. In Fig. 12A, the pressures are plotted along
the path for impact velocities V=50, 100 and 150 m/s, for which
the substrate material does not break and tear. Results for
impact velocities of 200 and 250 m/s are shown in Fig. 12B,
keeping in mind that at those impact velocities, the two
substrate materials break and tear (Fig 10C and D).

From Fig. 12A, three regions, numbered I to III, can be
identified, starting just underneath the impact, as follows:

i) A small tensile pressure region adjacent to the impacted
surface.
ii) A large compression pressure region.
iii) A large tensile pressure region following the compression
pressure region.
The regions are outlined for CP-Ti impacted at 150 m/s in
Fig. 12A.
For the two materials, as shown in Fig. 12B, the tension
region I no longer exists and is replaced instead by a zero

0.25 [/ N\ —50 opTi |
5 / \ —100cp Ti
3 02 “\ —150 cp Ti
= /6’\ \\ 50 Ti6Al4v
& 015 \\ ~—100 TiBAMY
= o1 ——150 Ti6AKvV
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% 0.05 \ \\\

&\_\k

0.1 0.15 0.2 0.25 0.3
distance along path [mm)]

Fig. 11 - Residual equivalent plastic strain distribution along
a vertical path (shown in Fig. 3A) underneath the impact
location for CP-Ti and Ti-6Al-4V impacted at 50, 100 and
150 m/s.
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Fig. 12 - Residual pressure distribution along a vertical path
(shown in Fig. 3A) underneath the impact location for CP-Ti
and Ti-6Al-4V. A: impact at 50, 100 and 150 m/s. B: impact at
200 and 250 m/s.

pressure region. This is due to local fracture (ablation of
material) that occurs at impact velocities exceeding 150 m/s.

The effect of impact velocities of 50, 150 and 250 m/s is
summarized in Table 2. It can be noticed that for sub-
threshold velocities of 50 and 150 m/s, the regions I and II
are much wider for the CP-Ti in comparison to the Ti-6Al-4V,
and they grow with the impact velocity.

For impact velocities higher than 150 m/s, region I dis-
appears as mentioned earlier and the length of the compres-
sion region II shortens. For the Ti-6Al-4V impacted at
250 m/s, this region lies between35[um] < I; < 119[um], and its
length becomes 84 pm, while for a lower impact velocity of
150 m/s, it was 102 pm. For the CP-Ti impacted at 250 m/s, the
same region lies between35[um] < I; < 225[um], and its length
becomes 190 pm, while for an impact velocity of 150 m/s it
was 251 pm.

3.2.4. Damage of the ceramic sphere
The damage imparted to the ceramic sphere at 2.5 us after
impact with the plates at all velocities (50-250 m/s) is shown
on a mid-section of the sphere in Fig. 13. The damage
parameter (SDV_DAMAGE) in the JH2 model lies within 0
and 1, and quantifies the severity of the damage, from none
(0) to total (2).

Fig. 13 shows that the ceramic sphere is already damaged at
an impact velocity of 50 m/s when the substrate is made of
Ti-6A1-4V, while with CP-Ti, damage starts only at 150 m/s.
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Table 2 - Extent and peak residual pressure of the 3 regions for impact velocities for 50, 150 and 250 m/s.

Impact velocity CP-Ti Ti-6A1-4V
[m/s]
Extent [um] Length Peak pressure Extent [um] Length Peak Pressure
[um] [MPa] [um] [MPa]
Region I 50 o0<h<11 11 -120 0<h<4 4 —284
150 0<l <40 40 —217 0<hL<8 8 —350
250 - - - = -
Region II 50 11 <1y <150 139 275 4<Iy<56 52 1066
150 40<Ip<291 251 163 8<1Iy;<110 102 1220
250 35<Iy<225 190 517 35<I;<119 84 1340
Region III 50 150 < Iy < 500 350 -27 560 < Iy < 500 444 —145
150 291 < Ij; < 500 209 —-24 110 < Iy < 500 390 —196
250 2250 < Ij; < 500 275 -30 119 < Iy < 500 481 —126
vV [m/s] CP-Ti Ti-6Al-4V
50 SDV_DAMAGE SDV_DAMAGE
(Avg: 75%) (Avg: 75%)
+0.000e+00 +9.754e-02
5 +0.000e-+00 E +8.534e-02
+0.000e-+00 +7.315e-02
| +0.000e-+00 +6.0966-02
+0.000e+00 +4.877e-02
E +0.000e-+00 E +31658¢-02
+0.000e+00 +2.438e-02
+0.000e-+00 +11219¢-02
+0.000e-+00 +0.000e+00
SDV_DAMAGE SDV_DAMAGE
100 (Avg: 75%) (Avg: 75%)
+0.000e+00 +2.088e-01
5 +0.000e+00 5 +1.827e-01
+0.000e+00 +1.566e-01
- +0.000+00 +1.305e-01
E +0.000e+00 E +1.044e-01
+0.000e+00 +7.831e-02
+0.000e+00 +5.221e-02
+0.000e+00 +2610e-02
+0.000e+00 +0.000e+00
SDV_DAMAGE SDV_DAMAGE
150 (Avg: 75%) (Avg: 75%)
+7.607e-03  1990e+00
2 47.500e-01
[ +6:250e-01
- +5.000e-01
+3.750e-01
+2.500e-01
B +1250e-01
+0.000e+00
SDV_DAMAGE
200 SDVTDAMAGE (AvG: 75%)
(Avg: 75%) +1.000e+00
+3.800e-02 E +8.750e-01
M. 4350502 ¥7.500e-01
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+5.000e-01 +3.750e-01
[ +3.730e-01 +2.500e-01
+2.500e-01 +1.250e-01
W e

Fig. 13 - The damage in ceramic sphere at 2.5 ps after impact with the 2 plates at velocities ranging from 50 to 250 m/s. A value
of 0 means no damage, while 1 means total damage.

At 250 m/s the damage is much more widespread for the case
of impact with Ti-6Al4V. This result can be rationalized by
noting that Ti-6Al-4V has a much higher hardness than CP-Ti.

3.255.

Temperature rise in the plates due to impact

High rate deformation of materials causes a temperature rise

(thermo-mechanical coupling effect). High local temperatures
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are likely to affect the mechanical properties of the material
in the impacted region. Therefore, the temperature rise
within the substrates was calculated using an adiabatic
assumption in which all of the plastic work gets converted
into heat. As such, the calculated temperatures (T) are an
upper bound of the expected thermo-mechanical coupling
effect. The characteristic homologous temperature T/Tm
(where T,, is the melting temperature, see Table B1) reached
in each material is listed in Table 3.

Table 3 shows that for the Ti-6Al4V substrate impacted at
velocities lower than 200 m/s, the temperature rise is moderate.
As the impact velocity reaches and exceeds 200 m/s, the tem-
perature rise is significant to an extent that the melting
temperature is reached and even exceeded (T/Ty >1). The
melting phenomenon is likely to cause adhesion of some of
the alumina debris to the impacted surface. By contrast, the
temperature rise of the CP-Ti substrate is more moderate, but
may nevertheless reach(T/Tn, = 0.54), which is not negligible
(Fig. 14).

3.2.6. Summary of the numerical results

The numerical results provide a detailed characterization of
the residual pressure and strain field underneath the impact.
They indicate that for the specific simulated systems (particle
size and target material), there is a threshold impact velocity
(Vi) beyond which significant damage of the impacted plate
(tearing, holes, pits, cracks) will develop. The adiabatic nature
of the impact causes a high temperature rise, especially in
the damaged plate areas that sustain large plastic strains.
These high temperatures might cause melting, or at least
significant softening of the plate material, thereby promoting
embedding and adhesion of the ceramic particles to the
target. Finally, the evolution of the damage in the impacting
sphere is fully characterized and found to be more significant
in the harder Ti-6Al-4V substrate.

Table 3 - Characteristic temperature rise (T/Ty,) of the

substrates CP-Ti and Ti-6Al-4V at the location site of the
impact.

V [m/s] CP-Ti [T/Ty] Ti-6A1-4V [T/Ty,]
50 0.15-0.17 0.15-0.19
100 0.15-0.19 0.15-0.21
150 0.15-0.20 0.15-0.22
200 0.31-0.42 0.55-1.16
250 0.26-0.55 0.64-1.37
A

4, Discussion

The present study addresses systematically the effect of grit
blasting on the fatigue strength of commercial dental
implants, using a combination of mechanical fatigue testing,
failure analysis and numerical modeling.

The results of our study strongly suggest that the grit blasting
treatment can shift from beneficial to detrimental if it is carried
out in an uncontrolled manner. In the present case, the post-
treatment analysis reveals tearing of the titanium/titanium alloy,
which will become increasingly severe as the particle velocity
increases for a given substrate. The resulting surface condition is
largely affected by the particle size, particle and target mechan-
ical properties, nozzle diameter and blasting pressure. While
those parameters can be controlled to some extent, it is still
important to remember that the particle velocity has an inherent
statistical distribution. Those particles that impact at the higher
end of the velocity spectrum are likely to cause the observed
surface defects that facilitate fatigue crack initiation.

The numerical analysis reveals that for the specific simu-
lated treatment parameters, a velocity threshold can be identified.
This threshold can be used in order to evaluate the mechan-
ical effect of the surface treatment, and define the optimal
treatment parameters (particle velocity and size) that will
roughen the surface of the implant (osseointegration) without
destroying it (cracking).

It is important to emphasize that the numerical model which
was presented is based on certain assumptions, such as adia-
batic conditions and spherical shape alumina particles. In reality,
the particles might be polyhedral, as shown in earlier work
(Barriuso et al., 2014). We deliberately simplified the situation by
adopting a spherical shape. This assumption does not detract
from the absolute nature of the imparted damage, with the
proviso that sharp particles might even inflict more damage than
spherical ones, with an increased tendency to early particle
disintegration upon impact. Another point is that the real
blasting process involves impact by tens of thousands of
particles of varying shape and unknown velocities. Such a
situation cannot be modeled realistically, so that the current
simulation addresses a single impact and its associated effects.
In that sense, the obtained results are a sort of “lower bound” for
the actual evolution of the implant's surface. However, it is
believed that the numerical model retains the salient features of
the problem at hand, namely that as the impact velocity
increases, the nature and the extent of the damage vary, with
the existence of a velocity threshold below which no significant
damage will result from the surface treatment. It is therefore

B

Fig. 14 - Temperature rise map (in K) for a 250 m/s impact on: A. CP-Ti, B. Ti-6Al-4V.
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advised to carefully re-assess the various parameters of a
planned grit-blasting treatment, simulate it to optimize it, and
validate the process by performing a thorough surface charac-
terization. At this stage, this assessment must be largely
experimental.

Considering the nature of the imparted damage, SEM obser-
vations clearly showed the presence of embedded ceramic
particles on the implants' surface. During the fabrication process
of the implants these particles should be removed either by
chemical treatments done according to the ISO recommenda-
tions (ISO B600, 2007; ISO F86, 2007), or during the etching surface
treatments done using a strong acid. The very fact that these
particles remained embedded to the surface, whether intact or
shattered indicates that these particles have adhered to the
surface as a result of the aggressive surface treatment. In that
case too, the numerical simulations show that for a certain
velocity, the surface temperature can approach or even exceed
the melting temperature of the surface, thereby apparently
promoting a strong particle-substrate adhesion process.

The embedded particles are strong stress raisers, creating a
singular stress distribution in their vicinity. This singularity is
created as a result of the geometry, created by the adhered
particle and the different elastic properties of the metal and the
ceramic (Hein and Erdogan, 1971). One can expect that the
resulting “infinite” tensile stresses will generate immediate
micro-cracks that can then subsequently grow by a fatigue
mechanism. The embedded particles and their effect on fatigue
crack nucleation were unambiguously identified for both labora-
tory tested and retrieved dental implants. One can now trace one
of the fatigue crack initiation causes to the presence of
embedded ceramic particles, a point that was not previously
identified.

Finally, another misconception dealt with in this research, is
that grit blasting surface treatment, with residual surface
embedded particles, has no adverse effect, on both processes
of osseointegration and implant surface integrity. This study
shows that the treatment itself has a profound effect on
the mechanical reliability of the dental implants. The main

frame and columns

load cell

bar
steel stage
qrip

actuator

base

conclusion of this work is therefore that implant manu-
facturers and practitioners alike should be aware of the potential
fatigue failure, and should take into consideration mechanical
considerations related to surface preparation, in addition to the
biological ones, to achieved increased mechanical reliability of
dental implants.

5. Conclusion

® Potentially adverse effects of grit blasting surface treat-
ment were shown. The Grit blasting surface treatment,
if not carefully controlled, impairs the mechanical dur-
ability of dental implants.

® Both surface topography and cleanliness have a definite
influence on surface cracks initiation, leading to a shorter
fatigue life.

® Numerical modeling has a strong potential to improve the
overall design of dental implants, with emphasis on their
surface treatments.

® [t is recommended to amend the standard recommenda-
tions regarding surface condition of dental implants in
view of the present findings.
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Appendix A
A. The experimental setup and sample fixation for fatigue test

Mechanical testing (monotonic and cyclic) was performed using
an MTS servo-hydraulic load frame (MTS system, Minneapolis,

Srennaananr

Fig. A1 - Schematic diagram of test set-up. To fix the specimen, a steel base was machined with a hole on its upper face so
that the specimen so that upon insertion, the specimen would form an angle of 30°.
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MN) with 250kN load capacity, driven under load-control.
Holding stage and specimen holder were made of high-
strength steel. The implant was inserted into the hole of the
specimen holder up to the second thread from the head of the
implant. The specimen holder was then inserted to the holding
stage at an angle of 30° off-axis, and fixed to the testing
machine (Fig. Al). This way the testing force which was applied
to the implant abutment induced a bending moment, as
recommended by the ISO standard for dynamic fatigue testing
for dental implants (ISO 14801, 2007). All tests were carried out
at room temperature and in room air.

B. Material properties used to construct the numerical model

The elastic properties and the physical properties of CP-Ti
and Ti-6Al-4V are summarized in Table B1.

The flow properties of Ti-6Al-4V, based on Rittel and
Wang (2008) and Rittel et al. (2008), and of CP-Ti, based on
Nemat-Nasser et al. (1999) are shown in Fig. B1.

The failure strains for positive triaxiality were based on
Chen and Chiu (2005), and are shown in Fig. B2.

The JH2 material model (Johnson and Holmquist, 1994)
was used for the alumina spheres (see also Holmquist et al.,

Table B1 - Elastic and physical properties of Ti-6Al-4V and CP-Ti.

Material Modulus of Poisson's Ratio Density Melting T Inelastic heat fraction Specific Heat
elasticity [GPa] [Kg/m?] Capacity [J/Kg-°C]

Ti-6Al-4V 114 0.33 4430 1933 0.9 526.3

CP-Ti 116 0.34 4500 1933 1 528
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Fig. B1 - A: Flow properties of Ti-6A1-4V (from Rittel et al., 2008). B: Flow properties of CP-Ti grade 1.A : £=0.001[1/s]
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Fig. B2 - Applied failure strains versus triaxiality,
temperature and strain rate.

2001). The material parameters were taken from Anderson
et al. (1995).
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