





S. DISCUSSION

Statistical analysis

The meaning of the finding that implants were more likely to fail than runout at 2
Hz versus 30 Hz is not at all clear. This difference suggests that initiating a starter crack
was easier at 2 Hz, since the rate of crack growth seemed identical at both 2 Hz and 30
Hz. FEA suggests that tensile stresses should be lower for implants tested at 2 Hz since
there is more compliance by the base material (at 30 Hz the effective elastic modulus is
higher due to viscoelastic behavior of the G10 filled plastic). Both lots of implant were
evenly distributed among all four test conditions so implant lot doesn’t explain
differences.

Another interpretation goes back to the discovery that cycles-to-failure appear to
be distributed into two groups: less than 250,000 and more than 1.5 million (in both the 2
Hz and 30 Hz groups). Along with the fracture surface analysis there appear to be
implants having clear residual machining damage at the fracture origins and some
without such defects (Fig. 47). This leads to another interpretation that a higher
percentage of implants having the larger inherent defects were unknowingly placed into
the 2 Hz group. Yet another interpretation of why implants may be more easily fractured
at 2 Hz versus 30 Hz involves strain-rate sensitivity. Lower strain rates are known to
favor damage accumulation in the surface of metals, involving processes such as grain
boundary shearing and vacancy transport, that are not favored at higher strain rates.®

Strain-rate sensitivity is reported to be more likely to be an issue for body-centered cubic

alloys than for face-centered cubic alloys * suggesting that a higher number of slip
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systems enhances processes yielding strain-rate sensitivity. With this in mind, for
hexagonal close-packed metals like alpha titanium (having fewer slip systems than face-
centered cubic) this explanation may become weaker. However it is worth considering
that the lower rate of strain under 2 Hz cycling allowed damage accumulation processes
that were not as favorable under cycling at 30 Hz.

Finally, it can be seen that cycles-to-failure is a very poor outcome to measure.
This measure ranges too widely to characterize groups for comparison purposes and is bi-
modally distributed, limiting analysis to non-parametric statistics. As mentioned
previously, the failure event (both crack initiation and fatigue growth) occur over only
1,500 cycles to 4,000 cycles further diminishing the meaning of “total” cycles involved in

failure.
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Failure location

According to FEA analysis, the fracture location was predicted to be in the root of
the first exposed thread of the implant, but above the surface of the bone analogue. This
was estimated to be the location of the highest stress concentration in the test set-up. For
the implants that failed experimentally, some agreed with the FEA study, while others
had subsurface fractures below the second thread. This discrepancy may be the result of
several factors.

It was apparent that there was inconsistent thread positioning of the implants in
relation to the base material. Specifically, there was variation between the distance of
the first thread to the base. When mounting the implants it was difficult to have the
implant thread engage the same position of the base consistently between all the
specimens. The different timing of the threads resulted in a slightly different
identification of the tensile side of the implant specimens. Generally, the root of the most
prominent thread just above or just below the level of the base corresponded to the first or
second thread.

Another factor determining the location of the fracture may involve the junction
between the hollow and solid part of the implant body (Fig. 53). For the Straumann
implant, this junction corresponds to the same level as the 3 mm of simulated bone loss.
A question is raised about the validity of ISO 14801 for this particular implant design.
The 3 mm of bone loss exposes a prominent thread of the implant which has been shown
to be an area of high stress concentration. Furthermore, this level of bone loss

encourages the fracture through the thinnest portion of the implant body, perhaps making
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it more susceptible to failure. If the implants were placed at the nominal level, it is
possible that the location of the fracture would be different.

Lastly, the location of implant fracture could be dictated by possible subsurface
flaws (Fig. 54). Such flaws could be locations of stress concentration predisposing the
implant to fracture. Flaws could be in the form of machining defects as well as

processing defects such as sandblasting (further modified by etching with acid).

Figure 53. A cross-section of an implant showing the location of
the abutment screw hole in relation to the implant threads.
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Figure 54. Subsurface machining defect or sandblasting
observed at a failure origin.
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Cycles/Displacement data

The data for both 2 Hz and 30 Hz testing conditions illustrates two fundamental
findings (confirmed in part by fracture surface analysis): 1) Load/displacement curves
showed that the failure process occurred over a very limited number of cycles; the
majority of the cycles were used to pop-in the initial crack with catastrophic failure then
occurring after just thousands of cycles. 2) Cycles to failure data is bimodal; implants
generally failed either within approximately 250,000 cycles or not until over 1.5 to 2.0
million cycles.

As mentioned previously, the general nature of the displacement versus cycles
curves is one in which there is a gradual increase in displacement, followed by an abrupt
peak, indicating catastrophic failure. However, the 2.5W and 2.6W specimens did not
follow this general pattern. Instead, the curve for these two specimens was erratic.
Specimen 2.5W was the one with an abutment screw fracture and although the solid
abutment was torqued appropriately, perhaps it loosened during cyclic testing. This
mobile abutment could explain the irregular pattern on the displacement curve. An
alternate explanation for the jagged curve for both 2.5W and 2.6W specimens could be
that there was slight bending of the implant, plastic deformation of the base material or
simply electronic noise.

Two techniques were used to estimate the number of cycles during fatigue crack
growth. One method was based on direct measurements of the distance between fatigue
striations. Incremental crack growth per cycle as a function of distance from the origin
was curve-fit to choose a reasonable mathematical description of the curve. Integrating

the inverse of this function derived an approximation of the number of cycles during
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fatigue growth to the failure point. For ease of calculation, two main assumptions were
made: 1) fatigue crack growth started 225 um from the failure origin, 2) the failure point
was 1400 um from the origin. It is obvious that these distances are approximations of the
individual specimen behaviour. The correlation of the curve-fit equation ranged from an
r* value of 0.52 to 0.77, indicating another limitation of this technique. At times it was
difficult to obtain ten distances that were clearly representative of the image due to
variation of the striations. The fracture surface was also in multiple planes, and the SEM
image was not necessarily taken perpendicular to the planes. Thus, there was error in the
measurements between fatigue striations. Despite the shortcomings of both techniques,
an accurate conclusion that can be derived from this data is that greater than 95% of the
lifetime of the implant was dedicated to creating a crack pop-in and arrest and only the
remaining 5% contributed to catastrophic fatigue failure.

The second method of determining the cycles for fatigue growth was based on
scanning the load/displacement data to determine the point at which there was a sudden
increase in implant displacement. This was defined as the onset of fatigue crack growth.
Unfortunately, the distinction between stage I crack growth and stage II crack growth was
not easily apparent in the displacement data due to minor fluctuations and differences in
displacement of thousandths of a millimeter. Displacement data was also programmed to
be collected every 15 seconds. For 2 Hz testing conditions, this represents only 30 cycles
between data points, but for 30 Hz testing, this represents 450 cycles. Consequently, the
calculations for determining the number of cycles devoted to fatigue crack growth are

more accurate for 2 Hz than 30Hz, and the technique overall is a crude measuring tool.
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Evaluation of failure mechanisms and fracture surface

It has been suggested that if the titanium is susceptible to environmental factors,
the influence of the environment would have its greatest effect at lower frequencies and
longer cycling times.”> When the environment is not a factor, frequency does not seem to
affect the fatigue crack propagation rate.”>. When comparing the 2 Hz wet and 2 Hz dry
samples, the same load of 420 N was applied but the wet samples appear to have a
smaller crack step per cycle. The fractured surfaces for the wet specimens also had a
greater surface area and numerous lateral cracks and crack branching events were
evident. For wet specimens it appears that more crack growth was intergranular than
transgranular and that secondary cracking events associated with grain boundaries were
more frequent than for dry specimens. Perhaps it was the saline that contributed to a
chemically assisted corrosion process during fracture, allowing the applied energy to be
dissipated into creating the lateral cracks in multiple planes. Consequently, the
advancement of the crack front was retarded.

The incremental crack growth rate for the one 30 Hz wet and one 30 Hz dry
specimen was the opposite of that observed for the 2 Hz wet and dry groups. The 30 Hz
wet crack growth was faster than that of the dry (an observation made on the one
specimen available). The influence of saline on the implant may be diminished for the 30
Hz wet samples simply due to duration of exposure. The majority of the specimens failed
in less than 250,000 cycles. The mean failure period for this group was approximately
125,000 cycles. A specimen tested at 30 Hz for 125,000 cycles would have been exposed
to saline for one hour and 10 minutes while a specimen tested at 2 Hz for the same

duration would have been exposed for 17 hours and 22 minutes. It is for the same reason
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perhaps for why the mirror encompassing the failure origin is more prominent in the 2 Hz
wet specimens than all the other specimens. It may also be that any additional
chemically-assisted effect requires an underlying low strain rate to become active.
Unfortunately only one 30 Hz wet sample was analyzed and this specimen may not be
representative of this general population.

It was expected that fatigue striations would align perpendicularly to the overall
direction of the crack propagation. However, the SEM images obtained showed some
striations positioned differently. This change in orientation of the plane of fracture and
change in alignment direction can be attributed to variations in local stresses and the
crystallographic orientation of different grains. Such local directional variations on the
level of the grain size are a feature seen in metallurgy texts.*

There has been minimal research on understanding implant fatigue. The studies
that have been published in the literature are mainly limited to case reports. Velesquez-
Plata et al. presented an implant that had fractured clinically.” They claimed that the
SEM image they obtained revealed fatigue striations. However, there is a lack of peak
and valleys that are characteristic of fatigue striations. The uniformly spaced lines that
they describe appear to be merely machining grooves. Piattelli et al. reported on three
clinically fractured implants.zo The SEM image that they displayed and described as
fatigue striations appears more consistent with the images obtained in our 2 Hz wet
specimens. Similar to figure 46, there is a convoluted fracture surface. It is irregular and
angular with discontinuities and the presence of striations. Morgan et al. examined
clinically fractured implants and compared them to laboratory fractured implants using

SEM." The clinical images that they showed demonstrated fatigue striation spacing
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from 0.1 — 1.0 pm which corresponds to the measurements obtained from our study. The
fatigue striations in their images are regularly spaced and all align in the same direction
which is unlike what we observed. Interestingly, an SEM image of the implant that they
fractured in the laboratory at 13-15 Hz with a maximum load of 1,100N and in dry
conditions appears exactly like the SEM image of the clinically fractured implant. This
seems to suggest that a wet environment may not be necessary to replicate clinical
conditions. However, the magnification used in the published SEMs may not be high
enough to observe the grain boundary fracture events potentially associated with a
chemically-assisted mechanism in this present work. Ultimately, a more definitive
assessment of the role of environment intra-orally will require careful fractographic

analysis of a reasonable number of clinically-failed specimens.
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6. CONCLUSIONS

Under the conditions of this study, the following conclusions can be made.
Preliminary analysis suggests that testing in air and normal saline are equivalent in terms
of likelihood of fracture versus runout. Failures were found to be bi-modally distributed,
either (1) <250,000 cycles or (2) > 1.5 million cycles, limiting analysis to non-parametric
statistics. This measure of cycles to failure ranges too widely to characterize groups for
comparison purposes. On a microscopic level, fatigue crack growth rates appears to be
similar under 2 Hz and 30 Hz testing, but may be different for wet and dry conditions at 2
Hz. Implant fatigue failure involves three distinct steps (all of which can be visualized by
SEM along with some quantitative measures): (1) brittle crack pop-in and arrest, (2)
fatigue crack growth, and (3) final ductile failure. Initial crack formation to final fatigue
crack growth requires only 1500-4000 cycles. Initial brittle crack pop-in may be more
likely under 2 Hz loading than 30 Hz (under a mechanism that is not at all clear).

Much work has gone into studying the fracture surfaces of failed implants by
SEM. This effort may be leading to the development of powerful tools for understanding
whether different test protocols and different laboratories are producing failure by similar
mechanisms. Eventually such tools may be useful in examining clinically-failed

specimens for the validation of laboratory tests.
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7. FUTURE WORK

There are several technical considerations that need to be made. Mounting of the
implants to the bone analogue needs to be standardized to ensure uniform thread
orientation between specimens. Also, a clinically relevant testing load needs to be
established in order for more implant failures to occur. This will allow more efficient
testing.

Conclusions made have been based merely on the analysis of a few implants
especially for ones tested at 30 Hz wet. Testing of additional implants and more SEM
imaging is required to confirm the data that has been presented. Although testing in dry
conditions at 30 Hz is most practical, it has not been established that these conditions are
clinically relevant. The most critical step is to compare laboratory results to clinically-

failed implants to validate the testing protocol.
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APPENDIX

Appendix 1. Sample calculation for contact pressure on individual ball in bearing.

Contact Pressure (sphere to flat)
From Brian Lawn, Fracture of Brittle Solids, pp 254, 304

E;=3,100 Modulus of flat, MPa E, =3,100 Modulus of sphere (MPa)
n=25 Number of bearings b=10.124 bearing diameter (inches)
V=0.30 Poisson’s ratio, flat V,=0.30 Poisson’s ratio, sphere
A =420 Applied load (N)
L=16.8 Load per bearing (check L= A

value) n
r=1.575 Bearing radius, mm (check o= ﬁ‘

value) 2

=1
3E ) |3
P=104.061 Contact pressure, MPA P.= —_
4-k-r T
Delrin:
Compressive strength 110 MPa
Flexural yield strength 90 MPa

(http://www.matweb.com/SpecificMaterial.asp?bassnum=P1SM03&group=General)
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Appendix 2. Chi-Square statistical analysis

Fractures by environment and frequency

Hz Total
2.00 30.00
environment Dry Count 4 3 7
Expected Count 4.8 2.2 7.0
% within xenvironment 57.1% 42 9% 100.0%
Wet  Count 5 1 6
Expected Count 4.2 1.8 6.0
% within xenvironment 83.3% 16.7% 100.0%
Total Count 9 4 13
Expected Count 9.0 4.0 13.0
% within xenvironment 69.2% 30.8% 100.0%
¥>=1.028,df=1,p=10.31.
Event (Fx or runout) by environment (frequency combined)
Result Total
Runout Fracture
Environment Dry Count 5 7 12
Expected Count 55 6.5 12.0
% within Env 41.7% 58.3% 100.0%
Wet  Count 6 6 12
Expected Count 55 6.5 12.0
% within Env 50.0% 50.0% 100.0%
Total Count 11 13 24
Expected Count 11.0 13.0 240
% within Env 45.8% 54.2% 100.0%
X =0.5,df =1, p=10.682.
Event (Fx or runout) by frequency (environment combined)
Result Total
Runout Fracture

Hz 200 Count 3 9 12
Expected Count 55 6.5 12.0
% within Hz 25.0% 75.0% 100.0%
30.00 Count 8 4 12
Expected Count 55 6.5 12.0
% within Hz 66.7% 33.3% 100.0%
Total Count 11 13 24
Expected Count 11.0 13.0 240
% within Hz 45.8% 54.2% 100.0%

= 4.196, df = 1, p =0.041
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Appendix 3. Sample calculation for determining the total cycles for crack growth over an
integrated distance of 225 pm to 1400 um from the failure origin

Specimen 30.3W

* =0.77, a=-1.5072399, b = 0.048662082

x = 1000 Check value for distance, um
y=0.815 Check value for crack growth/cycle (um/cycle)
y=a+ b (Inx)’ Growth/cycle dx (um/cycle)
1400

1 3

—dx=1.442x 10

y

225

Cycles/um integrated over growth distance = total cycles for crack growth over integrated
distance
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