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Results. Implants fractured from the periphery of the smaller inner diameter between two
threads at the bone-entrance level except for one implant which failed half-way within
the bone. The porous coating (AXIS Biodental) and the large grit alumina sandblasting
(Zz-System) created surface defects directly related to the fracture origin. The model spread-
sheet showed how occlusal loading with respect to the implant’s central axis affects bending
moments and crack onset. Dominant loads distributed on contacts with important wear pat-
tern provided a calculated crack onset location in good agreement with the fractographic
findings of the fracture origin.

Significance. Recovered broken zirconia implant parts with their restorative crowns can pro-
vide not only information regarding the failure origin using fractography but also knowledge
regarding occlusal crown loading with respect to the implant’s axis. The mathematical
model was helpful in showing how occlusal loading affects the location of the fracture

initiation site on clinical zirconia implant fracture cases.
© 2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

Translational research is performed at the interface of basic
and clinical sciences usually during short preclinical trials
prior to launch on the market a new medical device or
biomaterial. Translational research is there to catch any
adverse effects seen during such preclinical trials and to
make the needed modifications to improve the material for
better long-term results. But translational research can also
be applied throughout the lifetime of a product as knowledge
can be gained from understanding the material’s behavior
under intraoral function especially when failed parts can
be recovered for transdisciplinary material science inves-
tigation. Premature fracture of a brittle biomaterial under
function such as that of a zirconia dental implant should be
investigated using a multidisciplinary approach, combining
knowledge from material sciences, fracture mechanics and
clinical-related variables to better understand the reasons for
failure [1]. A thorough microscopic analysis of the broken part
can often provide key information as to the fracture origin and
associated flaws, respectively unfavorable surface treatment,
implant design issues or critical patient-specific loading con-
ditions. Fractography is a powerful tool for microscope-based
fracture surface analysis and is associated with fracture
mechanics principles developed for brittle structures such as
ceramics [2,3]. It has been successfully used in the dental field
for understanding clinical fractures of ceramic fixed prosthetic
restorations [3-7]. A guidance paper to the use of fractography
in failure analysis of brittle materials has recently been
published [5].

Zirconia implants have been brought to the dental mar-
ket as a viable alternative to titanium implants initially to
fulfill a demand from patients for non-metallic materials
[8]. Thanks to its high biocompatibility, mechanical proper-
ties and interesting transformation toughening mechanisms
under the application of a stress, zirconia is currently the
structural ceramic used for dental biomedical applications
[9-12]. Optimum performance of this biomaterial is however
very dependent on the processing selected by the manu-
facturer and powder composition. The compaction, shape
forming, sintering conditions, final grain size, amount of

tetragonal and cubic phases are all processing related steps
that will determine the material’s mechanical properties and
susceptibility to low temperature degradation (LTD) which
remains a concern for the material’s long-term stability
[9,13-17]. On the esthetic level, zirconia is superior to tita-
nium as no dark discoloration may appear through a thin soft
peri-implant tissue [18]. On the biological side, zirconia is inert
and therefore highly biocompatible. No corrosion products are
formed in the oral cavity by zirconia implants as opposed to
titanium implants, but the soft tissue response as well the
bone-implant contact are similar providing some micro-rough
surface is present [19]. On the mechanical side however, tita-
nium has a 20-30 times higher fracture toughness for grade 4
titanium (Kic = 90-140 MPa/m) than 3Y-TZP (Ki. =4-7 MPa/m).
In addition, titanium has an elongation of approximately 15%
at break values allowing for some ductility which is negligible
for zirconia.

When it comes to critically assess if zirconia is a viable
alternative to titanium, the current review publications con-
clude that more high-evidence level clinical studies are
needed, including more long-term RCT’s to confirm current
favorable outcomes of zirconia implants [19-24]. To better
understand this statement, one has to consult the most recent
systematic reviews for zirconia implants which reported sur-
vival rates of 92% [20] and 95.6% [23] after one year with
an expected decrease of 0.25% after Syears [23] based on
prospective clinical trial information. The reported failures
were primarily non-integration or loss of integration after
some time of loading or after immediate loading. Although
zirconia is less tough than titanium, the fracture of zirconia
implants seems to be a rare event and has been documented
using fractography in only two clinical trials [25,26]. Even if
fracture of implants is rare, a thorough investigation of each
failure case is worth the effort as it may provide useful infor-
mation regarding issues related to implant design, diameter
and surface treatment. Among the most probable causes cited
for zirconia implant fracture are unfavorable narrow diame-
ters, damaging surface treatments resulting from aggressive
alumina sandblasting, and patient-related overloading [25,27].
If surface flaws resulting from processing problems involved
in the crack initiation process can be determined using frac-
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Fig. 1 - One example per manufacturer of a recovered crown-implant part: (a) Z-Look 3 (Z- Systems); (b) PURE Ceramic
implant (Straumann); (c) AXIS Integra Monobloc (Axis Biodental); (d) SDS 1.0 TZP CD (Swiss Dental Solutions).

Crown-implant parts in Fig. 1a, c and d are slightly gold-coated.

tographic analysis, it is more difficult to assess how occlusion
and off-axis loading may contribute to a specific case of pre-
mature implant fracture.

In thatrespect, the purpose of this paper was to take advan-
tage of recovered broken zirconia implants parts with their
cemented crown on top to perform not only a full fractographic
failure analysis but also to integrate in a mathematical model
the spatial coordinates obtained from 2D and 3D images of the
crown-implant part. The model created should provide a basis
for understanding and visualizing the immediate effect of
loading one occlusal contact more than another on the resul-
tant bending moment, generated stress and calculated crack
onset location on the implant. A matching of the location of
the crack onset on the implant with that of the identified origin
from fractographic analysis would show which occlusal con-
tact has been dominantly loaded contributing to the zirconia
implant fracture.

2. Materials and methods
2.1. Recovered fractured implant parts

A total of 15 broken zirconia implant parts (11 posterior and 4
anterior) with their crowns still cemented on it were recov-
ered by the treating dentists in 4 private dental offices in
Switzerland and Germany and from a university-based clinic
(Geneva, Switzerland) and donated to the prime investigator
of this paper for failure analysis. The recovered parts consisted
of the upper broken implant portion with its cemented crown
(Fig. 1). These first generation monotype zirconia implants
were made of 3Y-TZP from four manufacturers, AXIS Bioden-
tal, Z-Systems, Straumann and Swiss Dental Solutions (SDS)
with different processing and surface treatments. Table 1 sum-
marizes the recovered material available including implant
labelling, FDI location, implant’s surface treatment, time-to-
failure, brand name, diameter and manufacturer. The time-
to-failure varied from 2 weeks to 9 years of intra-oral function.

AXIS Biodental uses an injection molding process for their
zirconia implants and has the CE label for it. The addition
in 2008 of a proprietary porous zirconia coating (patent EP
1924300 B1) added to the injection molded implant in the par-
tially sintered state before densely sintering and hot isostatic

pressing was intended to increase the surface roughness and
favor faster bone integration. To test this coating, a one year
multicentric preclinical trial was launched by the manufac-
turer in 2008 and announced to SwissMedic (2008-MD-0007)
after receiving approval of the local ethic committee (PSY 08-
036). The multicentric trial involved two private practices in
Switzerland and one university-based clinic (University Clinic
of Dental Medicine in Geneva). After one year of intra-oral
function, 6 from 33 posterior 3Y-TZP implants had fractured
(in two private offices). These negative results were summa-
rized in a manufacturer’s report to SwissMedic in 2011, at the
end of the one year preclinical trial. The coating was aban-
doned in the same year and the manufacturer went back to
the production of his original injection molded implant. Dur-
ing the following seven years four more implants fractured
from this trial (2 from the University clinic and 2 from a pri-
vate practice) and were donated to the prime investigator
of this paper. Therefore, as of 2018, a total of 10 recovered
fractured posterior AXIS Integra Monobloc implants inserted
between 2008-2010 were analyzed with times-to-failure vary-
ing from 2weeks up to 8years of survival (Table 1). Fig. 2
illustrates such an in situ fractured zirconia implant on a sec-
ond lower left molar (#37) 3weeks after intraoral loading of
the cemented all-ceramic crown which was made of a zir-
conia framework and layered with a veneering leucite-based
ceramic. An open gingival flap exposes the broken implant
part still in the bone (Fig. 2b). Fig. 2c shows the X-rays of the
implant with its restoration after cementation (left) and after
fracture (right). The dotted line on the left X-ray indicates the
level of fracture located between two threads adjacent to the
bone level.

Three central incisors implants fractured were Z-Look
3 (Z-Systems), from a first generation of reduced diameter
(3.25 mm) implants. The surface treatment of these implants
was sandblasting with large-grit alumina particles (>100 pm).
The failure case at 9 years (ZS 11-9y) occurred during the
retrieval of a silicon impression in a patient to restore the
neighboring implant. The two others cases which failed after
2years and 5years (ZS 11-2y and ZS 21-5y) were part of a clini-
cal study [27,28] and fractured during function with no special
chewing event.

The lateral upper incisor fractured implant was of reduced
diameter (3.3mm) and on the market since 2014 (PURE
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Table 1 - Recovered fractured zirconia implants for failure analysis. Surface treatments: porous coating (pc), large grit

alumina particle sandblasting (SbA), zirconia sandblasting (SbZ), alumina sandblasting followed by acid-etching (ZLA).

Implant label Implant FDI# Surf. ttt Time to failure

Brand name and Manufacturer

(months) implant diameter (mm)

AXIS 15-2w 15 pc 0.5 Monobloc Integra (@ 4.1) Axis Biodental; Les Bois; CH

AXIS 37-3w 37 pc 0.75 Monobloc Integra (@ 4.1) Axis Biodental

AXIS 15-3m 15 pc 3 Monobloc Integra (@ 4.1) Axis Biodental

AXIS 45-4m 45 pc 4 Monobloc Integra (& 4.1) Axis Biodental

AXIS 14-6m 14 pc 6 Monobloc Integra (@ 4.1) Axis Biodental

AXIS 44-8m 44 pc 8 Monobloc Integra (@ 4.1) Axis Biodental

AXIS 35-4y 35 pc 44 Monobloc Integra (@ 4.1) Axis Biodental

AXIS 25-6y 25 pc 75 Monobloc Integra (@ 4.1) Axis Biodental

AXIS 36-7y 36 pc 83 Monobloc Integra (@ 4.1) Axis Biodental

AXIS 26-8y 26 pc 98 Monobloc Integra (@ 4.1) Axis Biodental

ZS 11-2y 11 SbA 25 Z-Look 3 (@ 3.25) Z-Systems; Oensingen; CH

ZS 21-5y 21 SbA 69 Z-Look 3 (@ 3.25) Z-Systems

ZS 11-9y 11 SbA 108 Z-Look 3 (@ 3.25) Z-Systems

PURE 22-1y 22 ZLA 18 PURE Ceramic (@ 3.3) Straumann; Basel; CH

SDS 46-1m 46 Sbz 1 SDS 1.0 TZP CD (@ 5.0) Swiss Dental Solutions; Kreuzlingen; CH
Ceramic Implant, Straumann). The implant’s surface under- 2.3. Calculations for M, My, T, 6, 0max and von Mises

went a proprietary sandblasted and acid-etching treatment
(ZLA) in order to reproduce a similar surface texture as with
the Titanium SLA implants. This failure case occurred after
18 months in a patient with heavy bruxing habits and, unlike
the other fractures, failed between the 5th and the 6th thread,
approximately 5mm inside the bone (Fig. 3).

The recovered broken implant part, a SDS 1.0 TZP CD (Swiss
Dental Solutions) implant of 5.0 mm diameter placed on a first
lower molar was also from a first generation of 3Y-TZP HIPed
implant on the market between 2009 and 2012 and inserted in
a private practice end of 2012. This implant was discontinued
in 2013 and replaced with novel designs and surface treatment
of 3Y-TZP HIPed zirconia implants.

All available X-rays, showed fracture of the implants at the
crestal bone level (Fig. 2c) except for the PURE Ceramic implant
which fractured approximately 5 mm inside the bone (Fig. 3).

2.2.  Fractographic failure analyses

A systematic approach using both, a digital microscope
(Keyence VHX 5000, Keyence International, Mechelen,
Belgium) and a FE-SEM (Sigma 300 VP, Zeiss, Oberkochen,
Germany) was performed on all broken implants. The recov-
ered implant-crown parts were cleaned in an ultrasonic bath
with sodium hypochlorite (5%) followed by pure ethanol
before being lightly gold-coated (20nm) to enhance reflec-
tivity for improved imaging. Fracture surfaces were first
photographed with a digital microscope to search for easy
detectable macrostructures such as a compression curl,
arrest lines and large twist hackle for the direction of crack
propagation (dcp). Further SEM investigation searched for
more details regarding surface flaws, critical crack sizes at the
origin, microstructural inclusions, as well as transgranular or
intergranular crack propagation. The implants outer surfaces
were investigated regarding texture and microstructure.
The occlusal crown’s surface was photographed both with
the digital microscope and SEM for occlusal contact wear
locations. Zones with larger wear pattern were considered
receiving higher mastication loads.

stress equivalents

All posterior fractured implants (10 AXIS and 1 SDS) were used
for calculation of resultant torsion and bending moments (Mg,
M), corresponding shear (¢) and tensile (o) stresses, maximum
principal stress (omax) as well as von Mises stress.

As a first step, the implant-crown part was defined in space
(Fig. 4a) 0,X,Y,Z for which OZ is the implant’s central axis and
O the intersection of Z with the implant’s fracture surface.
An arbitrary easy to recognize detail on the occlusal surface
was used as a reference point (R) in the O,X,Z reference plane
(Ref., yellow). On the crown’s occlusal surface, Ci corresponds
to the center of an identified occlusal contact area. A plane, Pi
(white), goes through O,Xi,Z and Ci. The hypothesis was made,
that the applied load was normal in each contact point. In that
respect, the green arrow (n;) represents the vector normal to
the occlusal contact surface in G;.

In a second step, the crown-implant was photographed
with a digital microscope in 2D and 3D in order to measure
coordinates for bending moments. For that, the crown-
implant part was positioned vertically in a cylindrical flat-base
holder containing a centered hole fitting the implant’s neck up
to the junction with the crown’s margin, so that the implant’s
axis (OZ) is normal to the base of the holder. In this cen-
tered position, the occlusal surface of the crown and the flat
base of the holder were photographed with the digital micro-
scope in a 2D and 3D mode. On the 2D image (Fig. 4b), the
implant’s central axis intersecting with the occlusal surface
(black-white dot) and the implant’s outer diameter (dashed
circle) were determined. Using the microscope’s software, dis-
tances and angles were measured connecting the implant’s
center (black-white dot) with the center of identified occlusal
contacts (numbered black dots) and an arbitrary reference
(black star, Ref.). On lateral views of the crown-implant part,
the distance (h) from the neck’s shoulder to the fracture ori-
gin as well as the width (w) of the implant at the fracture site
(Fig. 4c) were measured. From the 3D image, the orientation
and location of the vector (n;) normal to C; was determined.

A mathematical model spreadsheet was created contain-
ing cells integrating all measured coordinates and extracted
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Fig. 2 - (a) Clinical image of the ceramic crown cemented over a 3Y-TZP implant (AXIS Biodental) on the second lower left

molar (tooth FDI # 37); (b) fracture in situ of the zirconia implant at the bone level. A flap is open to expose the implant part
still in the bone; (c) X-ray of the implant #37 with its restoration after cementation (left) and after fracture (right). The dotted
line indicates the level of fracture at the crestal bone level. The fracture occurred 3 weeks after intraoral loading of the crown.

data from the 2D and 3D images of the crown-implant part.
The mathematical spreadsheet contained all the needed
equations for calculations of moments and stresses (Appendix
A). In order to generate bending and stress values, the math-
ematical model requests information on the applied load
in each identified occlusal contact (Ci). For that purpose, a
total occlusal load of 500 N distributed over the contacts was

selected based on maximum biting forces reported for implant
supported restorations [29]. How much of the 500 N loads
would be allocated for each occlusal contact was based on
wear evidence (surface and roughness appearance on the SEM
images). Large roughened ceramic surfaces would be consid-
ered as primary or dominant contacts (red circle in Fig. 4b) with
approximately 80% of the total load distributed. Smaller (i.e.
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Fig. 3 — Retrieval of the broken PURE Ceramic zirconia
implant after 18 months of intraoral loading. The white
arrow on the X-ray taken before retrieval shows the
location of the fracture seen on the contrast-modified and
enlarged digital image (medallion).

secondary) contacts (green circles) would receive the remnant
20% of loading.

Based on the occlusal load distribution and the resul-
tant bending moment, the model provided also an angular
position (white arrow) from the occlusal arbitrary reference
(Ref.) of the crack onset on the implant’s fracture surface
(Fig. 4b). This location would be compared with the original
fracture origin (O) determined from fractographic analysis.
Occlusal contact loads would be fine-tuned to generate an

angular position of the crack onset that would match as close
as possible the fracture origin determined from fractogra-

phy.

3. Results
3.1. Fractography

A first general failure analysis was performed at low magni-
fication (20-30x) with the digital microscope. Fig. 5 illustrates
representative zirconia implant fracture surfaces (a=SDS;
b=PURE Ceramic Implant; c=2Z-Systems (ZS); d-f=AXIS).
A thin layer of gold-coating enhanced the fracture sur-
face features. All 15 implants had an easily recognizable
macrostructure which is the compression curl marked by an
asterisk. This curl is created when a propagating crack enters
a compression stress zone and is typical for bending or flex-
ure fractures. The opposite side to the compression curl is
where the fracture origin is located (arrow). In all 15 recov-
ered implants, the crack originated in the constriction region
between two threads, where the section of the implant is the
narrowest.

Multiple larger twist hackle (th) have formed along the
implant’s fracture surface periphery within 1-2mm next to
the origin in all AXIS implants as seen in Figs. 5d—f. Concentric
arrest lines (ar) (Fig. 5d) formed up to 300 pm above the origin,
are indicators of cyclic loading in flexure and were seen exclu-
sively in AXIS implants. The presence of arrest lines is due
to slight variation in the crack growth plane. The fracture sur-
faces for SDS (a) and AXIS (d-f) appear rather smooth. They are
made of very fine hackle, compared to PURE Ceramic implant
(b) and Z-Look 3 (Z-Systems) (c), both showing a more textured,
rough surface with coarser hackle radiating from the origin.

3.1.1. AXIS implants
The following SEM images show the area related to the crack
origin (O) at lower and higher magnifications, as well as the
direction of crack propagation (dcp). For all AXIS implants, the
porous and cracked zirconia coating is intimately involved in
the fracture origin (O) as shown in Fig. 6a,c,e. Several starter
cracks (small white arrows) next to larger twist hackle (th) are
visible on the periphery of the implant’s fracture surface in the
vicinity of the main origin (O). Twist hackle is a hackle that
underwent a twist when the axis of principal stress slightly
tilts. The running crack, in response to the new stress direc-
tion, breaks into small unconnected segments each of which
is separated by larger steps. Arrest lines are visible in Fig. 6e
indicating episodes of a crack which is momentarily brought to
a halt before it continues to propagate under a slightly differ-
ent stress configuration. The higher magnifications (Fig. 6b,d,f)
show close-ups of the origin connected to the porous coating
which is 12-30 wm thick (a) at the fracture origin site.

Fig. 7 illustrates an AXIS implant which broke after only
2 weeks of intraoral loading (AXIS 15-2 w). All the classic frac-
tographic features are visible. The origin (O) (white arrow) in
the center has many neighboring twist hackle spread over
2mm along the implant’s fracture surface periphery. Several
arrest lines (ar) are clearly visible up to 300 um above the ori-
gin. Small twist hackle are radiating out like a fan from the
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Fig. 4 - Schematic representation of the spatial coordinates
and references of the crown-implant part. Fig. 4a: Reference
planes and force vectors: OZ implant’s central axis; (R)
arbitrary reference on the occlusal crown’s surface; (Ref.)

densely sintered zirconia implant at the junction with the
porous coating (Fig. 7b). The porous coating (pc) at the fracture
origin has an approximate thickness of 36 um (al). A closer
look at the microstructure in fig. c shows a transgranular frac-
ture surface (fs) within the implant’s bulk, whereas the grains
of the porous coating are round, from free-air sintering (Fig.
7¢,d). This occurs if a crack is present in the coating and cre-
ated during processing of the coating prior to dense sintering.
An attempt to calculate the stress at fracture can be done
using the critical crack size and shape and applying the frac-
ture mechanics equation of Kic =Y o 4/a (Eq. (1)). Considering
a2=44pm as the critical crack, a corresponding stress inten-
sity shape factor Y=1.3 for a semi-circular crack shape (white
arrows in Fig.b) and assuming a toughness Kj. = 5.0 for 3Y-TZP,
the calculated fracture stress (¢) would be 580 MPa. If how-
ever we consider the coating thickness as the critical crack
(a1 =36 pm) with its corresponding semi-elliptical Y shape fac-
tor of 1.6, then the fracture stress (o) would be 520 MPa. The
cracks within the coating were often reaching the implant’s
injection molded bulk (Fig. 7b). A partial gap between the
porous zirconia coating and the densely sintered zirconia body
is seen in Fig. 7c at the fracture origin site.

3.1.2. Z-Systems

Two cases central incisors broken implants of reduced diam-
eter (3.25mm) after 2 and 5 years are illustrated for Z-Look 3.
Fig. 8a (ZS 11-2y) shows classic fractographic features such as
hackle and twist hackle (th) easily recognizable on the fracture
surface and indicating the dcp. The origin (O) marked with an
arrow starts at the periphery of the implant which contains
many deep and sharp cuts (Fig. 8b,c) from large grit (>100 um)
alumina particles sandblasting. Fig. 9 of a fracture after 5 years
(ZS 21-5y) is similar with a fracture origin connected to deep
grooves on the outer implant sandblasted surface (Fig. 9¢,d).
Along the implant’s fracture surface periphery, close to the

implant’s reference plane (yellow); (C;) center of occlusal
contacts, (P;) plane going through C; and OZ; (n;) (green
arrow) vector normal to the occlusal crown’s surface in G;.
Fig. 4b: 2D image of the crown’s occlusal surface for which
the implant’s neck (i.e. implant’s axis) is positioned
perpendicular to the holder’s flat base. The implant’s center
(black-white dot), outer implant’s diameter (dashed circle),
identified Ci’s (numbered black dots), and an arbitrarily
chosen reference (Ref.) (star) are marked. Angles and
distances connecting the reference and occlusal contacts to
the projected implant’s center are measured. Red circle
corresponds to dominant wear occlusal contact and green
circles to lighter contacts. The calculated angular position
of the crack onset is indicated with the white arrow. The
red arrow illustrates the crack propagation direction and
location of the crack origin (O) as determined from
fractographic findings. Fig. 4c: side view of the implant’s
neck with measurements of height (h) from the implant’s
neck to the fracture origin and width (w) of the implant
(inner diameter) at fracture. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.).
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Axis 44-8m

Axi§ 15-2W

o) Axis 14-6m

Fig. 5 - Implant fracture surface: a=SDS; b=PURE Ceramic Implant; c=Z-Systems; d,e,f= AXIS. The compression curl is
marked by an asterisk (). The fracture origin is marked by an arrow. AXIS fractured surfaces (Fig. 5d,e,f) show several vertical
lines called twist hackle (th) starting along the implant’s fracture surface edge in the vicinity of the origin over a distance of
1-2mm. Several arrest lines (ar) (Fig. 5d) (horizontal lines above the origin) can be visualized for AXIS broken implants.

origin, microcracks (Fig. 10) running downwards to the apex
of the implant may have been created by cyclic fatigue load-
ing. Both of these cracks, however, were not involved in the
failure origin but denote that the implant has suffered during
intraoral function.

3.1.3. PURE Ceramic implant (Straumann)

The PURE Ceramic implant fracture on a lateral incisor
occurred deeply inside the bone at a very unusual loca-
tion. Fig. 11 illustrates the fracture origin (O) location at the
periphery with hackle radiating out in the direction of crack
propagation (black arrows). Higher magnifications in Fig. 11b,c
show an origin masked by friction patterns which are also vis-
ible approximately 400 um above the fracture origin (Fig. 11d).
It is hypothesized, that when the sudden fracture occurred,
the broken implant parts rubbed against each other.

3.1.4. SDS

Fig. 12 illustrates the SDS implant which fractured after
1month. The overall view (a) shows the crack propagation
direction (dcp), the compression curl (*) and the fracture ori-
gin location (O, white arrow). The higher magnification of the
fracture origin (Fig. e) measures a critical crack depth (a) of
approximately 36 w.m and a width of approx. 80 um. This gives
a semicircular Y shape factor of 1.3. Assuming a Ki. of 5.0
for 3Y-TZP zirconia, the corresponding fracture stress would
be 641 MPa (Eq. (1)). The implant’s outer surface has a micro-
roughened aspect from zirconia particle sandblasting by the
manufacturer (Fig. 12a,b,d) and is made of fine (<500 nm) free-
air sintered zirconia grains (Fig. 12c).

3.1.5.  Fracture surface microstructure

The crack propagation through the microstructure was
observed for all implants. All implant’s fractured surfaces
showed a mixed mode of transgranular and intergranular
fracture path cleaving the grains (Figs. 13 and 14a,d ). At
20,000x some twinningis recognizable by the step-like pattern
of transformed zirconia grains is seen in Fig. 13b. Localized
extensive grain growth, possibly cubic zirconia was seen on
the fracture surfaces of Z-Systems and PURE Ceramic implants
(Fig. 14a) as well as on the acid-etched outer implant surface
(Fig. 14b). Large (2-4 um) alumina particles (Fig. 14c,d) ran-
domly distributed were detected and confirmed by EDX on the
fracture surface of all Z-Systems implants.

3.1.6.  Occlusal contact wear

Similar wear patterns have been noticed on the occlusal sur-
faces of the ceramic crown restorations recovered with the
fractured implants parts. The ceramic crowns on AXIS, Z-
Systems and SDS had a zirconia framework and were veneered
with a leucite-based ceramic. The crown on the PURE Ceramic
implant was a lithium disilicate restoration. Fig. 15a,c,d (AXIS
26-8y) illustrate with increasing magnifications the localized
mesio-buccal occlusal wear surface generated after 8 years of
intraoral function. This surface corresponds to contact 1 illus-
trated in Fig. 3. The wear facet in Fig. 15a, is the result of
contact wear during lateral (i.e. buccal) excursions as seen by
the concave fractured areas. Higher magnifications (Fig. 15¢,d)
show the brittle fracture behavior of the veneering leucite-
based ceramic under contact loading and sliding motion with
extensive microcracking. Fig. 15b shows a similar wear patter
on the incisal edge of a lithium disilicate ceramic restoration
after 18 months (PURE Ceramic Implant). Both cases (Fig. 15a,b)
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Fig. 6 - Fractographic analyses of three AXIS implants failed after 8 months (a), 3 weeks (c) and 4 years (e). At lower
magnification (left images), the origin (0) is surrounded by several other smaller starter cracks (light white arrows) next to
larger twist hackle (th). Several arrest lines (ar) are visible in Fig. 6e. The respective higher magnifications (Fig. 6b,d,f) show
the origin next to the porous zirconia coating which is between 12 and 30 jum thick (a).

show similar brittle fracture behavior of the ceramic undergo-
ing contact wear during function.

3.2
stresses

Bending and torsion moments and resulting

Table 2 provides all the calculated values of resultant bending
(Mb) and torsion (Mt) moments, respective shear (z), tension

(¢), maximum principal stresses (omax) and von Mises equiv-
alent (vM), based on a total load of 500N distributed over
identified occlusal contacts. Location of the crack onset (see
also Fig. 4b) is given by an angular position (A°) with respect
to the arbitrary reference (*) (Fig. 16). Negative angles are clock-
wise from the reference; positive angles are counterclock wise
from the reference. The loads for each selected occlusal con-
tact were chosen based on the severity of wear seen under
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Fig. 7 - AXIS 15-2w: Fig. 7a: Fracture origin (0), arrest lines (ar), many twist hackle (th) and dcp. Fig. 7b is a higher
magnification of the fracture origin region in Fig. 7a. The porous coating is of approx. 36 pm in depth (a1) at the crack
initiation site. The critical crack (a2) is in the bulk next to the porous coating and measures approx. 44 pm in depth
(semi-circular crack shape marked with white arrows). Small twist hackle are emanating like a fan from that junction. Fig.
7c is a higher mag of Fig. 7b of the junction between the fracture surface (fs) of the zirconia bulk implant and the porous
coating. The grains throughout the pc thickness (a1) are round and thus free-air sintered (Fig. 7d) indicating an already
existing crack in the coating before dense sintering.

Table 2 - Resultant bending (M) and torsion (M;) moments with respective shear (7), tension (¢), maximum principal
stresses (omax) and von Mises (vM), based on a total load of 500 N distributed over identified occlusal contacts. Location

of the starter crack is given by an angular position (A°) with respect to the arbitrary reference (*). Negative angles are
clockwise from the reference; positive angles are counterclock wise from the reference * (see Fig. 16 for occlusal contact
numbering).

Implant label Distributed 500 N load M My Shear Tension omax v. M. A°
over identified occlusal Nmm Nmm (7) (0) MPa MPa
contacts (see Fig. 16) MPa MPa

1 2 3 4 5

AXIS 15-2w 50 50 350 50 = 50 1959 6.5 508 508 508 —87
AXIS 37-3w 450 40 5 5 = 101 2706 13 701 701 701 —178
AXIS 15-3m 175 25 250 50 -29 1324 87/ 343 343 343 43
AXIS 45-4m 5 5 20 120 350 —464 2016 60 523 529 533 162
AXIS 14-6m 25 450 25 = = 877 1523 124 432 464 482 2
AXIS 44-8m 20 50 75 350 5 61 654 8.7 185 186 186 139
AXIS 35-4y 155 45 250 25 25 296 815 41 231 238 242 =il
AXIS 25-6y 300 160 20 20 - 17.5 1291 2.5 366 366 366 —68
AXIS 36-7y 200 100 100 50 50 —95 1452 12.3 376 377 377 60
AXIS 26-8y 375 75 25 25 139 1879 18 487 488 488 —40

SDS 46-1m 100 200 25 25 150 —229 1741 21 323 325 325 15
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Fig. 8 - Z-Systems (ZS 11-2y). Fig. 8a is an overall view at 100x magnification in which large twist hackle (th) are visible
next to the fracture origin (0). The direction of crack propagation (dcp) is indicated by the black arrows. Higher
magnifications of the fracture origin are shown in Fig. 8b,c. The external implant surface shows deep cuts from alumina

sandblasting which are connected to the fracture origin (Fig. 8c).

the microscope and for which the calculated angular position
(A°) would match closely that of the true fracture origin. Ten-
sion and von Mises stresses are identical if the shear stress is
small. Hence, the only case in which the shear stress played a
role was AXIS 14-6 m (Fig. 16e) as the main contact (number 2)
was on the mesial crest and modelled with 450 N. The resul-
tant angular position of 2° was close to the real fracture origin
location. This induced a shear stress of 124 MPa resulting in
higher von Mises stress (482MPa) than the normal tension
stress (432 MPa).

The digital images in 2D of Fig. 16 illustrate the findings
in Table 2 for the 11 posterior implant fracture cases. The
projected implant center (black dot) and diameter at fracture
(dashed-line circle) are marked on the occlusal crown surface.
The identified occlusal contacts on which the 500 N loads are
distributed are numbered. Red circles represent main occlusal
contacts receiving high mastication load, whereas green cir-
cles represent lighter contact. The star (*) corresponds to the
arbitrarily chosen reference. The current selected loads and
distribution (Table 2) come to a close match between the true
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Fig. 9 — Z-Systems (ZS 21-5y) implant fracture of a central incisor after 5 years. Fig. 9a shows the fracture surface (fs) at low
magnification (40 x). The origin (0) is marked by a white arrow and the dcp is indicated with black arrows. Fig. 9b is a 2000 x
magnification of Fig. 9a of the fracture origin region. The implant’s outer surface is rough from alumina sandblasting. Fig. 9¢c
and d show side views of the sandblasted implant’s outer surface next to the fracture origin. At 5000x magnification (Fig.
9d), deep sharp cuts created by the alumina particle sandblasting are connecting with the fracture origin (0).

fracture origin location (starting point of the red arrow indicat-
ing the crack propagation direction) and the calculated crack
onset location. Fine-tuning of the applied load in each con-
tact was performed with the mathematical model in order to
match both A° and the fracture origin location. An example
is given for the implant AXIS 36-7y (Table 2, Fig. 16a1). Strong
wear was seen in contact points 1-3. The loads were there-
fore distributed with 200 N in point 1 (strong wear surface),
100 N in point 2 and 100 N in point 3. Additional loads of 50 N
were distributed in each of the remaining buccal lighter con-
tact points 4 and 5. With this distribution the fracture origin
location matched with the calculated angular position of 60°
(counterclock) from the reference point (black star). Another
example is illustrated in Fig. 16h1-h2, the implant’s axis is
located bucco-mesially and off-centered. The mesial veneer-
ing ceramic had chipped off therefore an important load was
modeled in this region marked with a red contact (3). A second
strong load was inserted on the tip of the palatal cusp (con-
tact 1) marked by occlusal adjustments. This loading choice
provided a good match between the calculated angular posi-
tion of the crack onset (43°, Table 2) and the fracture initiation

site determined from fractography (Fig. 16h1, beginning of red
arrow).

An example of how loading of the occlusal contacts affects
the angular position of the starter crack is illustrated in Fig. 17,
representing the case of AXIS 26-28years. As reported in
Table 2 and Fig. 16g, the selected contacts had a load distri-
bution of 375 N, 75 N, 25 N and 25 N, for which an angular
position of —40° was calculated matching nicely the fracture
origin location (O). If the loads are changed to a distribution
of 250 N, 150 N, 50 N, 50 N, the calculated angular position of
the crack initiation would be —52° moving away from the true
fracture origin. Thus the red circled zone (mesio-buccal cusp)
represents the prime contact receiving 75% (375 N) of the total
500 N load distribution in order to create a resultant bending
moment with a critical stress concentration and crack onset
near the true fracture origin.

Three out of 4 anterior zirconia implants failed as expected
from palatal towards buccal, due to contact loading of the
upper central incisal palatal surface of the crown. The vector
force applied was in the buccal direction putting the palatal
implant surface in tension. The only exception to this palatal
fracture origin was the Z-Look 3 implant (ZS 11-9y) which
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Fig. 10 - Z-System (ZS 21-5y). Along the implant’s fracture surface periphery, close to the origin, microcracks are running
downwards to the apex of the implant. These cracks may have originated during cyclic loading. Both of these cracks,
however, were not involved in the failure origin but denote that the implant has suffered during intra-oral function.

broke from buccal to palatal during the retrieval of a silicon
impression. A dislodging force exercised from the incisal edge
towards palatal created tension on the buccal implant sur-
face from where fracture started. Such rare event, however,
reminds us that ceramic does not deform plastically and that
any forceful dislodging movement has to be done with a direc-
tion of retrieval in the main axis of the crown.

4, Discussion

The purpose of this research paper was to extract as much
scientific information as possible out of 15 clinically broken
zirconia implants for which the upper parts were recovered
with their cemented restorative ceramic crowns. The inno-
vation of this research was to include in the fractographic
failure analysis a mathematical model integrating the location
of occlusal contacts on the crown'’s surface with respect to the
central axis of the implant. The model, which contained all
spatial crown-implant coordinates obtained from 2D and 3D
images, not only provided calculations of bending and torsion
moments but also angular positions of the crack onset loca-
tion on the implants. By fine-tuning the loads on the identified
occlusal contacts, a close match of the calculated crack onset
and the fracture origin was reached. Hence, for all 11 posterior
fracture cases, the prime loading region on the crowns were

identified and visualized with respect to their implant’s cen-
tral axis and fracture origin. The mathematical model together
with the 2D images was helpful in showing how occlusal load-
ing affects the location of the fracture initiation site on real
clinical zirconia implant fracture cases. It is important to visu-
alize that the implant’s center may not necessarily correspond
to the center of the crown and that occlusal contacts may be
quite off-centered thus generating increased bending of the
structure. The model can be adapted and include as many
contacts as identified. The clinician, inspecting the crown’s
occlusal surface under a microscope decides which contact
would be primarily loaded based on wear evidences. For a
clinician, such information is important as it highlights the
influence of loading occlusal contacts on bending moments,
stress concentrations and crack onset location.

The limitations of our contact load modelling can be sum-
marized as follows. Firstly, it was difficult to identify occlusal
contacts from wear evidence on crowns on which occlusal
adjustments had been made as some roughness from pol-
ishing overlapped localized contact wear. Clinical pictures of
color-marked occlusal contacts would have been helpful. Sec-
ondly, we used maximum biting forces of 500 N [29] reported
for implant supported crowns and distributed these over the
contacts integrating wear information. Therefore, the values
in Table 2 should by no means be considered as true values
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Fig. 11 - PURE Ceramic implant fracture after 18 months. On the fracture surface (fs), hackle indicate the direction of crack
propagation (dcp) (Fig. 11a). The fracture origin (o) is masked by friction patterns (Fig. 11b,c), seen up to 400 um above the

origin, on the fracture surface (Fig. 11d).

as no one knows for sure which load was exercised that was
responsible for fracture.

The systematic presence of a compression curl in all bro-
ken parts analyzed indicated that the implants were primarily
loaded in bending or had a strong bending component [5,30].
The fractographic analysis showed that fracture originated at
the periphery of the implant’s inner diameter (i.e. smallest
section between two threads) and adjacent to the bone level
as already noticed on the X-rays. This was consistent with
fracture reports in previous research papers [25,27,28,31].The
implants’ diameters at the constriction zone where frac-
ture occurred were rather small and were 3.3mm for AXIS
(outer diameter of 4.1mm), 3.7mm for SDS (implant outer
diameter of 5.0mm), 2.7mm for Z-Look 3 (outer diameter
of 3.25mm) and 2.7mm for PURE Ceramic implant (outer
diameter of 3.3 mm). As already demonstrated some 15 years
ago, implant’s diameter is more critical than implant’s length
[31,32]. With increasing diameter, the magnitude of stress
around the implant’s neck region decreases. FEM research
showed that above 3.6 mm diameter the maximum stress area
around the implant’s neck at the bone level decreases [31].
With a poor survival of 59.6% at 3years for Z-Look 3 narrow
diameter implants [28] the Z-Systems manufacturer discon-

tinued their production and replaced them with a modified
design and increased outer diameter (3.6 mm). Indications to
use were also limited to single restorations for lateral incisors
and central mandibular incisors.

All failed implants had identical key fractographic features
such as hackle, twist hackle and compression curl confirming
a bending component in the fracture process. Measurements
of critical crack sizes however were challenging in comparison
to in vitro bend bars flexure tests under controlled con-
ditions. Estimates of critical crack sizes for AXIS and SDS
were around 40 pm representing stress values in the order
of 600 MPa similar to in vitro fatigue testing of 3Y-TZP bend
bars with machined surfaces [33]. AXIS implants had a pro-
prietary porous coating which was definitely detrimental to
the survival of the implants. AXIS implants have been hot iso-
statically pressed as a final processing step, but large cracks
as those existing in the porous coating cannot be closed with
such a process [34]. In vitro testing of these coated implants
[35] resulted in 18% strength reduction compared to the orig-
inal non-coated injection molded version. After accelerated
aging of 100h the reduction in strength was reaching 43%
[35]. The transformation volume fraction of respectively 88
and 87% were found for the same coated and uncoated injec-
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Fig. 12 - SDS 46-1m wide diameter implant fracture after 1 months. The implant’s outer surface is rough (Fig. 12a,b,d).
Fracture origin (O, white arrow), direction of crack propagation (dcp) (black arrows), compression curl (*), fracture surface (fs).
The critical crack depth (a) is approx. 36 pm (Fig. 12e). Fig. 12f is a higher magnification of Fig. 12e showing the fracture
surface at the very beginning of the crack initiation. The implant’s outer surface is micro-rough with fine free-air sintered

grains (Fig. 12c).

tion molded zirconia with a depth of monoclinic transformed
layer of respectively 13 and 14 pm showing twinning and small
cracking at grain boundaries [36]. Whether aging has played a
role in the fracture of the clinically failed zirconia implants in
this research still has to be investigated with FIB-SEM analy-
sis.

The fractures of the first generation of Z-Look 3 reduced
implants have found a favorable terrain to develop under
cyclic masticatory loadings. The combination of a very
small implant diameter at fracture (~2.7 mm) together with
a large grit alumina sandblasting surface treatment was
detrimental to the survival of such implant. The fracture
origins were clearly connected to the indent-type of dam-
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Fig. 13 - AXIS fracture surface. The microstructure shows transgranular (tg), intergranular (ig) fracture as well as twinning
(tw) of the transformed zirconia grains visible by the step-like pattern.
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Fig. 14 - PURE Ceramic implant (a,b) and ZS 11-9y (c,d). Excessive grain growth (arrows) is seen both on the PURE Ceramic

implant fracture surface (a) as well as on the implant’s external acid-etched surface (b). For the Z-System implants, large
(2-4 pm) Al, 05 particles were present on the fracture surface as shown in Fig. 14¢,d.

age from large alumina particle sandblasting. Such surface strengthening monoclinic phase transformation, the relia-
treatment on 3Y-TZP tested under cyclic loading has shown bility of the zirconia is lowered [39,40]. Such aggressive
to degrade the material’s long-term performance [37,38]. sandblasting treatment (>100 pm alumina particles @ 4 bars)

Although alumina sandblasting may induce some favorable creates deep v-notch type defects which may act as starter
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Fig. 15 - (a) lllustration of a mesio-buccal occlusal surface wear after 8 years of the ceramic crown cemented over an AXIS
molar implant (AXIS 26-8y). (b) localized incisal edge wear of the lithium disilicate ceramic crown after 18 months cemented
over a PURE Ceramic implant (PURE 22-18 m). The wear facet in Fig. 15a, is the result of lateral (i.e. buccal) excursions as
seen by the concave fractured areas (sliding direction from bottom to top). Higher magnifications of Fig. 15a are shown in
Fig. 15¢,d with typical brittle fracture behavior showing extensive microcracking of the ceramic surface subjected to contact

loading and wear.

cracks in stress concentration areas and should therefore be
avoided.

The highly unusual site of fracture at mid-way inside the
bone for an osseointegrated reduced diameter PURE Ceramic
implant after 18 months of intraoral loading is not clear.
The roughened surface obtained from sandblasting and acid-
etching by the manufacturer did not seem to have created a
particular critical flaw, but the site of origin was unfortunately
masked by friction patterns. The patient did not comment
on a special trauma event but was aware to be a bruxer as
evidenced by marked wear patterns on the incisal edge of
the crown. With one case only it is difficult to make any
conclusions. However, considering the high level of bending
and the small implant diameter at fracture (2.7 mm) the rec-
ommendation would be to exclude such high risk patients
for reconstructions on small diameter zirconia implants as
already strongly expressed in several papers [25,27,28]. The
origin in the SDS implant was not related to any damage on the
outer implant surface from the processing. The very smooth

fracture surface appearance contained many very fine hackle
running from distal to mesial. With no other fracture case to
compare, the only explanation for such premature failure may
come from high occlusal contact loading as evidenced by the
important occlusal wear already seen after only one month of
service. The generated bending moment and the rather small
diameter at fracture (3.7 mm) for this large size crown have
contributed to this early failure. It is to emphasize that this
SDS 1.0 implant was from a first generation of 3Y-TZP which
was discontinued in 2013. The manufacturer has since then
innovated with a different zirconia implant design and surface
treatment.

The microstructure seen on the fracture surfaces was sim-
ilar for all implants regardless of the ceramic processing and
manufacturer with a mix of intergranular and transgranular
fracture. Fracture propagated predominantly transgranularly
near the origin. The presence of 0.25wt% of alumina in a
3Y-TZP composition does favor transgranular fracture [41]
possibly due to an increase in the grain-boundary cohesion.
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Fig. 16 - The implant center (black dot) and diameter at fracture is drawn with a dashed-line circle. The selected occlusal
contacts (circles) for load distribution are numbered. Red circles represent main loading contacts (see Table 2 for load
distribution). The star (*) indicates the arbitrarily chosen reference. The red arrow indicates the direction of crack
propagation. The fracture origin is the starting point of the red arrow as determined from the fracture surface analyses. Fig
16a1-2: AXIS 36-7y with corresponding fracture surface view and crown orientation (B=buccal, D =distal, M=mesial,

P =palatal, L =lingual); Fig. 16b: AXIS 35-4y; Fig. 16c: AXIS 37-3w; Fig. 16d: AXIS 45-4m; Fig. 16e: Axis 14-6m; Fig. 16f: AXIS
15-2w; Fig. 16g: AXIS 26-8y; Fig. 16h1-2: AXIS 15-3m, shows a that a mesial portion of the ceramic crown broke off. The front
view (h2) illustrates the distal bulk extension of the crown making the central axis of the implant off-centered. Fig. 16i1-2:

AXIS 44-8 m shows an off-centered implant with respect to

the crown’s orientation and a poorly fitted seating of the crown

on the implants shoulder (i2). Fig. 16j1-2: AXIS 25-6y; Fig. 16k1-2: SDS-1m. Color image is available in the online version.

Twinning in grains seen at very high magnification, recog-
nizable by the step-like grain surface does occur during a
martensitic phase transformation from t to m or as a result
of ferroelastic domain switching under the application of a
stress and represent a toughening mechanisms for tetragonal
metastable zirconia [10,42,43]. Larger zirconia grains, possibly

cubic, seen in two implant systems (PURE Ceramic implant
and Z-Systems), although not related to the fracture origin, are
heterogeneities related to the processing method [44]. Large
grains may be primarily cubic lowering the amount of tetrag-
onal phase available for transformation toughening under the
action of a localized stress [1,16].
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Fig. 17 - Example of how changing loads in each occlusal
contact would affect the calculated angular position of the
crack initiation projected onto the implant. An angle of
—40° (white arrow) is shown for loads distributed as 375 N,
75 N, 25 N, 25 N matching closely the true fracture origin O.
Modifying the occlusal loads to 250 N, 150 N, 50 N, 50 N
would increase the angle to —52° (yellow arrow) moving
away from the true fracture origin. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)

5. Conclusion

This research was performed on first generations of 3Y-TZP
zirconia implants for which three out of four manufactur-
ers have discontinued their fabrication and replaced them
with newer generations of zirconia implants. Nevertheless,
the failure analysis approach described in this paper combin-
ing clinical evidence with engineering science can be applied
to any zirconia implant fracture in the future. The novel
approach presented here was the combination of fractogra-
phy and the use of a mathematical model taking into account
the crown-implant’s spatial coordinates and occlusal con-
tacts, generating information on bending moment, resultant
stress and location of the crack onset on the implant. Special
attention should be given to occlusal contacts on the crown
showing pronounced wear with respect to the implant’s cen-
ter as off-axis loading increases bending. For clinical trials,
it is important not only to mention a survival rate but to
describe if the failure was biological or of mechanical origin. In
case of fracture, researchers are encouraged to go through the
needed full failure analysis as described in this paper. Every
single fracture will have its amount of tale-telling information,
whether it is related to material processing, implant design or
critical bending from occlusal loading. One has to remember,
that the surgical procedure related to the retrieval of a broken
implant which is fully osseointegrated is quite traumatic for
the patient, often involves bone grafting, additional healing

times, discomfort and additional costs. With current avail-
able digital planning, correct implant placing and final crown
reconstruction can be ideally designed limiting off-centered
contacts with respect to the implant’s central axis.
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Appendix A.

Axis Z Axis of the implant towards the occlusal crown sur-
face

Axis X Arbitrary reference identified on the occlusal crown
surface

Axis Y Complement of Z and X

OlIntersection of Z with the fracture surface

0,X,Z: P Plane of reference

0,X,Y,Z Reference

Ci Center of the occlusal contact surface #i

0,Xi,Z Pi: plane through the implant axis and Ci

Ci,Xi,Yi,Z Reference through surface contact #i

01 Angle between P and Pi

OCiriXi+ziZ

ni Vector normal to the occlusal crown surface in Ci

ai Angle between Z and the projection of ni on Pi

Bi Angle between Z and the projection of ni on Ci,Yi,Z

xi ri x COS(6i)

yi ri x SIN(6i)

ai TAN(ai)

bi TAN(Bi)

o1 ATAN(Bi/ai)

i ROOT(aid x o + Bi x Bi)

Ni Force following the normal to the contact, >0 if directed
towards the contact

Ti Force following the contour line (most often negligible)

Li Force following the line of greatest slope, >0 if directed
from the top of a cusp outwards

Force in Xi, Yi, Zi

FXi Ni x SIN(i5i) x COS(0i + i)-Ti x SIN(0i + i) + Li
x COS(i) x COS(6i + ¢i)

FYi —Ni x SIN(si) x SIN(0i + i) + Ti
x COS(6i + i) + Li x COS(isi) x SIN((0i + i)

FZi —Ni x COS(i)-Li x SIN(is)

Moment of force on the fracture surface

MAXi  yix FZi-zi x FYi
MAYi Zi x FXi-xi x Fzi
MAZi xi x FYi-yi x FXi

RBX Resultant Bending/X: SUM of MAXis

RBY Resultant Bending/Y: SUM of MAYis

RT Resultant Torsion: SUM of MAZis

RB Resultant Bending: ROOT(RBX x RBX + RBY x RBY)
Shear stress (r) (RT x 16/3.14/w3)

Tensile stress (6) (RB x 32/3.14/w?)

Max principal stress (omax) 1/2(c +ROOT(0? +472))

von Mises equivalent (vM) ROOT(oc xo+3 x 7 x 1)
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angular position of crack origin from arbitrary Ref

(>0=counterclock) ATAN(RBY/RBX)
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