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Purpose: Studies have described the reliability of zirconia as an implant abutment material. The pur-
pose of this in vitro study was to compare the precision and fracture strength of 2 different zirconia
abutments angled at 30 degrees and loaded to failure in a standardized testing device. Materials and
Methods: Twenty-nine Atlantis abutments in zirconia (AAZ) and 29 Nobel Biocare Procera AllZirkon
abutments of comparable interface were measured for key interface feature statistical differences
(analysis of variance; o = 95%). Each specimen was fixed to a regular-platform Branemark System
implant and mounted in an Instron machine. Increasing incremental loads were applied until failure. A
2-tailed t test for independent specimens and unequal variances was employed (« = 95%). The Weibull
method determined the probability of failure of each abutment sample (a = 95%). Fractography by
scanning electron microscopy determined the flaws at the fracture origins. Results: Metrology inspec-
tion indicated that the AAZ showed no measurable dimensional differences of 4 key interface fea-
tures. The mean failure load of the AAZ (831 N) was greater than the AllZirkon (740 N; P <.00006). The
Weibull distribution showed that the AAZ would be more likely to survive intraoral occlusal loads
(P <.0005). Conclusions: Both types of zirconia abutments demonstrated failure loads that exceed
maximum human bite force. In vitro, the AAZ outperformed the AllZirkon in survivability. The clinical
use of zirconia abutments is indicated when esthetics may be of concern. INT J ORAL MAXILLOFAC
IMPLANTS 2008;23:1029-1036
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modulus

he current state of the art in esthetic implant

prosthodontics is employing all-ceramic crowns
with all-ceramic abutments to optimize the esthetics
of anterior tooth replacements. All-ceramic abut-
ments were previously made from pressed and sin-
tered aluminum oxide. Clinical survival studies'? of
all-ceramic abutments have shown that these non-
metallic abutments demonstrate adequate short-
term intraoral durability. In one study over a 3-year
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period of observation, 43 of 44 all-ceramic abutments
functioned intraorally, with only 1 exhibiting fracture.’

In recent years, glass-infiltrated alumina and
yttria-stabilized zirconium oxide abutments have
been introduced.> Comparisons of aluminum oxide
(or alumina) abutments and zirconium oxide (or zir-
conia) abutments revealed that both types of all-
ceramic abutments exceeded the established values
for maximum incisal forces reported in the literature
(90 to 370 N).** Zirconia abutments were found to be
more than twice as resistant to fracture as alumina
abutments.®

Published studies indicate that zirconia can be
used as an implant abutment material.3¢-"" One
study analyzed anterior zirconia, titanium, and alumi-
nous porcelain test abutments that were artificially
aged; the median fracture resistance of the zirconia
abutments was 443.6 N. This load is very near the
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high end of human occlusal forces, indicating that
zirconia has the potential to withstand physiologic
occlusal forces applied in the anterior region.”
Another study that also artificially aged the test
specimens (zirconia crowns and implant abutments)
showed again that zirconia, as a dental material, frac-
tures at a high enough force to withstand maximum
human occlusal loads.®

Despite the amount of existing data that indicates
zirconia is strong enough to be used intraorally (at
least anteriorly), standardized tests and appropriate
methods of statistical analysis have not been per-
formed to compare the strength of computer-
designed zirconia abutments made by different
manufacturing processes.

The purpose of this in vitro study was to compare 2
commercially available types of zirconia abutments:
the Procera AllZirkon (Nobel Biocare Holding, Kloten,
Switzerland), and the Atlantis abutment in zirconia
(AAZ) (Atlantis Components, Cambridge, MA, USA).
Both abutment systems use computer-aided technol-
ogy to create their abutment contours. The Procera
process scans a technician-created wax abutment
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Fig 1 Atlantis abutment in zirconia test
sample (left: lateral view; right: interface).
Fig 2 Nobel Biocare Procera AllZirkon
abutment test sample (left: lateral view;
right: interface).

from which a zirconia blank is computer milled to
reproduce the technician-determined abutment
shape. The Atlantis process scans the master cast to
detect soft tissue contours, occlusal clearance, and
implant location. A virtual abutment is then designed
and optimized based upon parametric ideal abutment
shapes with design constraints.'? After the virtual
design is completed, it is milled from a zirconia blank.

MATERIALS AND METHODS

Twenty-nine AAZ and 29 AllZirkon abutments were
created by their respective manufacturers. The AAZ
was created using proprietary computer design tech-
niques, resulting in guided milling of the specific
contours to replicate a maxillary central incisor (Fig 1).
The AllZirkon abutment was waxed in a shape similar
to the Atlantis abutment and manufactured using
the Procera proprietary technique (Fig 2). All of the
abutments were designed to fit a Nobel Biocare
regular-platform, 4.0-mm-diameter, external-hex
dental implant (Nobel Biocare Holding).
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Table 1 Summary of Dimensional Characteristics of Key Interface Features

Interface geometry
No. of specimens 10
Mean hex flat-to-flat (mean of 3 measurements of
opposite hex walls [SD])

Mean bore diameter (SD)

Mean counterbore diameter (SD)

Mean true position of counterbore to bore (SD)

2.731 mm (0.004 mm)

2.138 mm (0.003 mm)
2.626 mm (0.009 mm)
0.029 mm (0.010 mm)

AAZ AliZirkon

Nobel Biocare external-hex 4.0 mm  Nobel Biocare external-hex 4.0-mm

10
2.758 mm (0.010 mm)

2.148 mm (0.012 mm)
2.673 mm (0.031 mm)
0.075 mm (0.056 mm)

Table 2 ANOVA of Hex Dimensions

Sum of Mean

Table 3 Table 3 ANOVA of Bore Diameter

Concentricity

squares df square F P Sum of Mean
Procera hex 1-4 squares df square F P
Between groups .001 7 .000 1.970 .378 Procera
Within groups .000 2 .000 Between groups .001 7 .000 1.496 .458
Total .001 9 Within groups .000 2 .000
Procera hex 2-5 Total .001 9
Between groups .001 7 .000 615 .737 AAZ
Within groups .000 2 .000 Between groups .000 7 .000 527 .780
Total .001 9 Within groups .000 2 .000
Procera hex 3-6 Total .000 9
Between groups .001 7 .000 678 .708
Within groups .000 2 .000
Total .001 9
Between groups .001 7 .000 8.644  .108
Within grogupsp 000 2 .000 Sum of Mean
squares df square F P
Total .001 9
AAZ hex 2-5 Procera
Between groups .000 7 .000 300 .904 Between groups .007 6 .001 1.928 .315
Within groups .000 2 .000 Within groups .002 3 .001
Total .000 9 Total .009 9
AAZ hex 3-6 AAZ
Between groups .000 7 .000 .b83 .753 Between groups .000 6 .000 616 .720
Within groups .000 2 .000 Within groups .000 3 .000
Total .000 9 Total .001 9
Prior to strength testing, 10 abutments of each Table 5 ANOVA of True Position of Bore to
type were randomly selected for metrology inspec- Counterbore
tion. Dimensions of 4 key interface features for each
. . Sum of Mean
of the 2 sample groups were determined using a el B p
coordinate measuring machine (CMM) (Brown and o
. rocera
Sharpe, North Kingston, RI, USA) that h.ad a.9 X 12 X Between groups YoE 5 I TSRS
8-inch x,y,z measurement volume. Calibration of the Within groups 002 3 001
unit was in accordance with ISO 10360-2 Part 2. The Total 028 9
CMM employed a small-diameter touch probe to AAZ
make point contact with each surface of the key Between groups ~ .001 6 Sl
abutment interface dimensions: hex flat to flat Within groups 0003 000
Total .001 9

(3 measurements, 1 of each pair of opposing walls of
the hex); counterbore to through bore; degree of bore
concentricity; and true position of the through bore
(Table 1). Statistical treatment of the metrology data of
the 4 key interface features was accomplished with
analysis of variance (ANOVA; Tables 2 to 5) (SPSS
version 13.0 for Windows, SPSS, Chicago, IL, USA) (a = .05).
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Fig 3 Zirconia abutment mounted in test
apparatus at 40-degree angle to the applied
load.

Description

Sample geometry

Shape parameter

Scale parameter
POF estimates

At 300 N

At 450 N

At 600 N

Table 6 Summary of Mechanical Reliability (Strength) and POF Data

Atlantis AAZ (n =29) Procera AllZirkon (n = 29)

Abutment geometry; FDA Guidance Document?3

Weibull distribution parameters

15.1 (11.6-19.7)
858 N (837-880 N)

10.6 (7.9-14.1)
777 N (749-805 N)

1 ppm 32 ppm
57 ppm 3,093 ppm
4,436 ppm 62,950 ppm

Each test specimen was designed to correct a 30-
degree misalignment of the implant body. The
implants were fixed at a 40-degree angle to the load-
ing direction such that the abutment was undercor-
rected by 10 degrees, simulating maximum implant-
abutment misalignment and off-axis loading. Each
specimen was assembled to the test implant using
each manufacturer’s supplied screws and mounted
rigidly into an Instron universal testing machine
(Model 1122, Instron Corporation, Norwood, MA) (Fig 3),
in accordance with test recommendations made by
the United States Food and Drug Administration.'3

The implants were clamped into place 3 mm
below their abutment mating surface so that the
implants’ long axis made a 40-degree angle with the
loading direction of the Instron machine loading
frame. The screw of every assembly was torqued to
Nobel Biocare's prescribed 35 Ncm. The Instron
crosshead applied a load to the center of a sphere
integrated into the abutment geometry, in a plane
defined by the long axes of the implant and the
abutment. The crosshead, once activated, moved
toward the assembly at a continuous speed of 0.05
inches per minute until it contacted the test specimen.
Loading started at 0 N and was increased until failure
of the test specimen was induced.

The maximum failure load each sample reached
was recorded. Means and standard deviations were
calculated (Table 6). The F test showed that the 2
strength distributions were approximately normal;
therefore a 1-tailed, independent-sample Student t
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test for equal variances was used to compare the
means of the strength values of the 2 differing abut-
ment types.

A power analysis was employed to determine
whether the sample size of 29 specimens per group
was large enough to correctly reject the null hypothe-
sis that the mean fracture strength of the AAZ was
significantly different than that of the AllZirkon (the
alternative hypothesis would be no significant differ-
ence in fracture strength of the 2 samples). The power
is 1 - B, where B is the probability of that the null
hypothesis is wrongly accepted. Because no standard
fracture force was determined prior to testing, the
larger mean value of the AAZ was used as the refer-
ence value (a = .05) to calculate B. The lower bound
of the rejection region is represented by the equation
X, = 837 - 1.645 (69.01/29'/?) = 809.62. Using the
alternative mean (from the test of AllZirkon) and the
weighted average of the 2 standard deviations,
z = (U, - U,)/83.4 = 1.09. Substituting for B: 3 = 0.5 -
0.3621 = 0.1379. The power of this study therefore
equaled (1 - 0.1379) = 86%, such that for the number
of specimens tested per group (29), 86% of the time
the null hypothesis would be rejected if it was untrue.

An evaluation of the probabilities of failure (POF)
was evaluated in accordance with ASTM 1239-06.'
This standard provides guidelines for estimating the
brittle failure probability distribution parameters for
advanced ceramic materials. The 95% confidence
bounds of the Weibull distribution parameters (Figs 4
and 5) were calculated using the maximum likeli-
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Fig 4 Weibull probability plot for failure load of abutments.

Fig 6 (left) SEM image of fracture surface
of AAZ (magnification X20).

Fig 7 (Right) Higher magnification of frac-
ture surface of AAZ (magnification X 100).

Fig 8 (left) SEM image of fracture surface
of Procera AllZirkon abutment (magnifica-
tion X24).

Fig 9 (Right) Higher magnification of frac-
ture surface of Procera AllZirkon abutment
(magnification X100).

hood estimation technique, assuming all failures
originated from a single flaw population of uncen-
sored specimens. All strength data observations were
used in the analysis, as no specimen was excluded.

Finally, fractographic analyses were conducted to
determine the location and nature of the fracture
origins (Figs 6 to 9). This postfailure analysis was con-
ducted using a combination of optical microscopy
and scanning electron microscopy (SEM) (Amray
model #1830I, Amray Mfg, Bedford, MA, USA).

Fig 5 Weibull maximum likelihood estimate plot for failure load
of abutments.

RESULTS

Abutment Metrology

The ANOVA performed on the metrology data of the
4 key interface features (hex dimensions, Table 2;
bore diameter concentricity, Table 3; diameters of the
counterbores, Table 4; true position of the bore to the
counterbore, Table 5) determined that each of these
key interface features of the 2 differing abutment
designs were not significantly different.
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Fig 10 Fracture locations on both abutments.

Abutment Mechanical Reliability

The mean failure load of the AAZ abutments was 831
+ 69 N, whereas the failure load of the AllZirkon
abutments was 740 + 96 N.This was a statistically sig-
nificant difference (P < .00006). The load to failure
data are provided in Table 6.

Probability of Abutment Failure

The Weibull distribution is a continuous probability
distribution with the probability density function

fix; k,\) = k/x(x/)\)kqe—%)k

for x = 0 and f(x; k, \) = 0 for x < 0, where k > 0 is the
shape parameter (slope of the Weibull Distribution)
and \ > 0 is the scale parameter of the distribution.
The cumulative distribution function is:

Flx; k,\) = 1-e7 %y

forx=0,and F(x;k;\) =0 forx < 0.

The failure rate h (or hazard rate) is given by the
equation

hix;k,\) = k/x(x/x)k_1
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This describes the likelihood of abutment survival
when subjected to increasing loads. For this study it
was assumed that the populations of failure
strengths were representative of a 2-parameter
(slope and scale) Weibull distribution.

Figures 4 and 5 illustrate the load at failure data
and the POF rates for the 2 samples of zirconia abut-
ments in Weibull probability graphic format. At loads
in line with human bite loads,**> the AllZirkon abut-
ment demonstrated a higher POF than the AAZ abut-
ment under the same loading conditions (Table 6).

Fractographic Analysis

SEM analysis at 2 differing magnifications showed that
failure origins from both abutment types were typi-
cally small irregularities in the as-processed surface,
with one exception from the population of AllZirkon
specimens. Most of these surface irregularities were so
small (on the order of the size of the zirconia grains)
that the specific flaw at the failure origin could not be
identified. No flaws or voids were detected in the frac-
tured surfaces (with 1 AllZirkon exception).

Typical fractured surfaces for the AAZ and the
AllZirkon test abutments can be seen in the SEM
photomicrographs (Figs 6 to 9). The arrows indicate
the approximate failure origin sites, as determined by
visual inspection of the SEM photomicrograph. A
detailed diagram that illustrates the fracture origins
for both abutment types is provided in Fig 10.

The fractography revealed noticeable differences
in the crack propagation between the AAZ and the
AllZirkon. The AAZ exhibited consistent fracture
origin of the inner-hex interface surfaces of all test
abutments (Figs 6, 7, and 10). The magnified frac-
tured surface appears smooth and continuous
throughout the fractured surface. The mirror and
mist of the fracture extend out from the initiation
site uniformly. Both of these regions appear smooth.
In the hackle region there are a few visible hackle
lines present, with a minimum of branching (Fig 7).

The AllZirkon exhibited fracture origin at the radius
inside the hexagon interface feature (Figs 8 to 10).The
magnified fractured surface appears visibly uneven.
The mirror is clearly surrounded by the mist, which
extends out in a nonuniform manner from the initia-
tion site. The mist is surrounded by numerous uneven
raised regions within the mirror. Throughout the
hackle region there are numerous visible hackle lines,
which demonstrate significant branching (Fig 9).

DISCUSSION

The results of this study are comparable to previous
studies of zirconia abutments,3%-'" conducted in
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non-Food and Drug Administration designed test
conditions, showing that both the AAZ and the
AllZirkon abutments can withstand human occlusal
loads. However, in this study the AAZ demonstrated
statistically significant higher strength values than
did the AllZirkon abutments, as well as a lower POF.

Metrologic inspection of the 2 populations of zir-
conia abutments revealed no significant differences
between the interface features measured. Therefore,
their respective significant strength difference would
most probably not be related to the precision of their
respective fabrication processes, but more likely was
a result of the raw stock zirconia material that each
company uses in its abutment fabrication process.

Clinical survivability of ceramic materials depends
on their ability to withstand intraoral forces. In this
study, no cyclic loading to simulate aging prior to
testing was employed. Prior published artificial aging
studies showed that the aging process did not signif-
icantly affect the fracture strength of the zirconia test
specimens.”® In this study, abutment strength and
survivability were determined by applying an
increasing load until failure occurred. This method
evaluated the absolute strength characteristics of
the 2 differing abutment materials.

The greater fracture strength of the AAZ is
reflected in the POF data seen in Figs 4 and 5. Graph
representations of the Weibull distribution fit para-
meters illustrate the Weibull modulus (m value) as
the slope of the linear fit of the load to failure data. A
higher slope of the m value indicates less statistical
variation of the load to failure data and translates
into a lower POF at lower loads (the left side of the
Weibull plots). One can interpret this graph represen-
tation by determining the failure probability at a
given load. At a reference load of 600 N (30% greater
than the estimated maximum human bite load), the
probability of survival for the AAZ was 0.996, or a
POF of 4 parts in 1,000.The POF for the AllZirkon was
0.932, or a failure probability of 68 parts in 1,000.The
calculations of POF at loads in line with human bite
loads requires expression in parts per million (ppm).
For AAZ at 300 N (median human bite load), the POF
=1 ppm; at 450 N, the POF = 57 ppm; and at 600 N,
the POF = 4,436 ppm. For the AllZirkon, the POF
value at 300 N = 42 ppm; at 450 N (moderately
strong human bite load), the POF = 3,093 ppm; and
at 600 N, the POF = 62,950 ppm. The AAZ demon-
strated a higher probability of survival at varying
intraoral loads. Figure 5 shows the same load at fail-
ure data for the 2 populations of zirconia abutments
in the graph format by estimating the shape and
scale of the Weibull distribution fit parameters using
the maximum likelihood method. The dashed lines
represent the Weibull distributions based on the esti-

mated nominal fit parameters. The solid lines repre-
sent the 95% confidence boundaries of the maxi-
mum likelihood fit estimates for Weibull modulus
(shape factor) and characteristic strength (scale fac-
tor) for each population. These 2 confidence bound-
ary zones for the most part do not overlap, indicating
that the differences in Weibull modulus and charac-
teristic strengths between the 2 populations are sta-
tistically significant. The Weibull modulus data are
summarized in Table 6.

A limitation of this study was that the AllZirkon
abutment was waxed into a shape similar to the orig-
inal computer-designed Atlantis abutment.Therefore
the shapes and dimensions of the 2 test abutment
designs were not identical, which could possibly
affect the fracture strength results. It would have
been more ideal to have the waxed AllZirkon design
scanned into the Atlantis software, from which the
AAZ could have been created. This would have then
made the 2 differing test abutments dimensionally
identical.

CONCLUSION

Fifty-eight zirconia abutments developed by 2 differ-
ent manufacturers were preliminarily measured for
their precision of key abutment interface features
and then tested with increasing constant load until
fracture. There were no significant differences
between the 4 key interface features measured on
the 2 differing abutment samples. However, the
mean load to failure for the Atlantis abutment in zir-
conia was significantly higher than that of the
AllZirkon abutment, and the Atlantis abutment
demonstrated a statistically significant lower proba-
bility of failure across the range of human occlusal
loads. Fractography conducted after fracture
revealed visible differences in the initiation location
and crack propagation between the 2 differing test
abutments. Since both abutment types demon-
strated failure loads that exceed the studied values
of maximum human bite force, their clinical use is
indicated as an alternative to titanium and/or cast
metal abutments when esthetics may be of concern.
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