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Dental implant-abutment fracture resistance and wear induced
by single-unit screw-retained CAD components fabricated by

four CAM methods after mechanical cycling
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ABSTRACT
Statement of problem. Computer-aided design and computer-aided manufacturing (CAD-CAM)
methodologies allow the fabrication of custom dental implant abutments with a variety of
materials and techniques. Studies on the mechanical strength of such components and the wear
induced at their coupling interface during mechanical cycling are sparse.

Purpose. The purpose of this in vitro study was to measure the wear patterns at the hexagonal
platform of dental implants induced by the installation and mechanical cycling of custom
abutments fabricated by using 4 different CAD-CAM methods and to determine the compressive
static resistance of the implant-abutment combinations.

Material and methods. A CAD software programwas used to design a custom abutment for a single-
unit screw-retained external hexagon dental implant crown. The same design file was used to
manufacture with 4 CAM methods (N=40): milling and sintering of zirconium dioxide (ZO), cobalt-
chromium (Co-Cr) sintered by selective laser melting (SLM), fully sintered machined Co-Cr alloy
(MM), and machined and sintered agglutinated Co-Cr alloy powder (AM). Prefabricated titanium
abutments were used as a control (TI). Each abutment was installed onto a dental implant (4.1×11
mm), and the specimens were mechanically aged (1 million cycles, 2 Hz, 100N, 37 �C). After
mechanical cycling, the hexagonal connection of the dental implants was examined with a scanning
electron microscope (SEM), and unused dental implants (NI) were examined as a control (n=10). The
images were analyzed with a software program to quantify the areas that showed wear. The
implant-abutment combinations were reassembled and submitted to a compression test (1mm/min)
with a universal testing machine. The data obtained were submitted to 1-way ANOVA (a=.05).

Results. The mean ±standard deviation fracture load (N) of the specimens of each group were 1005
±187 (ZO), 1074 ±123 (SLM), 1033 ±109 (MM), 1019 ±149 (AM), and 923 ±129 (TI). These values were
statistically similar (P=.213). The mean ±standard deviation wear of the implants in squared-
pixels were 1.1 ±0.38×105 (ZO), 2.0 ±0.29×105 (SLM), 1.0 ±0.38×105 (MM), 1.1 ±0.27×105 (AM),
1.1 ±0.33×105 (TI), and 0.51 ±0.29×105 (NI). The results indicated that, although significantly
higher than those in in the control group (NI), the wear values found in the groups TI, ZO, MM,
and AM were significantly lower than in the SLM group (P<.001).

Conclusions. The CAD-CAM abutments presented the same mechanical fracture load and wear
measurements as the TI group, except for the SLM material, which showed increased wear. The failure
mode from the load bearing test was the fracture of the abutments for the ZO group. The implants
permanently deformed or fractured for the metal abutment groups. (J Prosthet Dent 2021;-:---)
Prefabricated titanium abut-
ments are considered the gold
standard for connecting to
dental implants as they ensure
an optimal implant-abutment
interface fit.1 As a result, the
implant-abutment combina-
tion has excellent mechanical
strength as the parts were
produced under the original
manufacturer’s specifica-
tions.2,3 Recently, however,
computer-aided design and
computer-aided
manufacturing (CAD-CAM)
techniques have been devel-
oped to fabricate custom
dental implant abutments with
various geometries, including
internal and external connec-
tions, by directly engaging the
implant hexagon or including
a metallic coupling titanium-
based component.4 After the
CAD of a dental abutment, the
material for its fabrication can
be selected from a variety of
options as per the clinical
application.5 When high me-
chanical strength is required,
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Clinical Implications
Computer-aided machining allowed the fabrication
of abutments with different materials and methods.
However, clinicians must be aware that computer-
aided design and computer-aided manufacturing
single-unit custom abutments can induce increased
wear when coupled directly to implants with a
hexagon connection.
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base metal alloys, such as cobalt-chromium (Co-Cr) al-
loys can be used.6-8 Because of the high hardness of the
solid crystallized Co-Cr alloys, computer numeric control
(CNC) milling machines are required to shape the ma-
terial.9 Although new technologies have been developed
to facilitate the fabrication of Co-Cr alloy prosthetic
structures, including additive selective laser melting
(SLM),10,11 SLM-processed abutments have been re-
ported to have poor abutment-implant adaptation and
high surface roughness.1,12 Another strategy has been
developed with a softened base metal Co-Cr alloy for
CAD-CAM, which allows a desktop laboratory machine
to produce custom structures.13

As an alternative to metal, zirconia has been used
extensively for dental prostheses to improve es-
thetics.14,15 Although the successful use of zirconia
abutments has been reported,16 the ceramic has a
hardness several times higher than titanium.17,18 There-
fore, a 1-piece abutment connecting with a titanium
implant might be contraindicated because of suscepti-
bility to fracture,19-24 the risk of inducing damage,25,26 or
increased implant hexagon wear21,27-31 when compared
with a titanium-titanium connection. Furthermore, fric-
tion between components during physiologic cyclic
loading can eventually increase 3-dimensional damage to
the coupling surfaces that may involve deformation or
loss of material.31,32

Concerns may arise regarding the precision of the
adaptation and mechanical strength25 when custom
CAD-CAM abutments are used because the specifica-
tions of these components are beyond the supervision of
the implant manufacturer.12 The purpose of this in vitro
study was to observe and quantify the wear of dental
implants connected to CAD-CAM abutments subjected
to mechanical cycling with a scanning electron micro-
scope (SEM) and a dedicated software program. The
static compressive fracture load of implants connected to
these abutments was measured by submitting the com-
binations to a compressive load. The null hypotheses
were that CAD-CAM abutments would not alter implant
wear over time and would resist a mechanical load
similar to those of titanium abutments.
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MATERIAL AND METHODS

One 4.1-mm external hexagon implant analog (AN 4100;
S.I.N.) was scanned (D700; 3Shape A/S) and used as a
prototype connection. By using CAD software (Dental
System; 3Shape A/S), a single-unit custom antirotational
abutment was designed (4.1×9.6 mm) as a structure to
engage the implant hexagon, requiring further porcelain
layering. The same resulting standard tessellation lan-
guage (STL) file of the designed abutment was used to
manufacture structures by using 4 different CAD-CAM
methods.

Ten identical abutments were made for each group
(Table 1), and titanium cylinders with antirotation
hexagons (AI 4151-Q; S.I.N.) were used as control
abutments. For the specimen preparation in the ZO
group, a CNC milling machine (Roders; RXD5) was used.
The zirconia was milled in a presintered stage with di-
mensions increased by 25%. The milling step was fol-
lowed by the sintering of the structures in a furnace
(inFire; Dentsply Sirona), with the structure shrinking to
the final dimensions. For the abutments in the SLM
group, the structures were fabricated with an SLM ma-
chine (EOSINT M270; EOS GmbH) from a Co-Cr alloy
powder (EOS cobalt chrome SP2; EOS GmbH). The
specimens were then separated from their base by using
a diamond disk (Horico, Wilcos). The Co-Cr specimens
in the MM group were made at a CNC machining center
(Neoshape; Neodent). The abutments were shaped
directly from a block of dense and completely sintered
Co-Cr alloy, which needed no further treatment. The
specimens in the AM group were prepared with labora-
tory machining equipment (Ceramill Motion II; Amann
Girrbach AG). The material was machined in the bonded
phase (Ceramill Sintron; Amann Girrbach AG), with di-
mensions increased by 10%. The abutments were then
sintered in an argon gas atmosphere at 1300 �C (Ceramill
ArgoTherm; Amann Girrbach AG). The specimens were
then attached to 50 external hexagon titanium implants
(4.1×11mm) (SA411; S.I.N.).

Each implant was inserted into an aluminum block
(7×7×11 mm) with a 3.5×8-mm central orifice by means of
an insertion key (CCIT 20; S.I.N.) and a manual ratchet
(TMECC; S.I.N.), leaving 3 mm of the implant exposed.
Then, the abutments were coupled onto the implants by
using a square-headed retaining screw (PTQ 2008; S.I.N.)
and manual torque of 32 Ncm with a specific key
(CQTM20; S.I.N.), manual ratchet (TMEC; S.I.N.), and
digital torque wrench (TQ-8800; Lutron). To simulate
masticatory forces, the implant-abutment assemblies were
subjected to 1million compressivemechanical cycles under
a 100-N load. The specimenswere kept in saline solution at
37 �C throughout the experiment, and the treatment in the
cycling machine (Biocycle; Biopdi) complied with the
International Organization for Standardization (ISO)
Markarian et al



Table 1. Experimental groups, strategies to fabricate CAD-CAM abutments, and mechanical properties

Material TI ZO SLM MM AM

Manufacturing method CNC Prefabricated CNC Custom Machined Selective Laser Melting CNC Custom Machined Desktop Milling Machine

Raw material Titanium Abutment
(AI 4151-Q; S.I.N.)

(a) Zirconium dioxide
(Z-CAD HD; Metoxit)

(b) Powdered Co-Cr
(EOS cobalt chrome SP2; EOS)

(c) Dense Co-Cr
(Wirobond M+; Bego)

(d) Agglutinated Co-Cr
(Ceramill Sintron;
Amanngirrbach)

Vickers hardness (HVN) 34017 1250* 350* 290* 270*

Elastic modulus (GPa) 11333 20033 200* 235* 200*

*Manufacturer’s specification. (a) Metoxit high tech ceramics Z-CAD smile material data sheet; (b) EOS cobalt-chrome SP2 for Eosint 270 Material data sheet; (c) Bego processing information for
CAD-CAM product restorations; (d) Ceramill Sintron Dental Dialogue.

Figure 1. Implant hexagon. A, Observed under ×65 magnification. B,
Under ×65 magnification, with wear areas highlighted (green). C, Altered
surfaces selected and quantified after further image magnification.
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14801 standard (2Hz, 30-degrees).33 After mechanical
cycling, the specimens were disassembled, and the hex-
agonal connections of the aluminum blocks connected to
the dental implants were inspected and photographed
(Rebel T1i; Canon).

Subsequently, the implants were examined with a
SEM (Quanta FEG 250; FEI). Two SEM images of the
implant hexagon were captured for each specimen
at ×65 magnification and 10 degrees of angulation at
diametrically opposed locations. A group of unused
dental implants (NI) was analyzed under the same
conditions to serve as a control group for the wear test
(n=10). To quantify the wear, the obtained images were
imported into a software program (Icy Bioimage Anal-
ysis; Institute Pasteur) that permitted a detailed obser-
vation of the implant hexagon and shoulder under
further on-screen digital amplification. The same cali-
brated observer (R.A.M.) highlighted the regions that
showed signs of surface irregularities, scratches, debris,
or marks (Fig. 1), and the sum of the selected areas was
quantified by the software program with a squared pixel
scale. The mean value of the wear between the
2 opposing sides of the hexagon corresponded to the
value of the specimen. Additional SEM images were
made at a higher magnification (×400) to identify
irregularities located on the flat side and edge of the
hexagon (Fig. 2). After SEM observations, the abut-
ments were reattached to the implants as per the initial
specifications.

The specimens were then positioned in a test ma-
chine (Emic DL-2000; Instron) by following the ISO
14801 standard instructions.33 A static resistance test
was conducted by applying a 30-degree compressive
load to the occlusal portion of the abutments at the rate
of 1 mm/min until fracture or permanent deformation.
After the mechanical test, the implant-abutment con-
nections were disassembled and inspected for the
presence of visible deformation of the components with
a ×40 stereoscopic magnifier (HVS-1000; Pantec) and
classified in a qualitative analysis.

The statistical test applied to the compressive load
data and wear quantification was the 1-way ANOVA,
followed by the Tukey test for multiple comparisons. A
statistical software program (IBM SPSS Statistics, v23
program; IBM Corp) was used for the analysis (a=.05).
Markarian et al
RESULTS

The 1-way ANOVA test indicated that the groups
differed statistically from each other in wear rates
(P<.001). As shown in Table 2, although significantly
higher than in the control group (NI), the wear
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 2. Scanning electron microscope images. A, Group ZO overall view. B, Group ZO hexagonal flat side surface at higher magnification. C, Group ZO
hexagonal edge at higher magnification. D, Group SLM overall view. E, Group SLM hexagonal flat side surface at higher magnification. F, Group SLM
hexagonal edge at higher magnification. G, Group MM overall view. H, Group MM hexagonal flat side surface at higher magnification. I, Group MM
hexagonal edge at higher magnification. J, Group AM overall view. K, Group AM hexagonal flat side surface at higher magnification. L, Group AM
hexagonal edge at higher magnification. M, Group TI overall view. N, Group TI hexagonal flat side surface at higher magnification. O, Group TI
hexagonal edge at higher magnification. P, Group NI (control) overall view. Q, Group NI hexagonal surface panoramic view. R, Group NI hexagonal flat
side surface at higher magnification. R, Group NI hexagonal edge at higher magnification. Original magnifications: A, D, G, M, P, ×65; higher
magnifications ×400.
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values found in the TI group or the milled groups
(ZO, MM, AM) were significantly lower than those in
the SLM group. No statistically significant differences
(P=.213) were found for load under compression
(Table 2).

Wear was assessed from SEM images at low (×65)
and higher (×400) magnification (Fig. 2). In addition,
THE JOURNAL OF PROSTHETIC DENTISTRY
artifacts were identified in specimens of the MM group
(Fig. 3) under further magnification (×1125). The quali-
tative analysis of the specimens after the mechanical test
are presented in Table 3. The mechanical cycling did not
induce fractures on the tested specimens, and all abut-
ments remained stable during the test with no screw
loosening detected.
Markarian et al



Figure 2. (Continued)

Table 2. Relative wear and fracture strength among studied groups.
Mean ±standard deviation, wear (squared pixels), and compressive
strength (N), as per experimental groups

Group Wear Sq. [Pixels] Fracture Strength [N]

ZO 1.1×105 ±0.38×105 B 1005 ±187 A

SLM 2.0×105 ±0.29×105 C 1074 ±123 A

MM 1.0×105 ±0.38×105 B 1033 ±109 A

AM 1.1×105 ±0.27×105 B 1019 ±149 A

TI 1.1×105 ±0.33×105 B 923 ±129 A

NI 0.51×105 ±0.29×105 A d

Means followed by different letters indicate statistically significant difference between
groups within each column (P<.05).
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DISCUSSION

This study analyzed the behavior of assemblies contain-
ing external connection hexagon implants connected to
abutments fabricated with 4 different CAD-CAM tech-
niques and submitted to 2 tests: the assessment of wear
at the implant hexagonal connection induced by MC and
the compressive mechanical static resistance of the
specimens (Table 1).

The CAD-CAM methodologies were developed to
produce abutments with a highly accurate implant-
abutment interface.19 However, in the present study,
Markarian et al THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 3. Scanning electron microscope image of surface of milled Co-Cr
dense alloy implant (MM) showing small metallic beads. Original
magnification ×1125. Co-Cr, cobalt-chromium.

Table 3. Relative frequency (%) of failure modes observed on prosthetic
abutment, prosthetic screw, and implant abutment

Component Event
TI
(%)

ZO
(%)

SLM
(%)

MM
(%)

AM
(%)

Implant Fracture 70 - 80 90 70

d Plastic
deformation

30 40 20 10 30

d No alterations - 60 - - -

Abutment Fracture - 100 - - d

d Plastic
deformation

- - - - d

d No alterations 100 - 100 100 100

Screw Fracture - - - - -

d Plastic
deformation

30 20 50 60 70

d No alterations 80 80 50 40 30
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the manufacturing process was found to influence the
implant hexagon wear after mechanical cycling of single-
unit CAD-CAM abutments, and thus, the first null hy-
pothesis was rejected. The images of the hexagonal
surfaces of the abutments did not reveal damage to the
prosthetic abutments after mechanical cycling. However,
the zirconia abutments presented some dark spots
probably caused by titanium deposition induced by the
friction between the connecting surfaces. The method-
ologies of wear quantification at the IAI has not been
standardized,32 probably because of the small di-
mensions, and the 3-dimensional nature of the phe-
nomena involved. However, the methodology developed
for the present study successfully allowed qualitative
(Fig. 2) and a simplified 2-dimensional indirect quanti-
tative wear analysis for each specimen.

The unused implants (NI) were analyzed for surface
undulations, marks, irregularities, and debris and were
compared with implants that underwent artificial me-
chanical cycling. The unused implants showed minor
irregularities inherent in the fabrication by CNC ma-
chines, which as expected, were the lowest among the
studied groups. The installation and mechanical cycling
of CAD-CAM abutments induced different levels of wear
among the groups, mostly on the top hexagonal faces
and edges and less on the base of the hexagon and
implant shoulders.

Although significantly higher than in the control
group (NI), the wear values found in groups TI, ZO, MM,
and AM were significantly lower than those in the SLM
group (Table 2). A qualitative observation of the SEM
images of the TI group revealed minor debris and irreg-
ularities (Fig. 2M-O), similar to those on the images of
the NI group (Fig. 2P-R); however, the quantitative wear
analysis showed statistically significantly greater wear
among the TI group specimens (P<.001).

Metal beads (5-30 mm) along the hexagonal surface in
the MM group (Fig. 2E, 2F) were probably released from
THE JOURNAL OF PROSTHETIC DENTISTRY
the abutments during the mechanical cycling of the
specimens (Fig. 3). These beads have been related to the
heat generated during the milling of the dense, fully
sintered, Co-Cr alloy.1 SEM images showed that some,
but not all, of the SLM and AM specimens presented an
increased deleterious wear effect at the implant hexagon
as shown in Figure 2D-F, J-L. In these specimens, wear
marks, plastic deformation, carved surfaces with material
loss, and kneading at the implant hexagon face and top
were seen. However, the overall wear within the AM
group was statistically similar to that in the ZO and MM
groups (Table 2). As the Vickers hardness of Co-Cr is
similar to that of titanium,8,17 this marked wear effect at
SLM may be related to other mechanical properties, such
as the surface roughness of the abutments. Eventually,
vibration and micromovements between components
under mechanical cycling could lead to subsurface
breakups and loss of material29,31,32 that could be related
to surface irregularities. Laser sintered additive Co-Cr
alloys11 and Co-Cr alloys particles embedded in poly-
mers have been reported to increase surface rough-
ness,1,9,13 which could impair the fabrication of a
component that seats reliably onto the implant hexago-
nal connection. A positive correlation between internal
roughness and the inadequate seating of the abutment
has been reported for SLM abutments.12 To overcome
the limitations of SLM Co-Cr fabrication, new ap-
proaches to the fabrication of structures have been pro-
posed, such as adding a secondary milling step that is
restricted to the hexagonal coupling surface.7 This novel
mixed additive/subtractive fabrication of structures
should combine the rapid production and cost-benefit of
laser sintering10 with the geometrical precision obtained
with milling and should be further studied.

In the present study, the zirconia abutments (ZO)
presented regular and well-defined shapes, edges, and
angles that did not induce quantitative (Table 2) or
qualitative increased wear of the implant after mechani-
cal cycling (Fig. 2A-C), when compared with titanium
Markarian et al
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abutments (Fig. 2M-O). These finding conflict with those
of previous studies that reported more wear for engaging
zirconia abutments than for titanium abutments.27,28,30,34

The mechanical test showed that all the abutments in the
present study withstood similar static fracture loads
(around 1000 N). However, the qualitative analysis of
damage showed that the final failure modes were
different among the groups (Table 3). No damage was
detected within the studied metal prosthetic abutments.
Regarding the screw’s overall integrity, no fractures were
found within the studied groups, but some screws were
deformed during the test. At the fracture point, all the
specimens mounted with Co-Cr abutments showed
failures at the implant structure, with plastic deformation
or an incomplete fracture at the implant neck. Similar
implant deformation patterns have been reported for
internal connection4 or external connection implants2

and with 1-piece or 2-piece abutments.2 The reason for
this deformation may be that the implant neck corre-
sponded to the fulcrum of the bending moments applied,
and in addition, the titanium implant material had the
lowest elastic modulus of the materials in the assembly.8

The titanium abutment selected for this study was
designed for a cemented restoration and therefore had
thinner walls than the CAD-CAM custom abutments
designed for screw-retained restorations. This difference
may explain the lower numeric static resistance values in
group TI (Table 2). However, the final load bearing of
titanium abutments was statistically similar to those of
the CAD-CAM abutments, and thus, the second null
hypothesis was accepted. The failure mode in the TI
group occurred at the implant fracture in 70% of the
specimens. Most of the retention screws of titanium
abutments were also deformed plastically during the
overload test, and there were no visual signs of abutment
damage. The ZO group presented a different behavior,
as, in 40% of the tests, the implant showed some plastic
deformations after loading. Within the ZO group, all the
abutments fractured during the load test at the hexagonal
connection region, consistent with previous studies.15,26

Before fracture, elastic deformation may occur within
the implant-abutment assembly,19 but the brittleness of
the sintered zirconia may explain this failure mode.14 The
results in the present study are consistent with those of
previous research that showed that the region around the
abutment screw is the most critical for the stability of
ceramic abutments.3,15,24 The reduced strength of zirco-
nia abutments when compared with titanium compo-
nents has been reported.3,20,22-24 Other studies have
reported that a 2-piece ceramic abutment with a titanium
engaging component helps stabilize zirconia
abutments.4,15,16

A titanium-titanium interface should be preferred
over a zirconia-titanium one, as differences in the
implant-abutment interface materials have been reported
Markarian et al
to damage the coupling connection and to weaken its
stability under mechanical load.21 However, the zirconia
abutments in the present study were able to withstand a
similar maximum load at fracture when compared with
the metal abutments. A probable reason is that these ZO
abutments were designed for screw-retained restorations
and as such had thick walls and consequently high me-
chanical strength. In contrast, the previous studies
compared cemented titanium and zirconia abutments
which have a thinner structure. This finding suggests that
the mechanical strength of the zirconia abutments can be
increased by thickening the abutment walls.

Mechanical overload 26 or a high insertion torque
when seating zirconia abutments on an external hexagon
implant has been reported to damage the coupling
interface,25 especially because the hardness of zirconia is
several times higher than that of titanium.18 However, in
the present study, neither diminished mechanical failure
load of the ZO abutments nor increased implant wear
was detected. The reasons for this improved zirconia
result are unclear, and further studies regarding the
fabrication method are indicated to verify the geometrical
accuracy of the engaging abutment connection. The
CAD-CAM milling strategy (ZO, MM, or AM) may lead
to screw-retained abutments engaging external implant
hexagonal connections with similar resistance to me-
chanical aging as titanium abutments. As the milled
CAD-CAM abutments in the present study induced
similar wear to that of the IAI as TI abutments, known to
be clinically successful,16 the use of such technologies
may be encouraged.

One of the limitations of this in-vitro study is that the
CAD-CAM structures did not receive the thermal
expansion and contraction induced during ceramic
veneering, which could cause distortions and affect the fit
of frameworks.7 In a real clinical situation, the structure
may have needed such aesthetic finishing before receiving
the occlusal loads. Another limitation is that the study was
performed under nonclinical conditions, and therefore,
the impact intraoral factors such as saliva, soft tissue
contour, and other clinical conditions were not accessed.

Further studies should be carried out to validate
CAD-CAM methodologies before their clinical use,
especially for an engaging coupling surface, because
these represent a nonoriginal manufacturing method for
these precision connections.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. Except for the SLM material, which caused
increased implant damage, the wear induced by
CAD-CAM abutments to the implants was similar
to that a titanium abutment would produce.
THE JOURNAL OF PROSTHETIC DENTISTRY
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2. The CAD-CAM abutments withstood mechanical
compressive loads similar to those of the titanium
abutments.

3. The failure mode with the load bearing test for the
zirconia group occurred after the fracture of the
abutments. However, the implants permanently
deformed or fractured with the metal abutments.
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