
ORIGINAL ARTICLE

In vitro performance and fracture resistance
of CAD/CAM-fabricated implant supported molar crowns

Martin Rosentritt1 & Sebastian Hahnel1 & Frank Engelhardt1 & Michael Behr1 &

Verena Preis1

Received: 1 March 2016 /Accepted: 27 June 2016 /Published online: 1 July 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract
Objectives The aim of this study is to investigate the perfor-
mance and fracture resistance of different CAD/CAM ceramic
and composite materials as implant- or tooth-supported single
crowns with respect to the clinical procedure (screwed/bonded
restoration).
Materials and methods One hundred twenty crowns were
fabricated on implants or human molar teeth simulating (a)
chairside procedure ([CHAIR] implant crown bonded to abut-
ment), (b) labside procedure ([LAB] abutment and implant
crown bonded in laboratory, screwed chairside), and (c) refer-
ence ([TOOTH] crowns luted on human teeth). Four materials
were investigated: ZLS (zirconia-reinforced lithium silicate
ceramic; Celtra Duo, Degudent: polished (P)/crystallized
(C)), RB (resin-based composite; Cerasmart, GC), and RIC
(resin-infiltrated ceramic; Enamic, Vita-Zahnfabrik). LiS
(lithiumdisilicate; Emax CAD, Ivoclar-Vivadent) served as
reference. Combined thermal cycling and mechanical loading
(TCML) was performed simulating a 5-year clinical situation.
Fracture force was determined. Data were statistically ana-
lyzed (Kolmogorov-Smirnov test, one-way ANOVA; post
hoc Bonferroni, α = 0.05).
Results One crown of ZLS_C[LAB] (1,200,000 cycles) and
RB[CHAIR] (890 cycles) failed during TCML. Fracture values
varied between 977.7 N(RB) and 3070.4 N(LiS)[CHAIR],
1130.6 N(RB) and 2998.1 N(LiS)[LAB], and 1802.4 N(ZLS)
and 2664.3 N(LiS)[TOOTH]. Significantly (p < 0.003) differ-
ent forces were found between the materials in all three groups.

ZLS_C, RIC, andRB showed significantly (p < 0.014) different
values for the individual groups.
Conclusions Partly ceramic and resin-based materials per-
formed differently on implant or tooth abutments. The inser-
tion of a screw channel reduced the stability for individual
crown materials. Insertion of the screw channel should be
performed carefully.
Clinical relevance All restorations were in a range where clin-
ical application seems not restricted, but insertion of a screw
channel might reduce stability of individual materials.
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Introduction

The combination of intra-oral scanning with CAD/CAM en-
ables an innovative work flow comprising the individual prop-
erties of a variety of CAD/CAM materials. CAM machinable
materials are available as composite blocks, resin-infiltrated
ceramic blocks, or different ceramic blocks (feldspar,
lithiumdisilicate, zirconia-reinforced lithium silicate (ZLS),
zirconia), in most cases for the use as single tooth or implant
restorations. While the loading on tooth-supported crowns is
buffered by the periodontal ligament, loading on implant-
supported crowns is directly transferred to the bone without
resilience. Therefore, the application of brittle materials on
human teeth is considered unproblematic, whereas the use
of these materials on implants may cause a number of
mechanical in vivo complications like fracture or chipping
[1]. For this reason, materials with different moduli of
elasticity may be alternatively preferred for implant
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restorations due to a high stability (zirconia) or damping
effects (resin-based materials) [2, 3].

Implants with preformed or custom abutments are state of
the art for replacing missing teeth. But the success of
cemented or bonded abutments may be limited by inflamma-
tory effects caused by residual cement remaining especially in
inaccessible areas. With the use of screwed bonding abut-
ments, the situation is resolved, because bonding areas be-
come distant from the sulcus. Alternatives may be bonding
abutments with crowns that are laboratory-bonded in advance.
These crowns enable a reversible and easy access to the screw
for retightening or replacement. Titanium base and implant
platform are synchronized, guaranteeing good fit and force-
fit connections, excluding fitting inaccuracies, like reported
for patient-specific CAD/CAM fabricated ceramic abutments
or crowns [4–6]. With this design, bonding can be ideally
performed under laboratory conditions (dry conditions, sur-
face activation, and optimized polymerization) and bonding
areas are located in iso- or supra-gingival regions: this might
improve bonding durability and reduce allergy or inflamma-
tion effects. Certainly, the screw channel might reduce the
stability of the crowns [7–10].

Although already clinically used, there is only little scien-
tific information and even less clinical data that show the long-
term applicability of implant-supported restorations [11].
Here, laboratory tests such as thermal cycling and mechanical
loading may allow a first prediction of long-term mechanical
performance and resistance against hydrolytic effects. These
test methods might stimulate fatigue failures and provide de-
tailed information of possibly appearing deficiencies. During
oral application, aging and deterioration effects might occur,
thus reducing strength and fracture resistance. In these cases, a
subsequent static fracture test may help locate initiated weak
points of the restorations. The hypothesis of this investigation
was that posterior crowns show different in vitro performance
and fracture resistance when (a) bonded to abutment chairside
(group CHAIR), (b) bonded to abutments in the laboratory
and screwed on implant chairside (group LAB), or (c) bonded
to human teeth (group TOOTH).

Materials and methods

A total of 120 molar crowns were milled of five different
CAD/CAM materials (n = 8 per material per group)
(Table 1). Materials were resin-based composite, resin-
infiltrated ceramic, lithiumdisilicate ceramic (reference),
and ZLS. ZLS was used in two different variations: (P)
polished after milling and (C) crystallized. The crystal-
lized application is expected to show higher strength and
stability. Three groups were designed to simulate the fol-
lowing clinical procedures (Fig. 1):

Group BCHAIR^ chairside procedure: in a first step, im-
plant and abutment were screwed together and then the im-
plant crown was bonded to the abutment.

Group BLAB^ labside procedure: a screw channel was
milled into the crown (diamond red, 1.5 mm, water
cooling), and the abutment and implant crown were bond-
ed in the dental laboratory. Abutment and implant crown
as one unit were screwed on the implant. The screw chan-
nel was restored with composite (Filtek Supreme; Elipar
Trilight 40 s, 3 M Espe) after appropriate pre-treatment of
the screw channel (Table 1).

Group BTOOTH^ reference: crowns were luted on hu-
man teeth.

For simulating the posterior implant situation (groups
CHAIR and LAB) replacing tooth, 46 10 × 8 implant-
abutment dummies (Straumann, d = 4.1 mm, H = 12 mm,
abutment length 6 mm, 6°) were vertically positioned in resin
blocks (Palapress Vario, Heraeus-Kulzer, D).

For group BTOOTH,^ extracted human molars (n = 8 per
group) were prepared according to ceramic guidelines with a
circular and occlusal anatomical reduction of about 1.5 mm
and a preparation angle of ∼4°. The finishing line resulted in an
approximately 1 mm deep circular shoulder with rounded inner
angles at an isogingival height of the tooth cervix. Teeth were
positioned in resin blocks (Palapress Vario, Heraeus-Kulzer, D)
and resilience of the human periodontium was simulated by
coating the roots of the teeth with a 1-mm polyether layer
(Impregum, 3 M Espe, D). For achieving a constant layer, the
roots were dipped in a wax bath, which was replaced by
polyether in a second fabrication process, as described [12].
Loaded with 50 N, the layer allows a reproducible maximum
mobility of the single tooth in axial and vertical direction of
0.1 mm [12, 13], which is within the physiological range of
periodontal compression (0.03 to 0.15 mm) [14].

Implant situation and prepared teeth were digitalized (Cerec
Omnicam, Sirona, D) and full-contour molar crowns (design
youth) with identical outer dimensions were milled (Cerec,
MCXL, Sirona, D, normal speed) at spacer settings of 100 μm.
The occlusal and circular wall thickness of the crowns depended
on the abutment, but in all cases was at least 1.5 mm (occlusal)/
0.8 mm (circular). Abutments were pre-treated (110 μm Al2O3,
1.5 bar) and teeth were conditioned (ED Primer II; Panavia F 2.0,
Kuraray, J; Elipar Trilight, 3 M Espe, USA; 3 × 60s). Inner sides
of the crowns were treated as recommended by the individual
manufacturers (Table 1). All bonding was done adhesively
(Clearfil Ceramic Primer: 60s, Panavia F 2.0, Kuraray, J; Elipar
Trilight, 3 M Espe, USA; 3 × 60s).

Thermal cycling and mechanical loading (TC 2 × 3000 cy-
cles between 5 and 55 °C, distilled water, ML 50 N for 1.2 ×
106 cycles; f = 1.6 Hz; mouth opening, 2 mm) with online
failure-control were performed to stimulate and control fatigue
failures. Twelve-millimeter steatite balls (CeramTec,
Plochingen, D) served as standardized antagonists and were
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positioned in three point occlusal contact situation. Appearing
failures were documented and failed specimens were excluded
from the further simulation process. Parameters are based on
literature data on zirconia and ceramic restorations, expressing
that chewing simulations using these parameters might
simulate 5 years of oral service [15, 16]. Restorations
which failed during TCML were investigated in detail
with scanning electron microscopy (SEM, Quanta FEG
400, FEI, USA). All restorations that survived were
loaded to fracture (1446, Zwick, v = 1 mm/min). In anal-
ogy to chewing simulation, the load was occlusally ap-
plied with a steel sphere (d = 12 mm). A tin foil
(0.25 mm, Dentaurum, D) between the crown and
sphere prevented force peaks. All systems were optical-
ly examined after fracture testing, and the failure mode
was documented. Calculations and statistical analysis
were carried out using SPSS 22.0 for Windows (SPSS
Inc., Chicago, IL, USA). Power calculation (G*Power
3.1.3, Kiel, D) provided an estimated power of >91 %
using eight specimens per group. Distribution of the
data was controlled with Kolmogorov-Smirnov test.
Means and standard deviations were calculated and an-
alyzed using one-way analysis of variance (ANOVA)
and the Bonferroni test for post hoc analysis. The level
of significance was set to α = 0.05.

Results

All crowns showed comparable wear traces on the occlusal
contact areas after TCML. One crown of ZLS_C [LAB]
(1,200,000 cycles) and RB [CHAIR] (890 cycles) failed dur-
ing TCML. Failure pattern of the RB crown was due to a
defect on the inner occlusal side of the crown (Fig. 2). SEM
analysis indicated that the ZLS_C crown fractured from the
occlusal side, due to defects which were initiated during the
manual insertion of the screw channel (Fig. 3).

After TCML, fracture values in the three groups varied
between 977.7 N (RB) and 3070.4 N (LiS) [CHAIR],
1130.6 N (RB) and 2998.1 N (LiS) [LAB], and 1802.4 N
(ZLS) and 2664.3 N (LiS) [TOOTH]. Significantly
(p < 0.003) different fracture forces were found between the
materials in all three groups. In all groups, highest values were
found for the reference LiS. The materials ZLS_C, RIC, and
RB showed significantly (p < 0.014) different fracture values
for the individual groups. Only ZLS_P and LiS crowns pro-
vided no differences between the individual groups. ZLS_P
and LiS showed similar distribution of the fracture values
comparing [CHAIR] and [LAB] groups (Table 2). Fracture
of the crowns was characterized by a straight fracture, which
followed the fissure line from mesial to distal (type A, Fig. 4),
a curved fracture frommesial to oral (type B), or a chipping of
an individual cusp (type C). All three fracture types were
found for the tooth groups. Both implant groups provided only
types A and B with minor different shares, indicating no dif-
ferences between groups CHAIR or LAB (details see Table 3).
For material RB, a different fracture performance could be
found in the TOOTH group, and RB and LiS showed differ-
ences in the LAB group. In all fracture cases, main parts of the
crown materials remained on the abutments.

Discussion

The hypothesis of this investigation that posterior crowns
show different in vitro performance and fracture resistance

Table 1 Materials, manufacturers, and crown treatment (data provided by manufacturers; n. i.: no information available)

Code Material, manufacturer Comment Flexural strength
[MPa]

Modulus of elasticity
[GPa]

Treatment crown

ZLS_P Celtra Duo,
Degudent, D

Zirconia reinforced lithium silicate
ceramic (ZLS), polished

210 70 30 s 5 % HF

ZLS_C Celtra Duo,
Degudent, D

Zirconia reinforced lithium silicate
ceramic (ZLS), crystallized

370 70 30 s 5 % HF

RB Cerasmart,
GC, B

Resin-based composite 231 n. i. 50 μm Al2O3, 1.5 bar

LiS Emax CAD,
Ivoclar-Vivadent, FL

Lithiumdisilicate (LiSi2); crystallized 360 ± 60 95 ± 5 20 s 5 % HF

RIC Enamic,
Vita Zahnfabrik, D

Resin-infiltrated ceramic 150–160 30 60 s 5 % HF

Fig. 1 Study scheme: groups LAB, CHAIR, and TOOTH
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when bonded to abutments chairside, screwed on implants
chairside or bonded to human teeth was confirmed in parts.
The results indicated a material-dependent in vitro perfor-
mance and fracture force. Only two ceramic materials
(ZLS_P, LiS) provided no differences in the in vitro perfor-
mance and fracture resistance between the three different
groups. These data are in agreement with investigations show-
ing that screw-retained and cemented ceramic [7] or metal-
ceramic crowns [17] provide no significant different fracture
values, although some studies demonstrated higher fracture
resistance for cemented metal-ceramic crowns [8, 10]. The
influence of the type of ceramic on the fracture resistance of
implant supported crowns was confirmed earlier [18]. Strong
differences between ceramic and composite CAD/CAM
crowns were shown [19], but failure patterns/analysis indicat-
ed contact-induced cracks in all materials. For composite
crowns, a longer endurance limit for catastrophic failure was
found in comparison to ceramic crowns [19].

Only one crown of the groups ZLS_C and RB on implants
failed during TCML, but no crowns on human teeth. This was
in contrast to the expectations that screwed implant-based sys-
tems might provide a higher number of chippings [9]. The
failure was apparently not caused by weakening of the crown
by the screw channel, as fractures were found in both groups
(LAB and CHAIR). Failure analysis identified a fracture of

the RB crown due to an occlusal defect in the crown, which
also explained the early failure after <1.000 loading cycles.
The defect seemed not to be material-dependent or caused by
fatigue/aging but may be a result of the milling process or
local overloading due to an ignored early contact. The
ZLS_C crown showed a crack from the occlusal side, due to
defects which might be initiated during the manual insertion
of the screw channel. Every adaptation might cause sub-
critical defects or cracks, which can cause failure of the resto-
ration during loading. Preformed fittings like provided, for
example, for bonding-bases might be preferred.

There was a trend to a correlation between in vitro perfor-
mance and fracture results and the individual material proper-
ties: as expected materials with lower modulus of elasticity
and flexural strength (RB, RIC) provided lower fracture resis-
tance. Previous studies have shown that resin-based materials
and composites have higher shock absorbing capacity than
ceramics [20, 21]. However, a protective effect due to higher
damping could not be established in the present study as most
materials provided similar TCML performance. This was part-
ly in agreement with findings by Kok et al. [3], but they found
higher fracture values for materials with a lower modulus of
elasticity. For resin-based materials with low modulus of elas-
ticity a recent clinical study found high numbers of debonding
between resin nano ceramic crowns and zirconia abutments,

B
A

o

Fig. 2 Overview and detail SEM pictures of failed RB during TCML; crack initiation from inner side of the crown (o fracture origin, arrows crack
propagation, detail A left side, detail B right side)

o

A

B

o

Fig. 3 Overview picture and detail SEM figure of failed ZLS_C during TCML; failure initiated from occlusal defect/screw channel (o fracture origin
(occlusal defects), arrows crack propagation, detail A left side, detail B right side)

1216 Clin Oral Invest (2017) 21:1213–1219



which were supposed to be a result of stress concentrations in
the adhesive layer [22]. In the present study, LiS, the material
with the highest flexural strength and modulus of elasticity,
showed the highest fracture resistance, which can be con-
firmed by the results of previous studies [3, 23]. Higher flex-
ural strength of crystallized ZLS (370 MPa) compared to
polished ZLS (210 MPa) was reflected in higher fracture
forces in two situations (CHAIR, TOOTH). Nevertheless,
fracture resistance of ZLS_C was still inferior to LiS, which
is in accordance to a study by Weyhrauch [24]. In contrast,
another study found comparable resistance against TCML and
comparable high fracture resistance for crystallized ZLS and
LiS using human teeth in a similar experimental set-up [25].
Considering that the found fracture values exceeded maxi-
mum chewing forces in the posterior region, which are report-
ed to reach up to 900 N, all groups have the potential to
withstand physiological force peaks [26], but fracture stability
of the crowns even may exceed the clinical stability of
screwed connections.

Different fracture values for the implant restorations were
found, showing lower values for four materials in the LAB

situation. Only one material showed a much broader distribu-
tion of the values with inserted screw channel. These data
might again indicate some pre-damaging due to the drilling
of the screw channel. The drilling was done carefully with
water cooling under identical conditions but regardless may
influence the individual materials in a different manner.With a
subsequent crystallization (LiS; ZLS_C), flexural strength in-
creases and induced flaws are expected to be reduced, which
may lead to a higher stability and resistance to fracture.
Preformed screw-holes and fittings, as partly already available
on the market, or standardized CAD/CAM drilling might be
preferred in order to reduce possible failure initiation. In this
context, it should be mentioned that none of the composite
seals was damaged during TCML.

Based on the assumption of an altered loading situation
with increased chewing forces by rigid implant bearing, a
higher stability of the materials is generally required for im-
plant restorations [1, 27]. Astonishingly and in contrast to
these expectations [2, 3, 28], the modulus of elasticity of the
abutment (comparison: groups CHAIR and TOOTH) showed
an influence on the fracture results only for group RB: fracture
values were about 50 % lower for the RB_CHAIR group. The
rigid attaching of the abutments in contrast to the movable
anchoring of the crowns with a simulated periodontium had
no influence on the fracture resistance in the other groups. The
results are partly in contrast to studies showing satisfying clin-
ical results for all implant bonded restorations [1], but lower

Table 2 Fracture force (N) (mean and standard deviation std; identical letters indicate significant differences (p < 0.05); probability (P): small letter:
material differences row, capital letter: group differences line)

CHAIR LAB TOOTH

Mean Std b Mean Std b Mean Std P (group)

ZLS_P 1848.3ade 235.3 8.0 1628.9ade 285.3 5.2 1802.4ad 278.9 0.247

ZLS_C 2302.4Abde 798.2 3.0 1196.6ABbd 235.8 5.1 2187.8B 486.7 0.002

RIC 1750.5cde 277.4 5.1 1385.5Ccd 249.4 5.9 1805.5Ccd 310.4 0.014

LiS 3070.4abcde 376.1 8.4 2998.1abcde 328.4 9.6 2664.3acde 741.3 0.266

RB 977.7Dabcde 129.4 7.5 1130.6Eabde 279.7 4.1 1893.0DEae 377.1 0.000

P (material) 0.000 0.000 0.003

Fig. 4 Typical failure pattern after fracture test (example RIC)

Table 3 Number and pattern of failure after fracture test (A: fracture
mesial-distal; B: fracture mesial-oral; C: fracture cusp; *n = 7, 1 crown
failed during TCML)

TOOTH LAB CHAIR

ZLS_P 5xA, 3xB, 1xC 4xA, 4xB 4xA, 4xB

ZLS_C 3xA, 2xB, 3xC 3xA, 4xB* 5xA, 3xB

RB 7xA, 1xB 7xA, 1xB 4xA, 3xB*

LiS 4xA, 3xB, 1xC 1xA, 7xB 4xA, 4xB

RIC 4xA, 3xB, 1xC 5xA, 3xB 3xA, 5xB
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success rates for implant-supported restorations in comparison
to tooth-supported FPDs [29, 30]. Differences between in
vitro and in vivo data might be attributed to the lack of a tactile
sensitivity [31–33] in the in vitro test. Clinical data of CAD/
CAM-fabricated crowns after 3 years showed inferior wear
resistance and decementation on cast posts for composite-
based crowns [34].

Although crowns of the TOOTH group were individual in
shape and geometry, similar fracture values were found be-
tween TOOTH and CHAIR groups. Results for ceramic ma-
terials were in the range of other investigations [25]. Higher
standard variations of the fracture forces were expected in
group TOOTH: fracture forces may have been influenced by
the individual preparation and crown design with its occlusal
variations and individual thickness. All teeth provided approx-
imately similar occlusal design, but already slightly steeper
cusps are expected to show higher wear and lower occlusal
load ability. Influences of the different geometry, caused by a
smaller occlusal support in case of the implanted supported
crowns, or the thicker crowns in case of the implant group
were not evident but may have influenced the results. Here,
further tests are required for investigating these influences.

The study design has to be discussed critically: the influ-
ence of possibly clinically occurring screwing joints was
completely eliminated by the one-piece implant dummy de-
sign, trying to focus on the investigation of the crown.
Clinically, screwed connections often represent the weakest
part of the implant-abutment-crown combination [35, 36],
but any failures that may be influenced by screws were not
considered in this study. Though, it was shown that defects
induced by insertion of the screw channel have led to failure of
the crown. A weakening effect of the screw channel may be
observed for low-strength crown materials. However, the
present results have shown that the mechanical stability of
all crown materials investigated was high enough not to be
influenced by the presence of a screw channel.

The artificial periodontal mobility simulates the clinical
situation only in rudiments and of course the design allowed
no feedback and control of the applied loading forces as under
clinical conditions [31–33]. It should be kept in mind that the
contact situation varies during TCML due to wear effects or,
for the tooth group, due to the flexible bearing, which may
cause a shift of the contacts under loading. However, no dif-
ferent failure patterns, wear traces, or fatigue effects were
found between the groups with the elaborate failure analysis
after TCML. A further limiting factor of the significance of
this study may be that steatite antagonists and not human tooth
antagonists were used for TCML. Although steatite spheres
guaranteed a standardized antagonistic situation, they might
have caused different wear and damage. It might be argued
that the load distribution was changed with increasing destruc-
tion and flattening of the loading points during TCML.
However, this is a phenomenon that naturally takes place in

clinical service, too. The resistance between specimen and
antagonist increases with increasing surface roughness by
wear and a higher number of flaws further the development
of cracks. In contrast, for fracture testing, it is important that the
fracture results are not influenced by damage or deformation of
the antagonist. Therefore, steel spheres with identical diameters
were applied. Both the use of steatite and steel spheres as an-
tagonists is well documented in literature [37, 38].

Besides mechanical performance, plaque accumulation and
soft tissue response to the different CAD/CAM materials
should be considered. In general, higher plaque accumu-
lation and inflammation effects have been reported for
resin-based materials and composites than for ceramics,
further influenced by the surface roughness [39, 40].
Further investigations on the biological impact of new
CAD/CAM materials are suggested.

Conclusion

Ceramic and resin-based materials partly performed different-
ly on implant or tooth. For individual materials, the insertion
of a screw channel reduced the stability of the crown, but all
restorations were in a range where clinical application seems
not restricted. Insertion of the screw channel should be per-
formed carefully.
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