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For decades, metal-ceramic
prostheses have provided
good performance and esthe-
tics." The metal frameworks
of metal-ceramic prostheses
are often made with Co-Cr
alloys with excellent clinical
success.” Making a frame-
work for a prosthesis by cast-
ing requires much time and
labor and has various disad-
vantages including distortion
of wax patterns and irreg-
ularities in the cast metal.
However, recent advances
have allowed restorations to
be fabricated with a variety
of computer-aided technolo-
gies.®> These technologies
can be broadly divided into
2 categories: computer-aided
design and computer-aided
manufacture (CAD-CAM) mill-

ing and selective laser melting (SLM). These techniques
have eliminated the time-consuming casting process and

human error.*®

SLM is an additive manufacturing process that pro-
duces metal components from a 3-dimensional (3D) CAD

and Jiantao Ye, DDS, MD?

ABSTRACT

Statement of problem. Cobalt-chromium (Co-Cr) alloys have been widely used for metal-ceramic
fixed prostheses and can be fabricated using conventionally cast or new computer-aided
technology. However, the effect of different manufacturing methods on the metal-ceramic bond
strength needs further evaluation.

Purpose. The purpose of this in vitro study was to evaluate the metal-ceramic bond strength of a
Co-Cr alloy made by casting, milling, and selective laser melting (SLM).

Material and methods. Co-Cr specimens (25x3x0.5 mm) were prepared using a cast, milled, or
SLM method and layered with ceramic (8x3%x1.1 mm). Metal-ceramic bond strength was measured
by a 3-point bend test according to 1SO9693. The area fraction of adherence porcelain (AFAP) was
determined by measuring the Si content of the specimens with scanning electron microscopy/
energy dispersive spectroscopy (SEM/EDS). The metal-ceramic bond strength and AFAP results
were analyzed using 1-way analysis of variance and the Bonferroni post hoc test (a=.05). SEM/
EDS and metallurgic microscopy were also used to study the specimens’ morphology, elemental
composition, and metallurgic structure.

Results. No significant differences (P>.05) were found for the bond strength among cast, milled,
and SLM Co-Cr alloys. The milled and SLM groups showed significantly more porcelain adherence
than the cast group (P<.001). The surface morphologies and oxidation characters of cast, milled, and
SLM Co-Cr alloys were similar, whereas the metallurgic structures were different.

Conclusions. The bond strength between ceramics and Co-Cr alloys is independent of the
manufacturing method. However, milling- and SLM-produced alloys had better porcelain
adherence. (J Prosthet Dent 2017;118:69-75)

cast by fusing fine layers of metal powder with a focused
high-power laser beam.? SLM can produce metal with
high dimensional accuracy and up to 100% density.®
CAD-CAM milling uses tools to mill or grind restora-
tions or frameworks from solid blocks of material and can
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Clinical Implications

The metal-ceramic bond strength of Co-Cr alloy is
independent of the manufacturing method. Milling
and SLM may eventually replace casting for the
production of Co-Cr frameworks.

process many different materials, including titanium,
ceramics, and Co-Cr alloys, suitable for processing on
smaller computer numerical control mills.”® CAD-CAM
milling eliminates the flaws and porosity induced by
casting because blanks can be made under highly stan-
dardized industrial conditions.” Cobalt-chromium alloys
have been widely used in CAM-CAM milling and SLM
technologies because their biocompatibility is better than
that of nickel-chromium alloys.’” Although these
methods show promise for fabricating prostheses, they
must be tested in both the laboratory and the clinic to
ensure that they produce dental restorations of a quality at
least equal to those produced by conventional techniques.
Important properties include acceptable biocompatibility,
good corrosion resistance, low internal porosity, adequate
mechanical properties, good marginal fit, and adequate
bond strength to porcelain."''®

The clinical success of a metal-ceramic restoration
depends primarily on the bond strength between the
porcelain and the metal substructure.'” Metal-ceramic
bonding appears to result from chemical bonding,
mechanical interlocking, van der Waals forces, and
compressive bonding, although among these, chemical
bonding dominates.'® Chemical bonding with metal can
change when an oxide layer forms on its surface.'” Thus,
to understand chemical bonding to an alloy, its
morphology, oxide layer, and metal-ceramic interface
must be studied. Although studies have evaluated the
bond strength of dental porcelain to cast, milled, and
SLM Co-Cr alloy,'*?%2" the characterization of the
oxidation of the metal surfaces, matrix structure, and
interface combination status has been lacking. Therefore,
because metal-ceramic restorations continue to be used
and because new fabrication technologies are being
developed, the purpose of this paper was to compare the
metal-ceramic  bond  strengths, the metallurgic
structures before and after firing, and the surface and
interfacial characteristics of Co-Cr alloys made by casting,
milling, and SLM. The null hypothesis was that the bond
strength and area fraction of adherence porcelain (AFAP)
would be independent of manufacturing method.

MATERIAL AND METHODS

To make the cast Co-Cr alloy specimens, a 3D modeler
(Projet-DP 3000; 3D Systems) was used to create 11
acrylic resin templates (VisiJet CP200; 3D Systems) with
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dimensions of 25x3x0.5 mm, according to ISO9693
standard.”® Eleven specimens of the Co-Cr alloys
(Wirobond 280; Bego; Co, 60.2%; Cr, 25.0%; Mo, 4.8%;
W, 6.2%; Ga, 2.9%; Si, <1.0%; Mn, <1.0%) were cast in
an electrical induction furnace (Nautilus; Bego) according
to the manufacturer’s recommendations.

Eleven milled metal disks (25x3x0.5 mm) were made
from solid blanks (ET-02, Echt TEC; Co, 62.0%; Cr, 25.0%;
Mo, 6.0%; W, 5.0%; Si, 1.0%; Nb, 1.0%) with a computer
numerical control mill (HA-5AX2; SFY Co) according to
the manufacturer’s instructions. Eleven metal specimens
(25x3%0.5 mm) were produced by SLM. Their designs
were produced in CAD (PowerSHAPE; Delcam) and
converted to standard tessellation language files, which
were transmitted to the SLM equipment (Mlab cusing;
Concept Laser). This SLM equipment sintered the Co-Cr
powder (Wirobond C*; Bego; Co, 63.9%; Cr, 24.7%; Mo,
5%; W, 5.4%; Si, <1%). SLM specifications were based on
the standard method recommended by the manufacturer.
The scan speed was 7 m/s, the lamination thickness was
25 pm, the power of the Yb-fiber laser was 100 W, and the
fabrication speed was 5 cm>/h.

The dimensions of all specimens were confirmed with
a 0.02-mm precision digital caliper (Hengliang); all
specimens met ISO9693 standard.* The specimens were
then ground and airborne-particle abraded for 10 sec-
onds at a pressure of 0.2 MPa, using 125-pm Al,Oj
particles at an angle of 45 degrees from a distance of
approximately 1 cm. The specimens were then placed in a
programmable dental porcelain furnace (Programat P300;
Ivoclar Vivadent AG) at a vacuum level of 0.0036 MPa,
heated from 600°C to 980°C at 50°C min " and then held
at the peak temperature for 2 minutes.

A ceramic layer (Ceramco III; Dentsply Sirona)
(8x3x1.1 mm) was applied on the center of each metal
specimen. This porcelain was fired in a furnace (Pro-
gramat P300; Ivoclar Vivadent AG) according to the
manufacturer’s recommendations. From each group of 11
specimens, with simple random sampling method,
1 random specimen was selected for a study of interface
morphology. These specimens were embedded in
phenolic resin (Weiyi), longitudinally sectioned, ground
and polished, and then ultrasonically cleaned, dried, and
sprayed with carbon powder to prepare for observation
by scanning electron microscopy (SEM; JCX8100; JEOL).

The bond strength levels of the metal-ceramic
specimens of each group (n=10) were measured using
a 3-point bend test in a universal testing machine
(Sans) with a 100-N load cell according to I1SO9693
standard.”> The bond strength, 1, for each specimen
was calculated using the equation [Tp= k x Fpy], where
coefficient k is a function of the elastic modulus
(Wirobond 280: 220 GPa, Wirobond C*: 210 GPa,
ET-02: 190 GPa) of the metal used and its thickness,
and Fg,; is the load at failure.
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All fractured specimens were observed with the naked
eye, and representative images were made using a digital
camera. The types of bond failure were classified as
adhesive (failure between the metal and the porcelain),
cohesive (failure entirely within the porcelain), or mixed
mode (a combination of adhesive and cohesive failure).>*
To quantify the AFAP, 10 specimens from each group
were analyzed using an SEM equipped with energy-
dispersive x-ray spectroscopy (EDS; Oxford-7412;
Oxford Instruments). The EDS was rastered over the
central part of the specimens at x40 magnification using
a Si x-ray detector after performing the oxidation heat
treatment, after applying opaque porcelain, and after
debonding the porcelain from the metal bar. The AFAP
was estimated as AFAP=(Si; — Si,,)/(Si, — Si;), where Sig
is the atomic percentage of silicon on the surface after
porcelain fracture, Si, is the atomic percentage of silicon
on the surface after firing the opaque porcelain, and Siy,
is the atomic percentage of silicon on the oxidized metal
surface before applying the porcelain.** Quantitative
analysis of the acquired spectra was conducted using
software (INCA Suite v4.13) in a nonstandard analysis.

To study the oxidation and metallurgic structure of the
3 Co-Cr alloys, 17 additional cast, milled, and SLM
Co-Cr alloys were fabricated in the same way. SEM/EDS
was used to analyze the surface morphology and
elemental composition of 5 specimens from each group
with simple random sampling method after airborne-
particle abrasion with Al,O3, after oxidation heat treat-
ment, and after the firing cycle for opaque porcelain. The
EDS analysis was conducted on the central part
(8x3 mm) of the surface at x40 magnification. The EDS
had a detector window made from silicon (lithium [Si
Li]), its accelerating voltage was 20 kV, and its specimen
working distance was 11 mm. This analysis was per-
formed with ZAF correction, correcting the Z number,
absorption (A), and fluorescence (F). Using metallurgic
microscopy (DM4000; Leica), the metallurgic structure of
1 specimen from each group was observed after airborne-
particle abrasion with Al,O3, and after the firing cycle for
opaque and dentin porcelain. Before observation, the
specimens were polished and then etched in a mixture of
hydrofluoric/nitric/hydrochloric acid for 30 seconds.

Data were evaluated using software (PASW Statistics
v16.0; SPSS Inc). The bond strength and AFAP results
were analyzed using 1-way analysis of variance
(ANOVA), followed by the Bonferroni post hoc test
(2=.05).

RESULTS

The mean bond strength and standard deviations for the
3 groups are shown in Table 1. One-way ANOVA
showed no significant differences among the 3 groups
(df=2, F =1.079, P=.354).
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Table 1.Bond strength values of cast, milled, and SLM groups
Group n Mean +SD?
Cast 10 32.15 #2397
Milled 10 33.96 +4.40°
SLM 10 3231 +3.06”

SLM, selective laser melting. *Groups with same superscripted letters not significantly
different at a=.05.

The 3 groups of Co-Cr alloys showed no obvious
differences in surface morphology, both after airborne-
particle abrasion and after heat treatment. After
airborne-particle abrasion, the surfaces exhibited sharp
edges and undercuts. After heat treatment, the sharp
edges and undercuts were smoothed by sagging. SEM
images of the metal-ceramic interfaces (Fig. 1) showed 3
distinct regions: ceramic substrate, metal-ceramic inter-
action zone, and metal substrate. The interfaces were
intact, with good contact between the ceramic and Co-Cr
alloy and with no cracks or holes.

Table 2 shows the mean compositions of 5 specimens
from each of the 3 groups of Co-Cr alloys after each of
the 3 surface preparation stages. At the same preparation
stage, the 3 groups show similar surface compositions.
After airborne-particle abrasion, the surfaces of all 3
groups exhibited aluminum (Al) and oxygen (O), which
were not present in the batch composition. After heat
treatment, the O and Cr contents increased and the
Co content decreased, whereas the Si, Mo, and W con-
tents did not differ noticeably compared with those after
airborne-particle abrasion. After the simulated opaque
firing, the surface compositions showed no distinct
changes from those after the heat treatment.

Figure 2 shows the metallurgic structure of the Co-Cr
alloys fabricated with casting, milling, or SLM. In the
same group of Co-Cr alloys, the metallurgic structure was
not noticeably different between before heat treatment
and after simulated porcelain firing, but the metallurgic
structures were noticeably different among the Co-Cr
alloys fabricated by different methods. The cast and
milled specimen mainly consisted of austenitic matrix
and carbide. The carbide content was enriched along the
grain boundaries with a typical dendritic-like
morphology in the cast specimen (Fig. 2A, B) and an
island-shaped morphology in the milled specimen
(Fig. 2C, D); the milled alloy also had a precipitated phase
with a particle shape (Fig. 2C, D). In contrast, the SLM
alloy showed an austenitic matrix with fine grains,
without an obvious precipitated phase (Fig. 2E, F).

To the naked eye, all the specimens appeared to have
an area where the ceramic was completely removed and
other areas where a thin layer of ceramic remained
adhered. Thus, all 3 groups of specimens exhibited a
mixture of adhesive and cohesive failure (Fig. 3). Table 3
shows the quantitative AFAP values. One-way ANOVA
revealed significant differences among the groups
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Figure 1. Interface of metal-ceramic specimens (original magnification
X500). A, Cast. B, Milled. C, Selective laser melted. (a) Ceramic substrate;
(b) metal-ceramic interaction zone; and (c) metal substrate.

(df=2, F=39. 989, P<.001). The Bonferroni post hoc test
revealed significant differences between groups (P<.001),
except between the milled and SLM groups (P=0.61).

DISCUSSION

This study evaluated the metal-ceramic bond strength and
AFAP of a Co-Cr alloy made by using different techniques.
No significant differences were observed among the 3
groups regarding metal-ceramic bond strength, so the null
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Table 2. Mean values for elemental concentrations®

Group Preparation Stage [o] Al Co Cr Mo w
Cast Airborne-particle abrasion 7 1 51 21 4 5
Heating 23 9 28 31 4 4
Simulated opaque firing 23 8 28 34 3 3
Milled Airborne-particle abrasion 7 10 51 21 4 5
Heating 22 8 30 32 3 4
Simulated opaque firing 23 7 29 35 3 4
SLM Airborne-particle abrasion 7 1" 52 22 5 4
Heating 24 8 28 34 3 3
Simulated opaque firing 24 6 26 37 4 3

2Mean values shown for elemental concentrations (by wt %) of cast, milled, and selective laser
melting (SLM) Co-Cr alloys for 3 preparation stages (n=5).

hypothesis was accepted. The milled and SLM groups
showed significantly more porcelain adherence than the
cast group, so the null hypothesis was rejected.

Chemical bonding to an alloy surface changes in the
presence of metal oxides. Heating a metal before
applying it to porcelain can create surface oxides that
improve chemical bonding.”® The 3 groups of Co-Cr
alloys tested had similar surface oxides during the same
preparation stage, and they changed similarly as prepa-
ration progressed. After heat treatment, the O and Cr
content of all 3 groups sharply increased, suggesting that
oxides had formed on the surface. Wylie et al*® found
that a successive Cr,Oj3 oxide layer can form when the Cr
content in an alloy reaches 20%. Wu et al*” also found
that, with Co-Cr alloys, mostly chromium oxides
migrated into the ceramic layer and formed chemical
bonds. Johnson et al*® found a reducing Ni and
increasing Cr, O contents on Ni-Cr alloy surface after
heat treatment and simulated opaque firing, and Cr
appear in the form of CrO,, Cr,O3. Thus, in our study, we
believe that predominantly chromium oxides formed on
the surfaces and participated in chemical bonding after
heat treatment. After heat treatment, the 3 groups
showed similar O and Cr concentrations. After simulated
opaque firing, the O concentration did not increase
noticeably, suggesting that the alloys had oxidized only
slightly and that the oxidation characteristics of the 3
Co-Cr alloys were similar. Johnson et al*® reported
different results for a Ni-Cr alloy, finding that its surface
oxygen concentration increased after simulated opaque
firing, which suggests that its surface continued to
oxidize. These differences may result from differences in
the alloy type and the holding time at the peak tem-
perature during opaque porcelain firing.

Different manufacturing methods may result in
different alloy morphologies and change the nature of
the surface oxides, thereby affecting the metal-ceramic
bond strength.? Our results show that the metal-
ceramic bond strength was independent of the Co-Cr
manufacturing method. This result is probably because
after airborne-particle abrasion with 125-pum Al,Oj the 3
Co-Cr alloys had similar morphologies and because after
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Figure 2. Metallurgic structure of Co-Cr alloy. A, Cast specimen before heat treatment. B, Cast specimen after simulated porcelain firing. C, Milled
specimen before heat treatment. D, Milled specimen after simulated porcelain firing. E, SLM specimen before heat treatment. F, SLM specimen after
simulated porcelain firing. Ca, carbide; M, austenitic matrix; S, precipitated phase with particle shape (black arrows show grain boundaries); SLM,

selective laser melted.

heat treatment they had similar oxidation properties,
resulting in similar mechanical and chemical bonds.
Further research is needed to confirm the optimum
thickness of the oxide layer obtained from different
manufacturing methods. Serra-Prat et al*® compared the
metal-ceramic bonds of Co-Cr alloys fabricated using
casting, milling, and SLM and found no significant dif-
ferences; this is consistent with our study. Xiang et al'”

Liet al

and Akova et al*” found no differences between the
metal-ceramic bond strength of cast and milled Co-Cr
alloys. Lee et al’” reported no differences in the metal-
ceramic bond strengths of Co-Cr alloys fabricated using
casting and milling. These results were also similar to
ours. In contrast, Bae et al*' considered that the metal-
ceramic bond strength of SLM Co-Cr alloys could be
improved by the lamellar morphology of the alloy
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A

Figure 3. Fractured specimens. A, Cast. B, Milled. C, Selective laser melted.

surface. In their study, after airborne-particle abrasion
with 50-pum Al,O3, the SLM Co-Cr alloy surface exhibi-
ted 100-pum-thick layers aligned with the laser irradia-
tion, and a gap was seen between the layers. They
believed that the metal-ceramic bond strength increased
because of the ceramic powder penetrating these gaps.
The SLM specimens in our study did not show a lami-
nated structure. This may be because the lamination
thickness in the laser irradiation was set at a low thick-
ness of 25 um, whereas the Al,Os; used for airborne-
particle abrasion had a large particle size of 125 um,
allowing the particles to remove the laminated structure.
Bae et al*' also believed that the alloy morphology could
depend on the parameters of the SLM process, including
the scan speed, particle size, and laser specifications,
further affecting the metal-ceramic bond strength.

The cast, milled, and SLM alloys had different metal-
lurgic structures, although they had similar compositions
and their metallurgic structures did not differ after porce-
lain firing. These differences in metallurgic structures
imply that the alloys had completely different solidification
and/or thermomechanical histories.?" A precipitated phase
appeared in the cast and milled specimens, and a similar
result was reported by Al Jabbari et al' for a Co-Cr alloy.
The metallurgic structure of an alloy affects its corrosion
and mechanical properties. SLM produces sintered alloys
whose structures have up to 100% nominal density, with a
very fine-scale microstructure owing to the local melting
and rapid solidification process of the metal powder
without a precipitated phase. However, further research is
needed to study how different metallurgic structures affect
the metal-ceramic bond.

SEM/EDS uses the silicon x-ray count to measure the
area of porcelain retained after fracture to evaluate metal-
ceramic bond strength. Although here the debonding
surfaces of the 3 groups revealed a combination of
cohesive and adhesive fracture modes, our SEM/EDS
results revealed that the milled and SLM groups had a
significantly higher AFAP than that of the cast group.
However, the 3-point bending test showed no significant
difference among the 3 groups, revealing the discrepancy
between the AFAP and bond strength. A similar result
was reported by Xiang et al'* There is no consensus for
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Table 3. AFAP values of cast, milled, and SLM groups

Group n Mean +SD?
Cast 10 62.3 +7.4°
Milled 10 80.4 +3.2°
SLM 10 79.2 +4.0°

AFAP, area fraction of adherence porcelain; SLM, selective laser melting. *Groups with
same superscripted letters not significantly different at a=.05.

the best test to evaluate the metal-ceramic bond
strength. The 3-point bending test proposed by ISO
9693** better simulates clinical conditions, as the speci-
mens are under compression, traction, and shear bond
strength simultaneously. Thus, it was a comparatively
ideal test to evaluate the metal-ceramic bond strength.

Our results show that the milled and SLM metal-
ceramic specimens had similar bond strengths to those
of the cast specimens and showed better behavior in the
porcelain adherence test with a comparable metallurgic
structure. Porcelain fracture in metal-ceramic restorations
is caused by various factors such as the restoration’s
structure, the fabrication processes, and the bond
between the core and veneering porcelains.®* The SEM/
EDS used are inadequate for measuring the oxide
thickness. Thus, to confirm the presence of a sufficiently
thick oxide layer on the metal-ceramic restorations
fabricated by new techniques, x-ray photoelectron spec-
troscopy should be used to quantify the oxide thickness
and identify the oxide type on the Co-Cr alloy surface. In
addition, clinical trials are needed to substantiate the
in vitro testing.

CONCLUSIONS

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

1. The metal-ceramic bond strength of Co-Cr alloy is
independent of the manufacturing methods.

2. Alloys produced by milling and SLM behave better
in the porcelain adherence test.
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