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INTRODUCTION Organization for Standardization does not

Cobalt-chromium (CoCr), considered more require any specific composition of the
biocompatible, has replaced the commonly cobalt-based alloys used for metal-ceramic
used nickel-chromium (NiCr) as a substructure restorations. The mass percentage varies
for dental ceramics. The International among the three main constituents: Co as the
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Analysis of Pre-sintered CoCr and Zirconia

main constituent, Cr not less than 25% (m/m),
molybdenum not less than 4% (m/m), and
Co+Ni+Cr not less than 85% (m/m).!2

The strength of the ceramic bond to zirconia
and base metal alloys has ranged between 9.4
MPa and 95 MPa.>* The mechanical, chemical,
Van Der Waals, and compressive forces may
control the metal-porcelain liaison.® The
chemical bond may be crucial in the adhesion
process. It may be made possible by an electron
structure continuity across the metal-metal
oxide interface and the metal oxide-porcelain
interface through metallic, ionic, and covalent
bonds.® These bonds may result from the
formation of specific reactive oxides in the
most superficial layer of cast alloys’.

The interface preparations before porcelain-
layering, as well as the reactions that promote
adhesion, are essential in porcelain fused to
metal (PFM) restorations.®? The nature of the
interface between novel alloys and porcelain
is still not fully understood.® Chemical
reactions were cited to occur,’® with time-
dependent diffusion processes.’> However,
wet, thick layers of porcelain may induce
changes in the surface grains of partially-
sintered materials.’®* In prosthetic dentistry,
studies have principally evaluated the fit of the
prostheses and the adherence of the ceramic
to the substructure.*'> Few studies have
focused on the evaluation of internal porosity,
surface roughness, and chemical properties.¢1’
Furthermore, analyses of the properties
of alloy structures made from different
manufacturing techniques are scarce.'®'® Large
differences in the structure of the specimens
may be anticipated, resulting from complete
melting in the casting technique and the full
sintering of frameworks milled in the green
state. These variations in microstructures may
also influence the characteristics of the metal-
porcelain interface. Chipping and delamination

may result from interfacial characterization
and reduce the longevity of restorations in the
intra-oral environment.

Microstructural properties may have clinical
outcomes. Mechanical properties (such
as fatigue resistance), electrochemical
characteristics, and other properties may be
altered by microstructural changes.'® This trial
attempted to analyze the microstructure of
alloys and evaluate the quality of the ceramic-
porcelain interface. The aim was to focus on the
metallurgical characterization of pre-sintered
CoCr and zirconia and evaluate the interfacial
modification after the veneering process. The
first null hypothesis was that there would be
significant structural dissimilarities among the
groups issued from different manufacturing
techniques. The second null hypothesis was
that conventional porcelain firings would not
affect the underlying microstructure of the
tested alloys.

MATERIALS AND METHODS

The study protocol received IRB approval from
the University of Lebanese University (CUMED/
D127/142018). Thirty-two discs, each with
a 15mm diameter and 2mm thickness, were
created from disc-shaped 3D models (STL files)
using Ceramill Mind software (Amann Girrbach
AG, Austria). These specimens were then
assigned to the appropriate material blanks
according to the software (Table 1).

The two groups (N=16) were milled using a
Ceramill Motion 2 milling machine (Amann
Girrbach AG). The pre-sintered CoCr (CS)
group (N=8) was pre-sintered with CAD-CAM
CoCr (Ceramill Sintron, Amann Girrbach AG),
and the pre-sintered Zr (CZ) group (N=8) was
pre-sintered employing CAD-CAM zirconia
(Ceramill Zi, Amann Girrbach AG). The discs
were cut from the blanks, then sintered: the
CS group in a Ceramill Argotherm furnace

Table 1. Material, fabrication methods, and composition used in each experimental group (N=8)

C.e ramill Pre-sintered CoCr ~ Amann Girrbach AG  Soft milled CAD-CAM Vita M13 Vita Zg hnfabrik,
Sintron Bad Saeckingen

Girobond nb Cast CoCr Amann Girrbach AG Lost wax/ cast Vita M13 Vita Zg hnfabrik,
Bad Saeckingen

Wiron 99 Cast NiCr Bego Lost wax/ cast Vita M13 Vita Zg HElels
Bad Saeckingen

Pre-sintered Zr Vita M13 Vita Zahnfabrik,

Ceramill Zi

Amann Girrbach AG  Soft milled CAD-CAM

Bad Saeckingen
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and the CZ group in a Ceramill Therm furnace.
The other two groups (N=16) were milled
from Ceramill wax blocks, with the cast NiCr
Wi group (N=8) cast in NiCr alloy (Wiron 99,
Bego GmbH, Canada) and the cast CoCr (Gi)
group (N=8) cast in CoCr alloy (Girobond
nb, Amann Girrbach AG) according to the
manufacturer’s instructions. The sample size
was calculated based on a prior study using the
same methodology, where a sample size of 3
specimens was considered sufficient. Groups of
8 specimens were used in the current study to
enhance statistical power, with 4 specimens in
each subgroup.

Only one surface of each specimen was
polished using silicon carbide grinding papers
with abrading grains of 1,000 and 4,000,
successively (Carbimet PSA, Buehler, UK), and
a rotating grinding disc apparatus (Motopol 8,
Buehler, UK).!° Specimens were then cleaned in
an ultrasonic water bath for 5 minutes.!¢
Ceramic-alloy interface analysis: Only
one surface of the specimens was ceramic
layered with a 2mm thickness, following the
manufacturer’s instructions,'* using ceramic
layering (Vita M13 and M9, Vita Zahnfabrik,
Bad Saeckingen, Germany). Vita M13 was used
for CoCr and NiCr, and Vita M9 for zirconia. The
specimens were sectioned longitudinally after
being embedded in auto-polymerized acrylic
resin (Alike, GC America, Switzerland) with a
diamond saw (NTi Flex, KaVo Kerr, USA) and
ground finished to 400 grit silicon carbide
abrasive (Dura-green Wheels, Shofu Dental
Asia, Singapore). They were polished using a
diamond paste (Diamond Twist SCL, Premier
Dental, USA), following 6, 3, and 0.25 pm felt
disc sequence (Flexi Buff, Cosmedent, USA),
under water coolant irrigation.?? Scanning
electron microscopy (SEM) (AIS2100C, Seron
technologies, Korea) was used to analyze
the ceramic-alloy interface of each group. A
line profile covering the ceramic-interfacial
zone-alloy was drawn, allowing line scan
measurements. At each point, the intensity
profile of major elements was analyzed. The
accelerating voltage was set at 12 kV with a
magnification of x1000. Energy-dispersive
X-Ray analysis (EDX) was performed with an
EDAX Apollo detector coupled to the SEM.
Alloy grains size measurement: To realize a
mapping of the atomic-scale topography of disc
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surfaces and to determine the surface roughness
of materials, an atomic force microscope
(AFM) was used (Agilent 5420, Measurement
by contact mode). Grain sizes were measured
based on AFM images using the Image ]
software (National Institutes of Health). The
surface roughness of materials was measured
based on AFM images using the formula

_l C ;21
Ra—n ;yl.

Measurements were performed on images
taken on discs as they were being manufactured
and after ceramic veneering.

To better explore the first results obtained
from CoCr groups, non-layered CoCr discs (Si
and Gi) were submitted to all conventional
porcelain firing steps without veneering on
any disc surface. This step aimed to discern if
microstructural changes reported for these two
alloys were related to ceramic layering or heat
treatment.

Alloys crystal phases determination: An
X-Ray diffractometer (XRD) was used for phase
identification and unit cell dimensions. Before
ceramic veneering, the disc surfaces were
evaluated to determine the crystal phases of
the alloys (CS and CZ groups as milled and Wi
and Gi groups as cast) using an XRD machine
(D8 Advance, Bruker, USA) with an accelerating
voltage of 40 kV, a beam current of 40 mA, a
20 angle scan range of 30-110 -, a scanning
speed of 0.02 - /sec, a sampling pitch of 0.02 -,
and a preset time of 1 sec. The XRD graphs
were used to calculate the crystallite size of
the alloys using the Debye-Scherrer equation
T= KA/ 3 cos(6)/?? This step was performed to
ensure that changes at the materials interface
following the porcelain build-up were not
associated with transformations due to
exposure to room temperature humidity before
porcelain veneering, especially for the pre-
sintered alloys.!?

Statistical analysis: The General Linear Model
was employed to assess mean differences
in grain size and surface roughness among
groups. The mean difference was significant at
the 0.05 level.

RESULTS

The SEM images showed an intimate bonding
interface between alloys and porcelain
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veneering for the four tested groups. There
were some voids within the ceramic. Milled
alloys showed a more homogenous structure,
compared to the cast alloys. Line scans
illustrated element variations in each specimen
between porcelain and alloys (Figure 1). These
line scan curves were incorporated into the SEM
images of the EDS spectra sites for instruction
purposes.

Higher oxidation was found in the cast groups
than in the milled group. The EDX quantification
showed element variations in CoCr alloys after
each treatment, compared to the manufacturer’s
declared composition (Table 2). Differences
were reported between materials and after
treatment sequences (Table 3).

Ceramic layering significantly reduced grain
sizes in both milled alloys (P<0.05), whereas
grain sizes significantly increased in the
cast alloys (P=0.011). Heat treatment did

Table 2. Energy dispersive X-Ray (EDX) analysis of the
three materials with and without ceramic (numbers
indicate weight percentage)

Ceramill Sintron 6.17 17.12
Ceramill Zi 11.92 12.88
Wiron99 10.18 20.08
Girobond nb 7.23 24.47

Intensity (arbitrary unit)

Fig. 1. Line scan analysis for Ceramill Sintron specimen, Ceramill Zi specimen, Wiron 99 specimen, and Girobond nb
specimen from left to right, respectively (V:12, Mag:x1000).
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Irtensity (arbitrary unit)

the same in the Gi and CS groups (P=0.013)
(Table 4) (Figure 2). Pairwise comparison
showed finer grains in the milled groups, with
a significant difference between the CZ and CS
groups (P=0.010). This study confirmed the
homogenous surface of the zirconia alloy with
finer grains than the other three tested groups
(Table 5). A significant difference in roughness
average (Ra) values was found between the
CoCr groups (P=0.007). Ceramic veneering
significantly increased the surface roughness
of the Gi (P=0.029) and NiCr (P=0.005) groups.
On the other hand, the Ra values of zirconia
material showed a slight decrease (P=0.282)
(Table 6).

The XRD analysis showed no differences among
the CZ, Wi, and CS groups before and after
porcelain veneering. There was a difference in
the Gi group. There was a change in the peaks
after heat treatment without ceramic in the Gi
group. Fire heating induced differentiation of
crystalline structure in the Gi group (Figure 3).
The ceramic application produced a crystallite
size change in the Gi group. This was also
found between heat treatment and ceramic
application in this group. No similar changes
were reported in the CS and Wi groups after
any of the treatments. The crystallite size also
differed between monoclinic and tetragonal
phases in zirconia (Table 7).
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Table 3. Energy dispersive X-Ray analysis quantification (weight percentage) of CoCr alloys after each treatment,

compared to the manufacturer’s declared composition (Total in each row=100)

Manufacturer’s cs 66 28 5 5 <1
Composition Gi 62 25 5 5 1
CS 5029 2726 523 - 15
EDX Gi 5694 24.14 - 936 494
Quantification CS+Ceramic 2826 1557 281 = 17.72
Gi+Ceramic 1954 876 - - 21

- 955 617
- 284 178

- 86 1712
- 741 2447

567 -

649 4,89 3.77 3.66

CS: Ceramill Sintron
GI: Girobond nb
EDX: Energy-dispersive x-ray analysis

Table 4. The mean grain size measured from atomic force microscope images (um)

Ceramill Sintron 0.14 0.09 0.11
Girobond nb 011 0.15 0.09
Wiron 99 0.08 0.15
Ceramill Zi 0.11 0.07

0.016
0.011
>0.05
0.016

0.013
0.013

iEsEE N

Bkibtsass

Fig. 2. Atomic force microscope images from top to bottom: Ceramill Sintron, Girobond nb, Ceramill Zi, and Wiron 99
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Table 5. Pairwise comparison for grain size and surface roughness

Ceramill Sintron Ceramill Zi 0.02 0.08 -0.006 0.157
Ceramill Sintron Girobond nb -0.01 0.35 -0.01 0.007
Ceramill Sintron Wiron 99 0.003 0.84 -0.004 0.950
Ceramill Zi Girobond nb -0.04 0.01 -0.004 0.723
Ceramill Zi Wiron 99 -0.02 0.12 0.002 1.000

Table 6. Disc surface roughness (um) of materials before and after ceramic layering

As manufactured 0.012+0.006 0.021+£0.003 0.009+£0.004 0.012+0.006
After ceramic veneering 0.016+0.004 0.020+0.003 0.027+0.005 0.038+0.009
P 0.167 0.282 0.005 0.029
Fire heating 0.028+0.003 0.003+0.008
P <0.001 <0.001
1600 400
1a00]  Zirconia v 350 Ni(111)
1000 250 4
£ e00] £ 200
8 600 | § 150 Ni(200) Ni(220)
400 M
200 - M M 1::—
0 .Jd T JL_JLA____.»_‘T 0:
200 0 20 20 P 50 o0 70 a0 A) 10 20 30 40 50 0 70 80 B)
2 theta 2 theta

300
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Fig. 3. Comparison of X-Ray diffraction as cast or milled (black) after heat treatment (blue), with opaque layer
(pink), and with ceramic (red). A) Ceramill Zi, B) Wiron 99, C) Girobond nb, and D) Ceramill Sintron.

Table 7. The mean crystallite size calculated from X-Ray diffraction for each material in each preparation phase (nm).
Size differences found between groups are shown with the same letter.

Ceramill Sintron 1.328 1.330 1.427
Girobond nb 1.7312 0.6542p 1.753b
Wiron99 1.057 1.057
Monoclinic Tetragonal
Ceramill Zi (with/without ceramic) (with/without ceramic)
1.096¢ 1.779¢
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DISCUSSION

The current study evaluated the effect of
ceramic veneering on the microstructure of pre-
sintered CoCr and zirconia. Ceramic layering
or fire heating induced a statistically relevant
change in the grain size values in all the tested
materials. At the crystallite level, ceramic
layering affected the CoCr microstructure in
the milled and cast groups, whereas the heat
treatment process only changed the crystallite
structure of the Gi. Additionally, there were
significant differences between Gi and CZ
groups after each treatment application.
Therefore, the null hypotheses were partially
rejected, which is in contrast with the findings
of other studies, where heat treatment did
not demonstrate significant alterations in the
microstructure of cast alloys.!?

A random distribution of small spherical pores
was found in all groups, but they were more
pronounced in the cast groups. This confirmed
the findings of other studies, in which X-ray
radiography revealed porosity in the cast
group but not in the milled or laser-sintered
CoCr!* Non-homogeneous microstructure,
solidification defects, and large grains in the
Gi may reduce its mechanical properties and
induce cracks within the alloy structure.?® The
results obtained in the present study confirmed
that variations in the chemical composition and
the microstructure of alloys might be found
even in the as-cast condition.?* Differences
in the interfacial characterization of metallic
elements in the metal-porcelain interface may
result from differences in the microstructure of
the materials.'® The SEM images showed a more
homogenous structure for the milled alloys.
However, interfacial analyses of the CoCr alloys,
cast or milled with porcelain, remain scarce in
the dental literature.?®

High oxidation was found in the EDX
quantification, especially in the cast groups.
The difference in shear bond strength mean
values may result from oxide layer thickness,
with a higher occurrence of metal-oxide-
related failures reported for base metal PFM
restorations.?* The SEM investigations have
proposed that these elements accumulate at the
metal-ceramic interface to form an interfacial
oxide layer?” The SEM exploration could
not confirm these allegations in the present
study. The SEM line scan only showed some
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oxygen on the surface of the cut specimens,
and bulk oxidation could not be demonstrated.
Boundary phase changes between metal and
ceramic could not be proven by SEM and EDX,
as reported by others.?® This can be considered
a limitation of this study, and how alloy surface
is altered through preparation stages still needs
to be fully explored.?

Ceramic application changed the grain size in
all groups after each treatment. A net increase
(30%) in grain size values was also found for
the Gi group after ceramic layering, whereas a
decrease of 17% was stated after fire heating
(Table 4). Therefore, we concluded that the
manufacturing process could significantly affect
the alloy microstructure. On the other hand, the
heat treatment induced grain size changes for
both CoCr groups, which was an unexpected
result for the CS group, not shown by crystallite
size calculation. Further investigations are
needed to confirm these findings. The CS
group showed finer grains than Gi and Wi
groups, without statistical relevance, which is
an important finding for the CS group because
dental materials should consist of small grains.
Chipping failure that may occur in machined
components with coarse grain structures may
reduce the accuracy of the marginal fit of the
restorations.?> However, even if no correlation
could be demonstrated between grain size and
surface roughness, a net decrease in grain size
after fire heating for the Gi was combined with
a sharp decrease (75%) in surface roughness.
Nevertheless, ceramic veneering and fire
heating increased Ra values in all tested groups.
These results may influence the bond strength
between ceramic and different alloys.

The XRD results confirmed the variations
before and after ceramic layering or heat
treatment in the Gi group, which was not
evident for CS, CZ, and Wi. This may be
explained by the fact that the CS attained a
stable and final crystal arrangement with
minimum atomic energy upon sintering,
whereas a phase transformation was well
reported for the Gi after the fire heating or
ceramic veneering (Figure 2). XRD analysis
indicated that the microstructure of the cast
and milled alloys consisted of a face-centered
cubic (fcc) phase and was mainly composed
of Co and Cr.!%#*[10] Amann Girrbach AG has
declared that the crystal lattice structure of CS
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is a mixture of cubic fcc and hexagonal (hcp).
The exact percentage of the amounts has not
been determined.?’ The XRD results confirmed
that the main phases of both pre-sintered and
cast CoCr were the ¥-phase and e-phases. The
casting process uses a complete melting and
overheating of the alloys, inducing higher peaks
of ¥- and e-phases for the Gi, compared to the
CS (Figure 3C-D). As an allotropic element, Co
is characterized by an unstable fcc (¥-phase)
structure. Pure Co moves from an fcc to an hcp
(e-phase) crystal structure with extremely slow
cooling. The reported pure Co transformation
temperature is 417°C, which can reach 900°C
for Co alloys. Generally, the fcc phase is stable
at a high temperature above 1120 K, while
the hcp phase attains an equilibrium phase
at room temperature.”® The slow fccehep
transformation at room temperature will
preserve the unstable fcc structure.'® A yeoe
transformation was more apparent for the
cast groups, resulting from slow cooling after
the high-temperature melting of the alloys
(Figures 3C and 3D). The e-phase improves the
strength and wear resistance of the CoCr alloys
but can lead to poor ductility.*

It is important to note that when we compare
the results of the crystallite size (Table 7) to
those of the XRD (Figure 3), we can conclude
that the heat treatment influenced only the
crystal arrangement of the group Gi, but not
its crystallite size. On the other hand, adding
ceramic to a CoCr induced a change in the
crystallite size in this group ef-theGi, proving
that an interaction occurred between the two
materials. Conversely, ceramic layering had no
major influence on the crystallite size in the
groups CS and Wi. The crystallite size differed
also between monoclinic and tetragonal phases
in group CZ, with no influence of ceramic
veneering within the same phase.

Y-TZP, a metal-oxide, may develop a chemical
bonding comparable to that of the metal-
porcelain interface.®® Authors agree that
analytical techniques with low resolution did
not allow the recording of relevant differences
in chemical elements’ composition at the
zirconia-ceramic interface.? The SEM analysis
was unable to prove a zirconia dissolution
in the feldspathic glass (Figure 1B), which
can be considered a limitation of the present
study. The authors could not prove a clear
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chemical interaction,'* comparable to the
veneering ceramic attachment to the metal
core. Nevertheless, high-resolution interfacial
ultra-morphologic characterization may have
exposed a tight interface between zirconia
and its veneering ceramic.!' Interfacial flaws
may cause stress concentrations and ceramic
debonding.*®* A recent study, using pRaman
microscopy, did not report any diffusion in
the zirconia core, but only minor element
movements in the layering porcelain.

Lower t-phase peaks were reported in the
current study after ceramic layering, combined
with some t,m phase transformation (Figure
3A). Before the veneering procedure, Y-TZP
ceramics may consist only of the t-phase.!®
Liquid presence in the veneering porcelain
may initiate a tm transformation. This t,m
phase transformation may result from veneer
diffusion into the zirconia surface during firing
processes, with high-stress concentrations
at the interface.?*** Even if the zirconia core
has been reported to stay intact,** a localized
zirconia volume increase at the interface
may influence the veneer stability.”® The
adherence of porcelain to zirconia core and its
stability in the oral environment needs further
investigation.

CONCLUSIONS

Within the limitations of the present study, the
following conclusions can be drawn:

" Group CS possesses an intimate interface
with ceramic, which can ameliorate the bonding
between the two materials.

" Unlike group Gi, which exhibited phase
transformation after fire-heating without
ceramic, the group CS group attained a stable
and final crystal arrangement upon sintering.
This stable microstructure in group CS reduces
deformation in complex FDP frameworks after
ceramic veneering.

" Pre-sintered materials showed fine,
homogeneous surfaces that can enhance
bonding with layering ceramic. Further
investigations are required to fully understand
the ceramic-pre-sintered alloys interface.
The fine grains in group CS can theoretically
improve framework adaptation.
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