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Abstract: The aim of this work is to assess the crystalline structure modification of an SLM Co-Cr-W
dental alloy, veneered with two different ceramics, by means of X-ray diffraction (XRD), atomic force
microscopy (AFM), and scanning electron microscopy, coupled with energy-dispersive spectroscopy
(SEM-EDS). Ten identical plates were fabricated using SLM and were subsequently subjected to
ceramic veneering. Following the repeated firing of the ceramic layers, carried out at temperatures
exceeding 900 ◦C, new crystalline phases and variations in the crystallite sizes in the SLM Co-Cr-W
dental alloy used for the substructure were detected via XRD. The two veneering ceramics showed
significant differences in their behavior, beginning with the first firing, accompanied by structural
changes. AFM micrographs and histograms of the surface heights over the whole scanned area of
the samples showed that the surface of the Co-Cr-W dental alloy is strongly affected by the repeated
firings necessitated by the ceramic firing process, a finding in accordance with the XRD results. The
SEM investigation revealed that the different firing parameters had an impact on the alloy, the ceramic
microstructure, and the surface quality. The differences in the chemical composition of the ceramics,
highlighted by EDS, are reflected in their behavior. The crystalline alloy structure is influenced by the
repeated firings of the ceramic layers.

Keywords: Co-Cr-W dental alloy; 3D printing; selective laser melting; ceramic veneering; crystalline
structure; X-ray diffractometry; atomic force microscopy; scanning electron microscopy; energy-
dispersive spectroscopy
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1. Introduction

Casting alloys have been an important part of prosthodontic treatment for more
than a century [1]. Initially, gold alloys were preferred for this purpose because of their
biocompatibility and ease of use. As the price of gold increased substantially, manufacturers
focused on less expensive alternatives such as Au-Ag-Pd and Pd-Ag alloys [2], followed
by non-precious-metal dental alloys, such as the Fe-Cr-Ni, Ni-Cr, Co-Cr, and Ti alloys.
Because of the allergenic potential of Ni-based alloys, currently, Co-Cr dental alloys are
most commonly used for dental applications [3].

Co-Cr alloys are biocompatible materials, with high strength, good wear resistance,
fatigue resistance, and corrosion resistance, along with a relatively affordable price; they
are suitable for crown and bridge substructures, partial skeletal denture frameworks, and
implants. Other elements are frequently added to improve the mechanical properties of the
material, for example, Mo and W, which contribute to solid solution strengthening [4].

Co-Cr alloys are rather difficult to process using a traditional casting technique because
of the manual manufacturing steps involved, leading to potentially low accuracy and satis-
factory quality. Computer-aided design and computer-aided manufacturing (CAD/CAM),
either subtractive or additive, offers the possibility of overcoming the disadvantages of the
casting process [5–7].

The subtractive CAD/CAM technique used for dental applications allows the software-
controlled mechanical milling of material blanks in order to obtain parts of a certain
geometry [8]. Because the blanks are produced under high industrial standards, this
reduces any flaws and pores, compared to the traditional manufacturing methods [9].
The subtractive method has the advantage of using homogenous materials, but its major
drawbacks result from material loss and high costs.

In order to overcome these disadvantages, additive CAD/CAM procedures have been
introduced. Also known as 3D printing, this process addresses the drawbacks of subtractive
manufacturing in the CAM step. In this case, the prosthetic appliances are fabricated by
layering the materials, instead of milling, and this process enables the manufacture of
polymeric materials and alloys, as well as ceramics [10].

When considering the 3D printing of dental alloys, the most widely used technologies
employ powder bed fusion (PBF): selective laser sintering (SLS), selective laser melting
(SLM), and electron beam melting (EBM) [11], which share common basic principles.
They involve a heat source that is used to consolidate the metallic powder, forming a
3D object by means of layer-by-layer deposition according to a CAD file, using a printer.
Nevertheless, each technology has unique and special features, characteristics, capabilities,
and limitations [12].

In SLS, the process consists of melting the edges of the grains, while in SLM and EBM,
the metal powder is fully melted. Different modalities are used to achieve the melting
point [9]. SLS uses a high-power laser to fuse small particles of the powder-form material,
heated just below the melting point. As the laser beam moves, the material is being
solidified. After each layer’s solidification, the powder bed is lowered by one layer of
thickness, and the emerging empty space is filled with new powder material; this process is
repeated until completion [12,13]. Unfortunately, parts fabricated by SLS are characterized
by poor surface quality and high porosity [14].

SLM aims to produce highly dense objects using CO2 or fiber lasers (Nd:YAG or
Yb:YAG) [15]. In SLM, the raw powder material is fully melted by the laser beam, resulting
in selective melt pools, which, after re-solidification, turn into fully dense parts (>99%
density, compared to 70% in SLS). The melting process can be adjusted by varying the
wavelength, laser source, and power. Nevertheless, SLM production suffers from melt pool
instabilities, which may lead to defects and imperfections such as surface roughness and
the risk of internal porosity [9].

In both SLS and SLM, post-processing treatments, such as polishing and heat treatment,
are needed to overcome the problems of poor surface quality and porosity [9]. However,
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compared to SLS, SLM is characterized by a lower occurrence of porosity and better surface
quality [12].

EBM is very similar to SLM. It uses a focused electron beam in a vacuum environment
to melt the metal powder by the transmission of kinetic energy [16].

Currently, SLM is the most widely used 3D printing technique for metal processing
in dental applications [9]. Its capability to manufacture structures of high density and
strength with complex shapes and geometries, the negligible waste of material, and the easy
processing, with no need for distinct binders or melt phases, are just some of its advantages.
The fact that the process is still expensive, compared to conventional manufacturing, and
the need for post-processing are specific disadvantages [17].

Co-Cr alloys are the most commonly used materials for PBF in dental applications.
Dental metallic substructures work under conditions of variable stress in a highly aggressive
environment, the saliva; their durability is defined by their mechanical properties and
corrosion resistance. SLM is often preferred, not only over the conventional casting method
but even over CAD/CAM milling, as it enables the manufacturing of dental prosthetic
restorations more quickly and less expensively. SLM substructures are characterized by
good internal fitting, the necessity for nominal adaptation, and ceramic bond strength [18].

2. Background of the Study

Because of the distinct manufacturing differences between casting, which implies the
complete melting and overheating of the alloy, the milling of a prefabricated metal block,
and the PBF of a fine metallic powder, large differences in the microstructural characteristics
of the substructure are to be anticipated [19].

SLM leads to a different microstructural evolution compared to that formed in casting
and milling. SLM alloy microstructures show finer grains when compared to casting
alloys [18,20], as well as to milled ones [21]; they offer better mechanical properties and
similar ceramic bond strength compared to casting alloys [22,23].

The microstructure of SLM Co-Cr prosthetic restorations greatly influences their
mechanical properties [16,24], revealing variations due to the beam parameters and scan
strategies [25,26].

In the case of crowns and bridges, the subsequent ceramic veneering of the metallic
substructure necessitates the repeated firing of the different ceramic layers at temperatures
over 900 ◦C [27].

Comparative analysis of the specific properties of metallic substructures obtained by
SLM is still limited; thus, the effect of the SLM technique on the mechanical, electrochemical,
microstructural, and other properties of the resulting products is still not extensively
documented [19,24,28].

Most of the available studies concerning the influence of repeated firings on porcelain-
fused-to-metal SLM Co-Cr restorations are mainly focused on the evaluation of their
marginal and/or internal fit [7,29,30], or on testing the metal–ceramic bond strength [31–37].

Altintas et al. reported that repeated firing has a negative effect on the passive
fit of metallic substructures that had been obtained via laser sintering [38], while other
studies showed no significant influence of repeated firings on the marginal accuracy of
SLM copings [39] or SLM crowns, exhibiting a marginal and internal accuracy that was
comparable to those created using conventional production procedures [29].

The results of previously published studies that aimed to assess the alloy’s microstruc-
ture following simulated ceramic firing are also quite controversial.

Rylska et al. aimed to compare the microstructure of cast, milled, and 3D-printed alloys
that were subjected to porcelain firing from the corrosion point of view, and concluded
that SLM alloys exhibited the highest corrosion resistance due to the microstructural
homogeneity of the oxide layers and the fact that the specimens retained their structure [40].

Zeng et al. aimed to assess a Co-Cr-Mo alloy, fabricated by SLM, from the standpoint
of its corrosion behavior before and after ceramic firing. The ceramic firing altered the mi-
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crostructure, microhardness, and X-ray photoelectron spectroscopy (XPS) results, although
it had no significant influence on the corrosion behavior of the SLM alloy [41].

Xin et al. examined the microstructure and surface composition of an SLM Co-Cr
dental alloy before and after ceramic firing, using metallographic microscopy, X-ray diffrac-
tion (XRD), and XPS. Although the ceramic firing resulted in an alteration of the alloy
microstructure, the samples still exhibited a compact and homogeneous structure, and
no significant differences were detected in the surface composition of the specimens after
firing [42].

Jabbari et al. compared the microstructure, porosity, mechanical properties, ion release,
and tarnish resistance of Co-Cr alloys developed via conventional casting, milling, SLM,
and the milling of soft metal, concluding that the porcelain firing did not affect their
microstructural characteristics [43].

Li et al., after an investigation of the ceramic bond strength of Co-Cr alloys processed
by casting, milling, and SLM, concluded that their microstructures were not affected by
ceramic firing [34].

Lin et al. tested two types of alloys: a high Cr-Mo alloy without Be and a low Cr-Mo
alloy with Be, examined via XPS and XRD. Both alloys exhibited new phases in their
microstructure and showed significant changes in hardness after firing. In addition, there
was a slight increase in CrO(x) on the surface of the Be-free alloy, and increased Mo-Ni was
also observed on the surface of both alloys. The ceramic firing process changed the alloys’
hardness, microstructure, and surface composition [44].

The aim of this work is to assess the crystalline structure modification of the metallic
substructure of an SLM Co-Cr-W dental alloy veneered with ceramics, following repeated
firings of the ceramic layers that were carried out at temperatures exceeding 900 ◦C,
employing XRD. Analyses using atomic force microscopy (AFM) and scanning electron
microscopy, coupled with energy-dispersive spectroscopy (SEM-EDS), complemented the
research. Two feldspathic veneering ceramics with different firing parameters were used,
in order to determine if any difference in the alloy’s behavior could be detected.

3. Materials and Methods
3.1. Materials and Sample Preparation

A total of 10 identical square plates were fabricated using SLM. The dimensions of
the plates were 5 × 5 mm, with a thickness of 0.3 mm. These dimensions were chosen so
that the samples would fit into the diffractometer tray and would correspond to the clinical
requirements for the metallic substructure thickness of a metal–ceramic crown. The design
was defined using the exocad basic (Darmstadt, Germany) software.

Remanium star CL Co-Cr-W alloy (powder), Type 5 (Dentaurum, Ispringen, Germany)
was used for the SLM fabrication of metal plates. The nominal chemical composition of the
alloy is given in Table 1 [45].

Table 1. Chemical composition of remanium star CL Co-Cr-W alloy (as given by the manufacturer).

Component (wt %)

Co 60.5
Cr 28
W 9
Si 1.5

Other elements < 1%: Mn, N, Nb, Fe; free from Ni, Be, and Ga

The Mlab 200R SLM (GE Additive, West Chester, PA, USA) machine was used for the
fabrication of the metal plates. The Mlab 200R SLM machine uses a laser system of 200 W,
with a scanning speed of 7 m/s and a focus diameter of approximately 75 µm. The printing
process takes place under inert gas, shielded from external influences. The printing planes
are perpendicular to the SLM building direction.
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After finishing the printing procedure, the plates were removed from the printing tray
using a micromotor disc and were then sandblasted using a sandblasting machine standard
for dental use.

Subsequently, each of the 10 plates was subjected to ceramic veneering, as described
in Tables 2 and 3. To ensure the flatness of the samples, the ceramics were layered while
keeping the same thickness of 1.5 mm, which matches the clinical requirements.

Table 2. Ceramic firing parameters of the P1 samples.

Sample Number Ceramic Layers Deposited on
the C Side

Number of Firings and Firing Parameters for
Each Ceramic Layer

1_Co-Cr-W_alloy As-3D-printed
(no ceramic layering) No firing

2_P1_C Opaquer First firing at 930 ◦C for 13 min

3 _P1_C Opaquer + Dentin First firing at 930 ◦C for 13 min and
second firing at 910 ◦C for 15 min

4_P1_C Opaquer + Dentin + Enamel
First firing at 930 ◦C for 13 min, second firing at

910 ◦C for
15 min, and third firing at 900 ◦C for 14 min

5_P1_C Opaquer + Dentin + Enamel + Glaze

First firing at 930 ◦C for 13 min, second firing at
910 ◦C for

15 min, third firing at 900 ◦C for 14 min, and
fourth firing at 800 ◦C for 15 min

Table 3. Ceramic firing parameters of the P2 samples.

Sample Number Ceramic Layers Deposited on
the C Side

Firing Parameters and Firing Parameters for Each
Ceramic Layer

2_Co-Cr-W_alloy As-3D-printed
(no ceramic layering) No firing

2_P2_C Opaquer First firing at 940 ◦C for 7 min

3_P2_C Opaquer + Dentin
First firing at 940 ◦C for 7 min and second firing at

930 ◦C for
7 min

4_P2_C Opaquer + Dentin + Enamel First firing at 940 ◦C for 7 min, second firing at 930 ◦C
for 7 min, and third firing at 920 ◦C for 5 min

5_P2_C Opaquer + Dentin + Enamel + Glaze
First firing at 940 ◦C for 7 min, second firing at 930 ◦C
for 7 min, third firing at 920 ◦C for 5 min, and fourth

firing at 900 ◦C for 5 min

Two different feldspathic ceramics from two different manufacturers (P1 and P2), with
different firing parameters, were used for veneering the Co-Cr-W alloy plates. IPS InLine
(Ivoclar, Schaan, Liechtenstein) Basic Kit was used for 5 plates (P1) and the Baot Metal
Ceramic Standard Kit (Baot, China) for the other 5 plates (P2). Only one side of the samples
was layered with ceramic (denoted as C), while the other side was left unlayered, consisting
of as-3D-printed Co-Cr-W dental alloy (denoted as M). The firing parameters used were
chosen according to the manufacturer’s instructions (Tables 2 and 3). The veneering and
the firing were carried out by the same dental technician (C.S.). Each of the samples was
placed in the center of the ceramic furnace.

The chemical composition of IPS InLine (Ivoclar, Schaan, Liechtenstein), the ceramic
layers of Dentin, Enamel (Transpa), Glaze, and Opaquer (according to the manufacturer), is
given in Table 4 and is described as consisting of a glassy matrix and leucite crystals [46].
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Table 4. Chemical composition of IPS InLine (Ivoclar, Schaan, Liechtenstein) ceramic layers (as given
by the manufacturer).

Component Dentin, Enamel (wt %) Glaze (wt %) Opaquer (wt %)

SiO2 59.5–65.5 61.0–68.0 35.0–55.0
Al2O3 13.0–18.0 5.0–8.0 8.0–14.0
K2O 10.0–14.0 5.0–8.0 7.5–13.0

Na2O 4.0–8.0 5.0–8.0 3.5–5.5
ZrO2 - - 14.0–39.0
ZnO - 2.0–4.0 -

Other oxides 0.0–4.0 3.5–17.0 0.0–3.0
Pigments 0.0–2.0 0.0–1.0 4.0–20.0
Glycols - 30.0–40.0 26.0

The BAOT’s ceramic powder constituents are, according to the literature: “silicon
oxide, aluminum oxide, potassium oxide, sodium oxide, zirconia, calcium oxide, boron
oxide, etc. It is mainly introduced from potassium feldspar, and through catalysis, it
crystallizes repeatedly to form garnet crystals” [47].

However, the chemical compositions of the alloy and the ceramics, as determined by
EDS, are presented in the results section.

3.2. Microstructure Assessment
3.2.1. X-ray Diffraction (XRD)

XRD in the angular range of 2θ = 20–60◦ was carried out using the XRD X’Pert PRO
MPD diffractometer (PANalytical, Almelo, The Netherlands), using Cu-K radiation, and
was operated at 40 kV and 30 mA. Both sides of the samples (the C and the M sides) were
analyzed and the obtained diffraction patterns were indexed according to the inorganic
crystal structure database (ICSD).

3.2.2. Atomic Force Microscopy (AFM)

The surface characterization of the Co-Cr-W dental alloy, depending on the number of
firings, was further evaluated with an atomic force microscope, the Easy Scan 2 Advanced
Research (Nanosurf AG, Liestal, Switzerland). The values of the roughness parameters,
namely, root-mean-square height, Sq (nm), and peak-to-valley height, Sy (nm), were
quantified. The surface topography was provided using AFM three-dimensional images
with a scan size of 1.12 µm × 1.12 µm, taken in contact mode.

3.2.3. Scanning Electron Microscopy, Coupled with Energy-Dispersive Spectroscopy
(SEM-EDS)

The microstructure (×3000 magnification) and chemical composition SEM-EDS investi-
gations were carried out using an Inspect S system (FEI Company, Hillsboro, OR, USA).

4. Results
4.1. X-ray Diffraction

The XRD pattern of the deposited ceramic layers is shown in Figure 1. In accordance
with the evolution of XRD patterns for P1, after the first firing (2_P1_C), of the opaquer
layer, all diffraction peaks were indexed as KAlSi2O6 (JCPDS no. 01-085-1626) and ZrO2
(JCPDS no. 01-078-0047) at percentages of 58% and 42%, respectively (Figure 1a).

The second firing determined the complete formation of a KAlSi2O6 phase with a
tetragonal symmetry, and no formation of impurity phases was observed in the 3_P1_C
sample. The third and fourth firings (4_P1_C and 5_P1_C) only decreased the crystalline
quality of the KAlSi2O6 phase (Figure 1a).
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Figure 1. (a) X-ray diffraction (XRD) patterns of P1_C samples at room 
temperature; (b) XRD patterns of P2_C samples at room temperature. 

 

Figure 1. (a) X-ray diffraction (XRD) patterns of P1_C samples at room temperature; (b) XRD patterns
of P2_C samples at room temperature.

P2 showed a different behavior during the first firing, following the depositing of
the opaquer, additionally highlighting the Si crystalline phase. The KAlSi2O6:ZrO2:Si
crystalline phase distribution is 55%:13%:32% (Figure 1b). After the second firing, KAlSi2O6
became the unique crystalline phase. Subsequent deposition decreased the crystalline
structure. In the case of the 5_P2_C sample, when subjected to the fourth firing, the ordered
structure of the ceramic layer was destroyed, becoming amorphous. Thus, the Si content
has a certain impact on the ceramic’s behavior.

As shown in Figures 2 and 3, the structure of the Co-Cr-W dental alloy is strongly
affected by the repeated firings of the ceramic layers, especially by the first firing of the
opaquer, which takes place at 930 ◦C for P1, and at 940 ◦C for P2 (samples 2_P1_M and
2_P2_M, respectively). The modification of the crystalline quality is clearly reflected in the
intensity of the diffraction peaks.

Figure 2. (a) XRD patterns of the P1_M samples at room temperature; (b) enlargement of the indexed
XRD peaks of the Cr2O3 crystalline phase.

The intact 3-D-printed samples of 1_Co-Cr-W_alloy display a low, crystalline, ordered
structure based on the mixture of two polymorphs of cobalt metal with hexagonal symmetry
(JCPDS no. 00-001-1278, space group: P63/mmc) and cubic symmetry (JCPDS no. 00-015-
0806, space group: Fm3m). The structure was transformed into a high crystalline cubic
structure after the first firing, regardless of the ceramic used for veneering.
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Figure 3. (a) XRD patterns of the P2_M samples at room temperature; (b) enlargement of the indexed
XRD peaks for the Cr2O3 crystalline phase.

The subsequent firings caused a different evolution of the M samples, depending on
the ceramic used and variations in the firing temperature. In the case of P1, the structural
changes of the dental alloy were moderate, almost as if the high crystalline cubic structure is
a stabilizing influence. Conversely, in the case of P2, the crystalline structure of the dental
alloy continued to change abruptly (Figure 4a–c). All P1_M and P2_M samples also revealed
the presence of the Si crystalline phase (cubic, JCPDS no. 01-080-0018, space group: F-43m).
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(a) (111) crystal plane of Co; (b) (200) crystal plane of Co, and (c) (110) crystal plane of Cr2O3.



Appl. Sci. 2023, 13, 8052 9 of 20

Furthermore, a new crystalline phase of Cr2O3 with rhombohedral symmetry (JCPDS
no. 01-082-1484, space group: R-3c) developed during the ceramic deposition process
(Figures 2b and 3b). According to Table 5, P1 favored the chromium oxidation of the
dental alloy at up to 5.3% of (110) relative intensity, in contrast to the 15.65% value in
the case of P2. The relative intensity for the (110) crystal plane of Cr2O3 was obtained by
dividing the absolute intensity of this peak by the absolute intensity of the most intense
peak corresponding to the (111) crystal plane of Co, then converting it to a percentage.

Table 5. The evolution of the relative intensity for the (110) crystal plane of Cr2O3 after each firing.

Sample I(110) Cr2O3 (%) Sample I(110) Cr2O3 (%)

1_P1 0 2_P2 0
2_P1_M 5 2_P2_M 5.15
3_P1_M 6.4 3_P2_M 5.8
4_P1_M 5.1 4_P2_M 10.85
5_P1_M 5.3 5_P2_M 15.65

To further analyze whether chromium oxidation is a surface or bulk process, the
Cr2O3 layer was removed by polishing. The XRD pattern revealed that there was no Cr2O3
phase, highlighting the fact that chromium oxidation occurs only at the surface of the alloy,
with the red dot representing the intensity of the crystallographic planes after polishing
(Figure 4a). The low crystalline ordered structure and the lower intensity of the planes
of the polished sample, compared with the unpolished sample, highlight the fact that the
structural transformation of the dental alloy is a surface process (Figure 5).

Figure 5. XRD patterns of the 5_P2_M sample before and after polishing, at room temperature.

The Cr2O3 layer and the surface characteristics of these structural transformations
play an important role in the bonding of the ceramic to the metallic substructure.

4.2. Atomic Force Microscopy

AFM micrographs and histograms of the surface heights over the entire scanned area
of the samples are shown in Table 6. It can be seen that in both the SLM substructures, the
surface height distribution is Gaussian, and no asymmetry is observed in the histograms,
representing a homogenously rough surface. In accordance with the XRD results, the sur-
face of the Co-Cr-W dental alloy was strongly affected by the repeated firings necessitated
by the ceramic layering, especially by the first firing, this being highlighted by the height
distribution. With a similar evolution of the crystalline structure (Figure 4a,b), the as-3-D-
printed, Co-Cr-W dental alloy sample had a height distribution in the range of 6–52 nm,
which abruptly increased to 6–130 nm for both the 2_P1_M and 2_P2_M samples. Thus,
from the point of view of the surface heights, in the case of the first firing, temperature is
primarily responsible for the structural modification. In contrast, the subsequent firings
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caused a different evolution of the M samples, depending on the ceramic used and its firing
parameters. While for the 3_P1_M and 4_P1_M samples, a small diminution in the surface
heights was highlighted, in the case of the 4_P2_M sample, the decrease is much more
obvious, with values in the range of 5–75 nm. Based on the XRD results, this evolution of
the Co-Cr-W dental alloy surface may be caused by the much more intensive development
of the Cr2O3 layer in the 4_P2_M sample than in the 4_P1_M sample (Table 5). It can also
be observed that, in the 2_P2_M, 3_P1_M, and 4_P1_M samples, the Gaussian “bells” are
wider, which is an indication of a high number of roughness components on the tested
area. In the case of the 2_P2_M and 4_P1_M samples, fewer but larger artifacts are evident
in the micrographs, while the 3_P1_M micrograph reveals more numerous but smaller
surface artifacts. The Sq and the Sy values of the M samples are summarized in Table 6
and correspond to the evolution of the crystalline structure of the Co-Cr-W dental alloy
substructure during the repeated firings.

Table 6. AFM micrographs, histograms of the surface heights, and Sq and Sy values after each firing.

Sample AFM Micrograph Histogram of Height Distribution Sq
(nm)

Sy
(nm)

1_Co-Cr-W_
alloy

1 
 

 

4.33 32.52

2_P1_M 35.96 182.04

2_P2_M 28.24 176.51
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Table 6. Cont.

Sample AFM Micrograph Histogram of Height Distribution Sq
(nm)

Sy
(nm)

3_P1_M 16.0 88.16

3_P2_M 12.64 83.67

4_P1_M 15.29 147.91

4_P2_M 11.85 103.04

4.3. Scanning Electron Microscopy, Coupled with Energy-Dispersive Spectroscopy

SEM images of the C and M sides of the samples that exhibited the most significant mi-
crostructural modifications, namely, 2_P1, 2_P2, 4_P1, and 4_P2, are shown in Tables 7 and 8,
along with the chemical composition, as determined by EDS. Table 8 also includes the results
of SEM-EDS for the as-3-D-printed Co-Cr-W alloy.
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Table 7. SEM (×3000 magnification) and EDS images of 2_P1_C, 2_P2_C, 4_P1_C, and 4_P2_C.

Sample SEM Image Si
wt %

Al
wt %

K
wt %

Na
wt %

Zr
wt %

Ti
wt %

V
wt %

2_P1_C 28.90 11.17 11.19 10.47 38.27 - -

2_P2_C 35.20 11.31 13.42 8.74 18.65 9.60 3.08

4_P1_C 63.50 5,44 13.52 17.54 - - -
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Table 7. Cont.

Sample SEM Image Si
wt %

Al
wt %

K
wt %

Na
wt %

Zr
wt %

Ti
wt %

V
wt %

4_P2_C 58.19 15.35 14.69 11.77 - - -

Table 8. SEM (×3000 magnification) and EDS images of 1_P1_M, 2_P1_CM, 2_P2_M, 4_P1_M, and
4_P2_M.

Sample SEM Image Co wt % Cr wt % W wt % Si wt %

Co-Cr-W_alloy 59.76 28.17 9.33 2.74

2_P1_M 52.66 33.66 10.09 3.59
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Table 8. Cont.

Sample SEM Image Co
wt %

Cr
wt %

W
wt %

Si
wt %

2_P2_M 42.58 34.93 9.87 12.62

4_P1_M 51.5 34 9.45 5.05

4_P2_M 42.35 38.12 8.91 10.54

According to the SEM image, the surface of the 2_P1_C sample, layered with the
opaquer and followed by firing at 930 ◦C, is characterized by high roughness and numerous
defects, including the discontinuities and pores highlighted in the image. The observed
porosity is probably related to opaquer condensation issues.
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The SEM image of the 2_P2_C sample, layered with the opaquer following firing at
940 ◦C, reveals an improved surface roughness and texture, combined with a smaller volume
fraction of surface defects, compared to the 2_P1_C sample fired at a lower temperature.

The SEM image of the surface of the 4_P1_C sample, with a multi-layered ceramic
coating consisting of opaquer, dentin, and enamel, the subsequent firing at different tem-
peratures (930 ◦C, 910 ◦C, and 900 ◦C) reveals a relatively smooth texture; no significant
porosity can be observed.

The SEM image of the 4_P2_C sample with a multi-layered ceramic coating, consist-
ing of opaquer, dentin, and enamel, followed by firing at different temperatures (940 ◦C,
930 ◦C, and 920 ◦C), exhibits a very smooth and homogeneous surface texture as a result of
higher firing temperatures, while no significant surface defects, i.e., voids and microcracks,
are detected.

The EDS analysis of the 2_P1_C sample revealed contents of Si, Al, K, Na, and Zr
specific to the ceramic opaquer. In the case of the 2_P2_C sample, additional Ti and V
contents were found, with the Zr content being much lower compared to that in the 2_P1_C
sample, corresponding to the chemical composition of the opaquer as given by the manu-
facturer. The EDS chemical analysis of the 4_P1_C and 4_P2_C samples revealed contents
of Si, Al, K, and Na that are specific for feldspathic ceramics. The EDS revealed a good
correlation between the elemental composition and the crystalline phases, as highlighted
by the XRD analysis.

SEM, coupled with the EDS results regarding the M sides of the investigated samples,
revealed the samples’ surface characteristics following ceramic veneering at different firing
temperatures. In the case of the as-3-D-printed sample (of Co-Cr-W dental alloy), the
surface exhibited a rough texture, while the chemical composition provided by the EDS
analysis was close to the alloy’s nominal composition, although possessing a slightly higher
Si content. The other M samples also exhibited varying degrees of roughness, which is in
accordance with the AFM results.

Moving on to the feldspathic ceramic-veneered samples, the opaquer layering (2_P1
and 2_P2), and the differently applied firing parameters certainly affected the surface quality
and the chemical composition of the samples. The 2_P2_M sample fired at 940 ◦C exhibited
a higher volume fraction of the ceramic products on the metal’s surface than the 2_P1_M
sample, which was fired at a lower temperature (930 ◦C). This observation is also confirmed
by the elemental analysis provided in Table 8, which, in the case of the 2_P2_M sample,
revealed a much higher Si content: 12.6 wt %, instead of 4 wt %, and 3 wt % in the case of the
2_P1_M sample and the as-3D-printed Co-Cr-W alloy, respectively. Similarly, the 4_P1_M
and 4_P2_M samples, which received a multi-layering ceramic coating using different firing
conditions, exhibited surface roughness and chemical composition differences. The 4_P2_M
sample, which was veneered at higher temperatures, was characterized by a higher volume
fraction of ceramic microstructural constituents, as shown in the above SEM images, also
exhibiting a larger Si content compared to the 4_P1_M sample, which was fired at lower
temperatures. In particular, the 4_P1_M sample contained almost half the content of Si in
comparison with the 4_P2_M samples.

Based on these microstructural observations, combined with the elemental analysis
results, it can be concluded that the firing process parameters in both types of feldspathic
ceramic coatings (opaque layered and multi-layered) can also have a significant effect on
the surface characteristics and chemical composition of the M sides of the studied samples.

5. Discussion

The present study aims to evaluate the influence of ceramic veneering and of its firing
parameters on the microstructure of SLM Co-Cr-W alloy, which was used as a substructure.

The results of the current study reveal that the microstructure of the SLM substructure
has been affected by the ceramic layer firing procedure; much more significantly, the
behavior of the alloy is strongly dependent on the firing temperature.
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The ceramics themselves exhibited noticeably different behavior, by means of these
structural changes, as a result of differences in the firing process.

The XRD analysis provided detailed information about the crystallographic structure,
chemical composition, and phase identification, also yielding information on how the sam-
ples’ microstructures deviated from the initial structure when subjected to repeated firings.

The as-3-D-printed samples, 1_P1 and 1_P2, consisting of only Co-Cr-W dental alloy
that was not layered and not fired, displayed a low, crystalline, ordered structure. The
structure transforms into a high crystalline cubic structure after the first firing of the opaquer
layer, regardless of the ceramic used for veneering. The modification of crystallinity quality
is clearly reflected in the intensity of the diffraction peaks (Figures 2 and 3).

The subsequent firing steps caused a different evolution of the alloy’s crystalline
structure, depending on the ceramic used. In the case of P1, the structural changes were
moderate, while in the case of P2, the crystalline structure of the dental alloy continued
to change (Figure 4a–c). It is likely that the variations in the firing temperature (Table 1)
between the two deposition processes were responsible for these differences.

The Cr2O3 crystalline phase, which developed during the repeated firings (Figures 3b
and 4b), indicated the different percentages of the (110) relative intensity: 5.3%, in the case of
P1, and 15.65%, in the case of P2 (Table 5), once more emphasizing the behavioral differences.
Chromium oxidation was proven to be a surface process (Figure 5), one that is quite normal
and to be expected, as it plays an important role in the bonding of the ceramic to the metallic
substructure. In the case of the metal–ceramic bond, chemical bonding is the predominant
form; this refers to the reaction between the ceramic and the metal oxide layer, with the latter
playing a fundamental role. Particularly in the case of base metal alloys, a certain saturation
of both the metal and the ceramic with metal oxides occurs, ideally resulting in the formation
of an oxide layer [37].

The dental Co-Cr alloys present oxidation surface morphologies and thicknesses that
are known to be dependent upon the fabrication technique [34]. Much more significantly,
differences in the alloy microstructures that are caused by the different manufacturing
methods might also simultaneously change the nature of the surface oxidation, resulting in
significantly modified adhesion behaviors [48].

The two veneering ceramics also showed different behaviors, starting with the first
firing of the opaquer layer. It is common knowledge that the opaquer acts as an interface
between the alloy and the ceramic and is also involved in the bonding between the two
materials [49].

In the case of P1, the diffraction peaks were indexed as KAlSi2O6 (leucite), a typical
crystalline phase related to the ceramic as a result of surface crystallization, along with
ZrO2, a component of the opaquer. The second firing determines the complete formation of
the KAlSi2O6 phase, with no formation of the impurity phases. The third and fourth firings
only decreased the crystallinity quality of the KAlSi2O6 phase (Figure 1a).

P2 showed a different behavior during the first firing, additionally highlighting the Si
crystalline phase (Figure 2). After the second firing, KAlSi2O6 became a unique crystalline
phase. The subsequent firing steps determined the decrease in the crystalline structure
until, in the case of the fourth firing, the ordered structure of the ceramic layer was de-
stroyed, becoming amorphous; this indicates that the Si content may affect the behavior of
the ceramic.

In accordance with the XRD results, the AFM surface analysis indicates that the Co-
Cr-W dental alloy is strongly affected by the repeated firings necessitated by the ceramic
layering, especially by the first firing (opaquer layer). Both P1 and P2 samples display a
large increase in the surface roughness, which is evident in both Sq and Sy. The height
distribution abruptly increases from 6–52 nm, for the as-3-D-printed, Co-Cr-W dental alloy
sample, to 6–130 nm for both the 2_P1_M and 2_P2_M samples, which is similar to the
evolution of the crystalline structure (Figure 4a,b). Thus, from the perspective of the surface
heights, in the case of the first firing, the temperature was primarily responsible for the
structural modification.
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After the second firing, the roughness slightly decreased, followed by an increase
during the subsequent firing steps. This behavior indicates that the firing process can cause
inconsistent fluctuations in the surface roughness, depending on the firing step. It should
be noted that this behavior was evident for both P1 and P2 samples. Based on the XRD
results, the differences in the alloy surface can also be correlated with the development of
the Cr2O3 layer, which occurs much more intensively in the 4_P2_M sample than in the
4_P1_M sample.

SEM-EDS investigation confirmed that the different firing parameters affected both the
C and M sides of the samples, their surface characteristics, and their chemical composition.
In terms of the C sides, the SEM-EDS analysis revealed that the application of the opaquer
layer resulted in a rough surface with a relatively high volume fraction of pores and micro-
cracks for both experimented firing temperatures of 930 ◦C (2_P1_C) and 940 ◦C (2_P2_C).
However, the higher firing temperature (2_P2_C) resulted in a more homogeneous surface,
with limited porosity.

The further application of the dentin + enamel ceramic layers (4_P1_C and 4_P2_C),
resulted in a surface texture that was characterized by few (4_P1_C) or even by no surface
discontinuities (4_P2_C), the latter being fired at higher temperatures (Table 7).

In the case of the M sides of the investigated samples, variable degrees of roughness
may be observed, which is in accordance with the AFM results. The higher firing tempera-
ture of P2 led to a greater number of ceramic constituents on the samples’ M sides, which
can clearly be observed in Table 8. The higher Si content, observed in both the opaquer
(2_P2_C) and the multi-layered samples (4_P2_C) at higher firing temperatures, confirms
the abovementioned finding.

The present study clearly indicates that the repeated firings and the firing temperature
have a certain influence on the microstructure of the investigated samples. Our findings
are in accordance with those of Zeng et al. [41] and Lin et al. [44], who reported that
ceramic firing altered the microstructure of the SLM substructure. Much more significantly,
Lin et al. [44] also detected new phase formation by means of XRD.

The study by Xin et al., which used XRD, XPS, and metallographic microscopy for
determining the microstructure and surface composition of an SLM Co-Cr dental alloy
before and after ceramic firing, demonstrated an alteration of the alloy microstructure but,
nevertheless, concluded that the samples retained a compact and homogeneous structure,
and no significant differences in the surface composition after firing were detected [42].

The present study is in opposition to the findings of Rylska et al. [40], Jabbari et al. [43],
and Li et al. [34], which revealed no modification of the alloys’ microstructure or the surface
composition following ceramic firing.

To our knowledge, the previously published studies aimed to assess the alloy’s mi-
crostructure following simulated ceramic firing, with the samples only being subjected to
the firing protocol, but no ceramic layering was carried out. However, the results of the
SEM-EDS investigation indicated that the ceramic itself, along with the firing process, are
reflected in the alloy’s microstructure.

According to Tripathi et al., the firing temperature has a certain influence on ceramic
structures, with the increasing firing temperature gradient being of the utmost importance.
Their findings indicate that a higher firing temperature results in a surface characterized
by less significant porosities, as shown by there being fewer peaks obtained by the XRD
graphs [50]. This conclusion is in accordance with our results; the 4_P2_C sample, fired
at higher temperatures, exhibited a smoother and more homogeneous surface texture,
compared to the 4_P1_sample, as shown in the SEM images (Table 7). The XRD graphs
(Figure 1) confirm this fact, revealing fewer peaks in the case of the 4_P2_C sample, compared
to the 4_P1_C sample.

From a practical point of view, in the humble opinion of the authors, the conducted
experiments provide an avenue for further investigation since several issues require a more
detailed approach and further analysis.
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The current study should be considered a pilot study and further investigation on
increased sample size will be carried out. Increasing the sample size will boost the statistical
power of the tests. Further investigations into the differences in ceramic composition and
the firing parameters, which triggered their dissimilar behavior, should be carried out, as
well as including an increased number of ceramic veneering products in the test.

6. Conclusions

Within the limitations of this study, the main conclusions are as follows:

• The microstructure of the SLM Co-Cr-W dental alloy was influenced by the repeated
firings due to the use of ceramic veneering.

• New crystalline phases and variations in the crystallite size of the SLM Co-Cr-W dental
alloy used for the substructure could be detected using XRD.

• The Cr2O3 crystalline phase was limited to the surface of the alloy, being involved in
the metal–ceramic bond.

• The AFM surface analysis and SEM-EDS investigations confirmed the XRD results,
indicating that the Co-Cr-W dental alloy is strongly affected by the repeated firings.

• The two veneering ceramics showed significant differences in their behavior, beginning
at the first firing, which was accompanied by a complete structure change. The surface
quality of the ceramic layering was improved by an increase in the firing temperature.
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