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Abstract: The aim of this study is to compare the mechanical properties of three different dental
restorations’ manufacturing processes (CADCAM milling, casting and laser sintering) generated
by only one laboratory scanner focusing on marginal fit analysis and their mechanical properties.
A chrome-cobalt (Cr-Co) alloy from the same batch was used for three different methods to make an
implant abutment. This simulates a maxillary right first molar that was fixed in a hemi-maxillary stone
model. Five scans were performed by each tested framework. Nine frameworks were manufactured
for each manufacture procedure. Field-Emission Scanning Electron Microscope (FE-SEM) direct
vision was used to marginal gap measurement in five critical points for each specimen. In order to fix
the samples in the microscope chamber, the restorations were submitted at a compression load of 50 N.
The samples always have the same orientation and conditions. The resolution of the microscope is
4 nm and it is equipped by J image software. The microstructure of the samples was also determined
with the FE-SEM equipped with EDS-microanalysis. Roughness parameters were measured using
White Light Interferometry (WLI). The arithmetical mean for the Ra and Rq of each sample was
calculated. The samples were mechanically characterized by means of microhardness and flexural
testing. Servo-hydraulic testing machine was used with cross-head rate of 1 mm/min. Two-way
ANOVA statistical analysis was performed to determine whether the marginal discrepancies and
mechanical properties were significantly different between each group (significance level p < 0.05).
The overall mean marginal gap values were: from 50.53 ± 10.30 µm for the samples produced by
CADCAM to 85.76 ± 22.56 µm for the samples produced by the casting method. Laser sintering
presents a marginal gap of 60.95 ± 20.66 µm. The results revealed a statistically significant difference
(p-value < 0.005) in the mean marginal gap between the CADCAM systems studied. The higher
flexure load to fracture for these restorations were for CADCAM restoration and the lower was for
the casting samples. For these restorations, CADCAM Restoration yielded a higher flexure load to
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fracture and Casting ones yielded the lower. Porosity and microstructure play a very important role
in the mechanical properties.
Keywords: CADCAM milling; casting; laser sintering; additive manufacturing; marginal fit; Cr-Co
alloy; dental prosthesis; dental restorations; mechanical properties; roughness; flexural load to
fracture; hardness

1. Introduction
In the last decade, the dental restorative sector has probably undergone the biggest technological
revolution throughout its history. The continuous appearance of new technologies in both digital and
manufacturing industries has enabled continuous improvement throughout R + D + I in order to
overcome the drawbacks of conventional manufacturing processes.
The aforementioned revolution of the manufacturing processes has been accompanied by a parallel
digital technology revolution, along with also the near-immediate implementation of new-developed
procedures based on digital technologies [1–5]. As a result, digital dentistry revolution involved rapid
implementation of newly-developed technologies such as 3D-Imaging [3,6], computer-aided design
(CAD) [1,4,7,8], computer-aided manufacturing (CAM) [9,10], intraoral scanning [3,6], cone-beam
computer tomography (CBCT) [11–15], x-ray computer micro tomography (µ-CT) [16,17], and
computer-aided implantology [2,18], among the most relevant.
In summary, manufacturing processes have evolved over time from traditional methods, with a
high-level handicraft production component based on classic conformation methods (casting, plastic
deformation and subtractive methods), to automated computer-aided methods with a high degree
of technical sophistication using leading-edge technologies. For this latter group of state-of-the-art
processes, two main families of computer-aided processes must be highlighted, computer-aided design
and milling subtractive systems (CADCAM) and computer-aided design and fabrication additive
manufacturing methods (AM).
Digital dentistry is continually growing from the casting process, from the lost wax method for
manufacturing frameworks for dental restorations, to the use of CADCAM technology. The evolution to
digital processes avoids many mistakes and the dependence of the laboratory technician’s ability [18–20].
The use of digital processes achieves better accuracy following the workflow stages: scanning, design
and manufacturing. In recent years, new procedures and technologies, along with advanced new
materials, have helped the introduction of new methodologies to produce dental restorations [1–5].
The combination of advanced technology in both digital techniques and automated
computer-integrated manufacturing systems has led to a great leap forward in both oral implantology
and dental restoration sectors also known in the field of dentistry as Digital Dentistry or Dentistry
3.0 [10]. As a result, there is a wide range of technologies currently available for CoCr dental restoration
manufacturing. Some of them are based on subtractive manufacturing methods such as CADCAM
milling (CADCAM) systems [7–10], and the rest of the ever-expanding remaining group of processes
are based on additive manufacturing methods such as direct metal laser-sintering systems (DMLS)
occasionally referred to as Selective Laser Sintering (SLS) or Selective Laser Melting (SLM) [21–23],
Metal Injection Molding (MIM) [24], Electron Beam Melting (EOS) [25] and Laser Engineering Net
Shaping (LENS) [26], among others.
The newly state-of-art implemented technologies would theoretically enable overcoming the
intrinsic limitations of conventional manufacturing techniques (machining, casting, forge and pressing).
Some of the more important limitations would include high tolerance, low adjustment and dimensional
accuracy, limited capacity in the production of complex shapes and low volumes of production,
consequently leading to high associated product manufacturing costs.
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For the long-term framework behavior perspective, it is very important to take into account some
key-factors such as the quality of surface finishing, marginal accuracy, mechanical properties, corrosion
resistance, ion-release behavior, and of course biocompatibility [27–31]. One of the most important
aspects is the accuracy, the minimization of the gaps and high precision in the adjustment of the
structures [32–41]. Discrepancies in the marginal fit can produce recurrent caries, plaque accumulation,
periodontal diseases or fracture of the dental restoration [42–48].
Many researchers have been focusing their efforts on evaluating the gap size effect on dental
restoration functional behavior in order to determine and finally set a gap critical-size acceptance limit
value for clinical use. However, gap value strongly depends on both measuring and manufacturing
methods used. Currently, there is no general consensus regarding an acceptable tolerance limit. As a
result, a general consensus has not been found in the bibliographical surveys, which has revealed a
high level of discrepancy in the range of 35 to 120 µm [44,45,49]. In the same way, with regards to
accuracy, there is neither a specific limit value nor a general consensus amongst researchers in this
area. Some works reported that the best results were yielded by the CADCAM systems, others by laser
sintering or even through traditional casting techniques, while other authors did not find substantial
differences between these systems [50,51]. The marginal fit has a key role in the dental restoration
success and the new strategic objective (goal) would be focused on achieving a maximum gap value in
the range of 25 to 50 µm to ensure good behavior [5,52–54].
Different methodologies have been used to evaluate the marginal gaps and the fitting of prosthetic
dental restorations over time, including optical microscopy [55], profile projector [10], micro-CT [13–15]
or laser videography [30], with different results. For this research, the measurements have been
realized by High Resolution Field Emission Scanning Electron Microscope (HR-FSEM), with more than
100 measures for each model. Samples were fixed and observed with the same position and orientation
in all cases. The same batch of the CoCr alloy avoids the influence of the different materials tested on
the results. Furthermore, the flexure load to fracture of CoCr frameworks has been also determined for
all manufacturing methods evaluated, and the influence of the marginal fit and the microstructure
were also studied/evaluated. Furthermore, the originality of this contribution is also the determination
of the influence of the microstructure of the material obtained by each manufacturing process on the
mechanical properties, surface quality and the defects of the prosthesis.
2. Materials and Methods
2.1. Model Preparation
A master model was obtained from a real clinical situation: the replacement of an absent (pontic)
tooth (FDI n◦ 15) with the construction of a fixed partial denture on natural abutments (FDI n◦ 14 and
16) with three elements.
The natural teeth were prepared with a 1.2 mm deep 90◦ finish line around the contour of the
abutments (360◦ ), with a convergence angle of the walls of approximately 10◦ . The termination line,
being natural teeth, was more apical in the vestibular and palatar areas.
An impression of abutment teeth was made using an addition silicone 3M Express tm 2 Penta
with double viscosity (3M, Saint Paul, MN, USA). The impression was poured to obtain a master cast
using Diemet-E epoxy resin (ErkodentTM Erich Kopp, Pfalzgrafenweiler, Germany). Subsequently, the
master cast was duplicated, obtaining 18 working models.
Duplication procedures were performed in a room with humidity and temperature conditions
within the following limits: 70–80% and 23–25 ◦ C, respectively. All the models were made in
Diemet-E epoxy resin by the same operator and following the same working sequence protocol from a
silicon index key WirosilTM Duplicating Silicone (BEGO Herbst GmbH & Co, Bremen, Germany) and
respecting the manufacturer´s instructions. The procedure was repeated until 18 models free of pores
and imperfections were obtained.
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2.2. Study Groups Assignment
The models were divided in three groups:
- Group A: Cr-Co frameworks manufactured using wax-lost casting method. A total of nine models
were performed (n = 9);
- Group B: Cr-Co frameworks manufactured using a 5-axis CADCAM milling system. A total of nine
models were performed (n = 9);
- Group C: Cr-Co frameworks manufactured using Laser Sintering system. A total of nine models
were performed (n = 9).
2.3. Structure Design and CADCAM Manufacturing
Models were digitalized using a desktop optical scanner Imetric (Imetric 3D SA, Geneva,
Switzerland)) in a dental laboratory (Archimedes ProTM , La Seu d’Urgell, Spain). Structures were
computer-designed using specific software for prosthodontic design ExocadTM (Exocad GmbH,
Darmstadt, Germany) respecting the following specifications:
- Thickness of 0.5 mm around the entire outline of the structure;
- Pontic in FDP position (n◦ 15) with a convex shape on its cervical surface and 1 mm away from the
edentulous crest;
- Application of a space of 50 µm on the dies to 1 mm form the location of the finishing line.
Nine samples (n = 9) were manufactured by CADCAM system using 5-axis Zfx-Sauer-10 milling
cutter unit machine (Zimmer, Dachau, Germany), nine samples (n = 10) were manufactured by means
of casting using lost-wax technique with coating of phosphate and nine were manufactured by laser
sintering method using a DLMS machine EOSINT M270 (EOS, Munich, Germany). The feedstock CoCr
powder material used was powder with particle size in the range from 0.01 to 0.1 mm in diameter.
Samples were verified in terms of both dimensions and volume of the structure.
These frameworks were not cemented. All structures were made of Cr-Co alloy (Dentaurum
Gmbh&Co, Ispringer, Germany) (Figure 1) with the same chemical composition in all cases, which
was determined by energy dispersive x-ray spectroscopy (EDS) microanalysis. Co Cr alloys are the
most used in the dental restorations. One of the most interesting properties of this alloy is its wide
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Figure 1. 3D-CAD model of CoCr dental restoration evaluated.
Figure 1. 3D-CAD model of CoCr dental restoration evaluated.

Table 1. Chemical composition of CoCr alloy (wt%).
2.4. Surface Roughness
Chemical Element
Co
Cr
W
Si
C
Nb
Roughness measurements were made using non-contact White-Light (WLI) optical
(wt%)
56.53 ± 2.11
27.11 ± 1.31
9.64 ± 0.79
1.27 ± 0.80
<1%
<1.5%
interferometry (Wyko NT1100 Optical Interferometer, Veeco Instruments, Plainview, NY, USA), in
vertical scanning interferometry mode at ×10 to ×100 magnification. The interferometric technique is
ideal for imaging these surfaces as a large area of the surface can be imaged with a high vertical
resolution (≈2 nm). The analysis area was 63 × 47 µm. Data filtering and analysis were performed
with specific image analysis software (Wyko Vision 32; Veeco Instruments, Karlsruhe, Germany). A
Gaussian filter was used to eliminate tilt from every surface analysis in order to separate waviness
and form from roughness. The amplitude parameter (Sa) and the Index area (SA Index) were
evaluated for three different specimens of each group of samples. Two samples of each type and four

Metals 2020, 10, 788

5 of 18

The size of the Co-Cr powder (Remanium Star CL, Dentaurum, Ispringen, Germany) was 10–40 µm
in diameter with a coefficient of thermal expansion is 14.1 × 10−6 K−1 and with a melting temperature
around 1495 ◦ C [56].
2.4. Surface Roughness
Roughness measurements were made using non-contact White-Light (WLI) optical interferometry
(Wyko NT1100 Optical Interferometer, Veeco Instruments, Plainview, NY, USA), in vertical scanning
interferometry mode at ×10 to ×100 magnification. The interferometric technique is ideal for imaging
these surfaces as a large area of the surface can be imaged with a high vertical resolution (≈2 nm).
The analysis area was 63 × 47 µm. Data filtering and analysis were performed with specific image
analysis software (Wyko Vision 32; Veeco Instruments, Karlsruhe, Germany). A Gaussian filter
was used to eliminate tilt from every surface analysis in order to separate waviness and form from
roughness. The amplitude parameter (Sa) and the Index area (SA Index) were evaluated for three
different specimens of each group of samples. Two samples of each type and four zones in each sample
were analyzed. Ten roughness measures were obtained for each sample.
2.5. Surface Morphology and Marginal Gap Determination.
Surface morphology and composition were analyzed by means of high-resolution Field Emission
Scanning Electron Microscopy (HR-FSEM) using a Neon 40 Surface Scanning Electron Focused Ion
Beam Zeiss (Zeiss, Oberkochen, Germany) equipment with GEMINIS and Image-J software (Gemini2,
Mol. Devices, San José, CA, USA) was used for dimensional measurement analysis.
In order to fix the sample in the microcopy chamber, the models were anchored with clamps and
a 50 N load was applied to the middle of the model in order to ensure proper fixation. Load was
always applied in the same position and direction to have exactly the same angle between the model
and the electron beam. This load is applied in order to avoid micromovements which could affect
the measurements. This load (50 N) does not produce plastic deformation or damage in the model.
This method is according to the Holmes et al. and Affy et al. [57,58]. A scheme can be observed in
Figure
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2.6.
Mechanical
Testingwere determined in three areas of the vestibular regions as well as in two areas
of the palatal regions, as can be observed in Figure 2. The points are random and these are taken every
Hardness distribution in a cross-section of specimens was measured using an Akashi Vickers
1 micrometer to the right and to the left, up to a distance of 500 µm from the point to the right and
microhardness tester model MVK-H0 (Akashi, Matsusawa, Japan) with a load of 1 Kgf for a dwell
500 µm to the left. Therefore, for each point, 1000 measurements are taken. These distances and the
loading time of 15 s.
operation
distances are controlled by the software of the microscope.
There is no international standard for measuring the flexural load to fracture on dental
structures. For this reason, and according to the methods of other authors simulating the real case
[59–61], 3-point bending tests were performed.
Mechanical testing grips have been precision engineered in order to be able to carry out the load
application on the manufactured samples as close as possible to the real conditions [62]. In addition,
mechanical grips have also been precision-designed and manufactured in order to ensure a perfect
accommodation of samples during 3-point flexure tests. With regards to the starting material used
for the manufacture of testing grips, a highly resistant refractory steel has been selected in order to
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2.6. Mechanical Testing
Hardness distribution in a cross-section of specimens was measured using an Akashi Vickers
microhardness tester model MVK-H0 (Akashi, Matsusawa, Japan) with a load of 1 Kgf for a dwell
loading time of 15 s.
There is no international standard for measuring the flexural load to fracture on dental structures.
For this reason, and according to the methods of other authors simulating the real case [59–61], 3-point
bending tests were performed.
Mechanical testing grips have been precision engineered in order to be able to carry out the load
application on the manufactured samples as close as possible to the real conditions [62]. In addition,
mechanical grips have also been precision-designed and manufactured in order to ensure a perfect
accommodation of samples during 3-point flexure tests. With regards to the starting material used
for the manufacture of testing grips, a highly resistant refractory steel has been selected in order to
avoid any deformation during mechanical tests. Samples were grip-fixed in a cantilever configuration.
The load application was axially conducted by a pointed tool attached to an upper grip, which was
perpendicularly aligned with the horizontal-axis of the framework, with a single point of contact
located in the middle of the restoration (Figure 3b). The length of the clamp was 26 mm and the
point where the load is applied was in the middle (13 mm) from the ends. Mechanical assays were
performed using a universal servo-hydraulic testing machine, Bionix model 370 (MTS, Minneapolis,
MN, USA) (Figure 3c) equipped with a load cell of 25 KN. The equipment was controlled by means
of a PC interface using software TESTAR II ® (MTS, Minneapolis, MN, USA). Mechanical tests were
conducted
using
a constant
cross-head rate of 1 mm/min for all tests.
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Figure 3. Overall 3-Point Flexure test set-up. a) Lower clamp used for sample positioning, b) Upper

Figure 3. Overall 3-Point Flexure test set-up. (a) Lower clamp used for sample positioning, (b) Upper
clamp used for load application, c) MTS Bionix 370 Servo-hydraulic universal testing machine.
clamp used for load application, (c) MTS Bionix 370 Servo-hydraulic universal testing machine.

Statistical
Analysis.
2.7. 2.7.
Statistical
Analysis
Means
standard
deviationsininboth
bothSa
Saand
and SA
SA Index
Index surface
asas
well
Means
andand
standard
deviations
surfacetopography
topographyparameters,
parameters,
well
as
gap,
were
determined
for
all
group
of
samples.
T-Student
and
one-way
ANOVA
tests
(α
=
0.005)
as gap, were determined for all group of samples. T-Student and one-way ANOVA tests (α = 0.005)
were used to assess the influence of the manufacturing process on both the roughness parameters
were used to assess the influence of the manufacturing process on both the roughness parameters and
and gap. The differences were considered to be significant when p < 0.05.
gap. The differences were considered to be significant when p < 0.05.
All statistical analyses were done with a statistical software package (Minitab release 13.0;
All statistical analyses were done with a statistical software package (Minitab release 13.0; Minitab
Minitab Inc., Coventry, UK).

Inc., Coventry, UK).
3. Results

The SEM analysis of marginal gap performed in 135,000 measurements—i.e., 5000
measurements for each sample analyzed at a rate of 1000 measurements for each of the five areas of
interest evaluated. Figure 4 shows examples of the different accuracy for three samples obtained by
CADCAM, casting and laser sintering. Mean values for the CADCAM system studied. Figure 5
shows the different mean gap values (marginal fit) obtained by all manufacturing methods, which
values are summarized in Table 2. The results present statistical significance differences between the
three different processes (p < 0.05).

Metals 2020, 10, 788

7 of 18

3. Results
The SEM analysis of marginal gap performed in 135,000 measurements—i.e., 5000 measurements
for each sample analyzed at a rate of 1000 measurements for each of the five areas of interest evaluated.
Figure 4 shows examples of the different accuracy for three samples obtained by CADCAM, casting
and laser sintering. Mean values for the CADCAM system studied. Figure 5 shows the different mean
gap values (marginal fit) obtained by all manufacturing methods, which values are summarized in
Table 2. The results present statistical significance differences between the three different processes
(p
< 0.05).
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Roughness measurements results confirmed the better surface finishing of CADCAM milled as
compared with the rest of the evaluated processes, casting and laser sintering, as seen in Figure 6. As
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As seen in Figure 10b, CADCAM milled samples presented a highly homogeneous
microstructure characterized by the presence of uniform equiaxial grains with large quantities of
twins inside. This equiaxial microstructure revealed that the material has been subjected to prior
annealing heat treatment, which was realized in order to remove the internal stress generated during
the material’s production. Additionally, the presence of twins inside the crystalline grains might be
related to the residual stresses generated during the CADCAM milling process. The as-received
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accuracy in terms of marginal fit. It is well known that the influence of both ability and experience
of the laboratory technician to elaborate dental restorations has a crucial role in the quality of the
end product. We should also take into consideration the fact that the defects caused by solidification
(porous, volume contraction, chemical segregations, etc.) are important disadvantages for the fidelity
of the prosthesis´ dimensions. The laser-sintering process is somewhere in the middle, possessing the
advantages and limitations of both techniques. This manufacturing technique is also fully automated,
but does not provide the accuracy levels achieved by CADCAM milling [55,63].
Cutting instruments (fine and sharp tools) are essential to achieving accuracy with the CADCAM
Process. Nevertheless, this method also has some disadvantages such as material wastage, and wear,
tear, and damage of the cutting tools during milling which leads to an increase in production costs.
Laser sintering can produce samples with great accuracy of complex geometries where fine details are
important [64,65]. However, porosity and chemical composition segregation resulting from the use
of high melting temperatures are their main disadvantage. Regarding the final structures produced,
inner porosity and geometric distortion levels produced by laser sintering were lower than the casting
technique. Sometimes the unacceptable distortion produced unacceptable discrepancies, which were
fixed through cutting and welding [65].
Base materials used as raw materials in CADCAM milling processes are free of pores and flaws
developed due to casting [66,67]. The as-received materials have been cold-worked and treated with an
annealing–heat treatment in order to eliminate the residual stresses, as well as increasing the density of
the material through the removal of production defects. Consequently, CADCAM milled samples avoid
the presence of defects associated with solidification mechanisms of Co-Cr alloys [68–71]. The absence
of casting defects, together with the use of excellent cutting procedures, produce both the highest
levels of accuracy and the best surface finish, as can be observed by Scanning Electron Microcopy and
quantified by roughness values with statistically significant differences between each method used.
Microhardness results showed that laser-sintered microstructures presented higher hardness
values (473 ± 25) than casted samples (390 ± 15), whereas the lowest value corresponded to CADCAM
milled samples (356 ± 20). These results may be attributed to the finer distribution of the dispersed
phase. It is well known that with both finer and dispersed phase, the material presents higher hardness
due to increased obstacles for the mobility of dislocations. The casted samples showed the presence of
this second dispersed phase in their microstructure (Figure 13) but the precipitates were bigger in size
and presented in a lower quantity. This fact favors the dislocation mobility and hardness decrease.
Besides, the microstructural grain size obtained by casting were higher than that produced by laser
sintering due to the lower cooling process [68]. In addition, the presence of residual stresses during
sintering is another possible explanation for the increased hardness [72–74]. CADCAM samples did
not present a dispersed second phase in their microstructure with the exception of a few isolated
clusters of precipitates. The material did not present residual stress due to the annealing treatment,
which relaxed the stresses induced by milling
Takaichi et al. [65] showed that microstructure, porosity and mechanical properties are dependent
not only on the alloy but also on the operational parameters. The addition of W and Mo in the chemical
composition of Co-Cr alloys produces stabilization of crystalline phases with hexagonal close-packed
structures (hcp). It also strengthens the alloy through the formation of Mo and W carbide; however,
recent studies have shown that the addition of W in Co-Cr alloys could suppress the formation of
brittle and undesirable sigma (σ) phase, especially after the appropriate heat treatment.
In this study, the chemical composition was identical for each process. Therefore, it should be
suggested that differences in the mechanical properties does not depend on elemental composition,
but mainly depend on factors linked to the variations in the microstructure and defects related to the
manufacturing methods used. Laser-sintering samples showed the highest values of hardness due
to the dispersion of the fine precipitates, the presence of residual stresses and the small grain size.
These properties are due to the manufacturing process.
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However, the maximum flexure load to fracture corresponded to CADCAM milled samples,
which could be explained by the absence of extensive porosity. Porosity is undesirable, as it causes
the mechanical properties to deteriorate and increases susceptibility to corrosion, such as crevice
corrosion and pitting corrosion [28]. CADCAM milling provides structures with up to 100% nominal
density. However, laser-sintered samples do not exceed 92–95%; these values are strongly dependent
on the proper adjustment of operating conditions including laser power, temperatures, gas pressure,
scan inter-spacing, as well as scan rate and thickness. The presence of a slight porosity and pore-free
structures might explain the contradictory findings of the hardness in relation to the flexure load to
fracture. Porosity is a well-known limitation of casted structures and is associated with the shrinkage
of casting [75,76] and the gross dendritic structure of Co-Cr alloys during solidification, producing the
lowest results for the flexural load to fracture.
The absence of porosity in manufactured structures produced by the CADCAM milling method has
a positive effect on their mechanical properties as well. Several researchers are currently investigating
how to implement this knowledge and technology to increase the efficiency of the laser-sintering process.
Indeed, some researchers are focusing their efforts to assess the effect of the laser beam orientation on
the laser sintered components. The effect of the laser beam inclination on the laser-sintered frameworks
is still unknown to dentists and/or dental technicians. However, some studies indicate it is possible
to produce structures with optimal orientations in order to provide maximum strengths in different
directions due to the anisotropy [77,78].
5. Conclusions
Based on the findings of this study, it can be considered that CADCAM milling process presents
better marginal fit accuracy, surface quality (lower roughness) and higher flexure load to fracture as
compared with laser sintering and casting methods. Casting and laser sintering showed porosity (inner
and surface), residual stresses and chemical segregation in their microstructures, all of which play a
key role in the mechanical properties. Casting and sintering conditions should be improved in order to
enhance the microstructure and to avoid porosity to ensure optimal outcomes for clinical services.
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