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Abstract

This chapter seeks to compare the properties of samples manufactured by additive
manufacturing (AM) by the selective laser melting (SLM) technology and compare with
the precision casting (PC) processes using the Co-Cr-Mo (ASTM F75) alloy to manu-
facture of dental prosthesis. This AM process can be manufactured three-dimensional
models by means of a laser beam that completely melts particles of powder depos-
ited layer by layer. However, it is still relevant to know the properties of: performance,
dimensional, mechanical and microstructural of this laser melting process and compare
with a convencional process. The results of mechanical evaluation showed that the SLM
technique provides superior mechanical properties compared to those obtained by the
PC technique. It is possible to verify that the consolidation by SLM technique results
in lower presence of porosity than PC technique. In addition, PC samples presented
a gross dendritic microstructure of casting process. Microstructural analysis of SLM
samples results in a characteristic morphology of layer manufacturing with ultrafine
grains and a high chemical homogeneity. In this way, the development of the pres-
ent study evidenced to improve the manufacture of customized components (copings)
using the SLM technology.

Keywords: Co-Cr-Mo alloy, biomaterial, additive manufacturing, selective laser melting,
precision casting
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1. Introduction

Metal powders of cobalt-chromium (Co-Cr) alloy are widely used in various sectors of the
automotive, aeronautics, and aerospace industry, because of its high wear resistance and ade-
quate corrosion resistance also being used in surface coating to increase performance com-
ponents [1, 2]. In addition, the biocompatibility properties are suitable and are being used in
the manufacture of medical and dental prosthetics [3-7]. The use of Co-Cr alloys is widely
discussed to manufacture medical and dental implants or prostheses [7-9] presenting positive
aspects in relation to biocompatibility analysis. The necessity for characterization and biologi-
cal evaluations, physical-chemical, and mechanical are basic requirements for the develop-
ment of new biomaterials applied in medical devices. In general, biomaterials need to present
a final clinical characteristic (bio-functionality) and biocompatibility [10, 11].

Since 1930, Cobalt-Chromium-Molybdenum (Co-Cr-Mo) alloys processed by casting were
used as dental alloys and later adapted for use in orthopedic implants [12, 13]. According to
Jabbari et al., Co-Cr alloys are used almost exclusively in the manufacture of metal structures
prostheses and recently is replacing Ni-Cr alloy or alternatively for the production of resto-
rations in porcelain fused to metal (PFM), because Co-Cr alloy is Ni-free and does not have
allergic responses or toxic effects related to Nickel [14].

The coefficient of thermal expansion (CTE) is a thermal property of the alloy, is of great inter-
est in cases of applications in dental components, that requires ceramic coating, such as the
dental crown. In this case, it is shown by Refs. [6, 15, 16] that Co-Cr alloys should have a CTE
value in the range of 14.0-14.6 x 10 °C™* at temperatures from 500 to 600°C to the correct
ceramic firing process, as coating of the metal component. The CTE of ceramic materials for
coating applications in metallic materials should be close, providing a good adjustment due
to contraction and expansion during heating, thus avoiding the possibility of voids or cracks
occurring during the firing process [15, 17].

Currently, the lost wax casting method is the most widely used, but has faced competition
from other manufacturing processes [17]. Several authors [18-20] describe the development
of AM technologies providing the creation of final customized implants. Techniques such
as stereolithography were implemented to manufacture resin models for posterior manufac-
ture of dental prostheses (crowns and bridges) by conventional process of lost wax castings.
Mechanical, chemical, and microstructural properties are evaluated in comparison to new
AM technologies, for example, the selective laser melting (SLM) in relation to conventional
techniques as lost wax casting [21-23]. In this way, the preparation of medical and dental
components provides customized final components with high mechanical properties, com-
pared to conventional techniques (see Figure 1) [24].

Notably in health area, this technology is competitive over other traditional manufacturing
processes by advances occurred in the area of processes using powder metallurgy techniques
[25, 26]. Selective laser melting technology is one of the innovative technologies in additive
manufacturing development in the middle of the 1980s after the creation of selective laser
sintering (SLS) process. SLM is a process based on the 3D construction in which it is possible
by laser beam to completely melt the metallic powder particles on a previous layer [27-31].
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Figure 1. Models of dental components manufactured by AM techniques in (a) resin model by stereolithography for
posterior precision casting process and (b) copings manufactured by SLM technique [17].

In SLM technique, the raw material is in metallic powder form and the thermal energy
required for the complete melting of the powder layer comes from a laser beam, usually is
used a source of Ytterbium (Yb) fiber [29]. The maximum laser power on SLM machines is
approximately 400 W and the laser focus may have a diameter of approximately 100 um [30].
In turn, the laser beam is commanded by an interface that transmits it to the optical assembly,
which selectively directs (X-Y plane) the laser beam, causing the powders to melt [28-33].
The metal powder is stored in a container, which may or may not be the distributor of pow-
der (deposited by gravity), which in turn uniformizes the powder layer (between 50 and
100 pm) on an object consolidation platform. At each consolidated layer, the platform moves
on the Z-axis, according to the next layer until the component is completely consolidated.
The process of component consolidation occurs in a consolidation chamber (internal environ-
ment of the SLM equipment) that is under inert atmosphere protection (argon gas) [28-33].
The basic scheme of the components present in the consolidation process by SLM can be
observed in Figure 2, and other machine parameters and working conditions are presented
in Table 1.

Details of the main parameters of the SLM technique are shown schematically in Figure 3.

The SLM technique has several process parameters and can be grouped in five families, being
these related to laser, scanning, material (powder), temperature, and consolidation chamber
[28, 29, 31].

* Laser: power “P”, beam diameter, pulse duration, pulse frequency;
® Scanning: speed “v”, track distance, strategy;

* Powder (material): material properties, particle size, distribution, bed density of powder,
layer thickness;

* Temperature: consolidation layer, powder feeder, uniformity;

e Compounding chamber: composition of protective atmosphere.
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Figure 2. Basic schematic of components present in a SLM machine [33].

The most common parameters to be adjusted in the SLM process to optimize the manufacture
of components are: laser power (P), scan speed (v), track (hatch) distance, and layer thickness.
According to Refs. [27, 34, 35], the volumetric energy density of the laser (i, given in J.mm™)
relates the main parameters of consolidation, in relation to the laser as shown in Eq. (1), being:
laser power (P), track distance (t), scan speed (v), and layer thickness (L).

Y=ror M
System parameters
Laser power 400 W Yb-Fiber-laser
Build speed 20 ccm/h
Pract. layer thickness 20-75 um min
Scan line/wall thickness 150 um
Operational beam focus 80-120 um
Scan speed 15m/s
Inert gas consumption in operation Ar/N,, 2.5-3.0 I/min
Inert gas consumption venting Ar/N,, 1700 1 @ 100 I/min
Compressed air requirement 18 1/min @ 1.5 bar

Table 1. Typical technical parameters of the SLM®280"" machine.
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Figure 3. Schematic of parameters involved in SLM consolidation [31].

Several authors in Refs. [27, 34, 35] report that these parameters affect the volumetric energy
density, determinant in the powder melting and that in turn influences the mechanical prop-
erties and roughness of the surface of the consolidated parts. The combination of these vari-
ables can generate excess (or insufficient) energy during the consolidation process, which
can lead to the balling phenomenon at consolidated specimen, which corresponds to the dis-
similar or noncontinuous scan tracks [30, 36, 37]. Additionally, the balling phenomenon can
generate uniform deposition of next powder layer, can cause uncontrollable porosity and
delamination by the absence of inter-fusion between layers [37, 38].

As observed, the parameters of the SLM process involve a certain complexity, in order to
obtain the fabrication of components of complete density. In order to optimize the mechani-
cal and physical-chemical properties of the final components manufactured the consolidation
strategies are the subject of discussion and study [39]. The consolidation strategies refer to
the consolidation parameters already presented, as well as to the direction and orientation
of laser beam scanning, angle of rotation between the layers, and the number passes of laser
beam (per layer), as seen in Figure 4a-h [40-42]. Also, the physical properties of the com-
ponents may be associated with the manufacturing anisotropy of the samples, see Figure 4i
[43-45].

An interesting point to consider for AM processes is the feedstock (or raw material-metal
powder). These new technologies demanded a characteristic powder size distribution, for-
mat and physical properties (flowability and packing) [36]. In this case, to produce spherical
metal powder the most common process is gas atomization [29, 30]. However, it is remarkable
that the use of gas-atomized powders in the SLM process by the better physical properties is
compared to water-atomized powders. The characteristic format of powders (gas and water
atomized) is possible to observe in Figure 5.

In addition, the capability to reusability of feedstock material in AM processes is a significant
issue to promote economic and environmental manufacture processes [28, 46]. However, the
effects and influence of the powder reuse on manufactured parts are the subject of much dis-
cussion [47-50]. The conclusions of Tang et al. [48] study, about reuse of Ti-6Al-4V powders
of electron beam melting (EBM) process, appoint the increased oxygen content and particles
became less spherical. Although the reuse powder improved the flowability (by little presence
of satellite particles), increased the yield strength and the ultimate tensile on the AM process
of Ti-6Al-4V [48].
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Figure 4. Representation of laser scanning strategies for sample consolidation via SLM, scanning in: (a) island, (b) line,
(c) line at 45°, (d) line and rotation line at 45°, (e) line and rotation line at 90°, (f) line rotate at 67°, (g) internal spiral, (h)
external spiral [42], and (i) building orientation of specimens [45].

Considering this important field in expansion, this chapter is part of this scenario with a focus
on the dental sector, more specifically on the evaluation of mechanical properties and micro-
structural analysis of Co-Cr-Mo alloy to manufacture dental prostheses (copings). The aim
of this chapter is to evaluate the mechanical properties and microstructures of standardized
specimens made by powder metallurgy techniques using SLM from powdered gas powder
of the Co-Cr-Mo alloy. The results obtained by SLM will be compared with the results of
samples manufactured by precision casting.

316L BSL NL D5.0 x500 00um 316LEOS NL D5.0 x500 200 um

(a) (b)

Figure 5. Characteristic format of powders (316L alloy) produced by water atomization (a) and gas atomization (b).
Magnitude x500.
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2. Experimental procedure

2.1. Powder characterization

Co-Cr-Mo alloy gas atomized (H.C Starck®, Liibeck, Germany) was provided by the HighBond®
(Indaiatuba, Brazil) in the particle size (granulometric range) of 15-45 um. The confirmation
of the chemical composition was performed by energy dispersive X-ray (Shimadzu EDX-
720 equipment and by LECO). This study was based on alloy/powder with certification of
ANVISA (Brazilian agency) for use in health care segment.

Several physical properties of gas-atomized powder were obtained such as flow time (ASTM
B212 [51]), apparent density (ASTM B213 [52]), and tap density (ASTM B527 [53]). The particle
size distribution was performed using a particle analyzer by laser scattering (Cilas—-Model
1064). The particle format and microstructural characterization of powders were performed
via optical and scanning electron microscopy (OM-Olympus BX51M and SEM-EDS Philips
XL30).

To evaluate the internal porosity of powders sample were measured by the pycnometer
density in comparison to theoretical density. The density by Helium pycnometry consid-
ered only the internal porosity (excluding the open porosity) and was performed using the
Micromeritics equipment (Model Accu PYC 1330 Pycnometer).

Differential scanning calorimetry (DSC) analysis was performed using a sample of gas-atom-
ized Co-Cr-Mo powder. Three runs of heating curves at rates of 10, 20, and 30°C/min were
performed and under static atmosphere constituted in argon (99.999%) for minimizing the
oxidation of the samples. In all experiments, both the crucible (sample holder and the refer-
ence—empty during all tests) were composed of alumina (Al,O,) with a volume of approxi-
mately 100 pL. The equipment used was Setsys 16/18, from Setaram with a thermocouple rod
of Pt/Pt Rh 10%.

2.2. Manufacturing specimens using precision casting and selective laser melting

Precision casting and selective laser melting techniques performed the manufacture of gas-
atomized Co-Cr-Mo powders. The tensile and three-point bending specimens were manufac-
tured in standard dimensions according to ISO 22674-06 [54] and ASTM B528-12 [55]. Figure 6
shows specimens manufactured.

The precision casting (PC) samples were performed according to ASTM F75-12 [13] by
HighBond® (Indaiatuba, Brazil). The PC fabrication process method satisfied the following
steps: machining of wax disks in the standard dimensions of tensile and flexural test speci-
mens, assembly and shell building, dewaxing and pouring the Co-Cr-Mo alloy was by an
induction furnace at a temperature of 1489°C.

The consolidation of SLM samples was carried out by SLM Solutions™ using a selective laser
melting machine SLM®280HL with a single Ytterbium laser beam (maximum power 400 W).
The building consolidation of specimens was parallel to laser beam and performed using
parameters such as: layer thickness of 30 um and diameter of laser beam of 76 pm.
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Figure 6. Specimens manufactured of Co-Cr-Mo alloy: (a) specimens made by FP technique and (b) specimens made by
SLM technique.

2.3. Characterization of samples manufactured

To evaluate the susceptibility to cell growth in the Co-Cr-Mo alloy after the consolidation
processes (PC and SLM) was performed by the cytotoxicity analysis, according to ISO 10993-5
[56]. The determination of the cytotoxicity was obtained by the quantitative evaluation
method, which is carried out by the measurement of cell death, cell proliferation or formation
of cellular colonies.
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To evaluate the internal porosity of cast, and SLM samples were measured by the pycnom-
etry density in comparison to the theoretical density. The density by Helium pycnometry,
considered only the internal porosity (excluding the open porosity) was measured using the
Micromeritics equipment-Model Accu PYC 1330 Pycnometer.

The thermomechanical analysis (TMA) was performed on samples consolidated by SLM and
PC of the Co-Cr-Mo alloy. The purpose of the technique was to obtain the coefficient of ther-
mal expansion (CTE). In addition, the SLM samples were analyzed in the parallel and trans-
versal building direction (SLM 1—parallel direction and SLM 2—transversal direction). The
routine of the TMA remained the heating rate was from 10°C/min until the temperature of
1300°C. The equipment used was a Setaram—Setsys 16/18, using a thermocouple rod of Pt/Pt
Rh 10% under a static atmosphere (argon—99.999%) to exclude the sample oxidation.

2.4. Mechanical characterization

Mechanical characterization of consolidated samples by PC and SLM techniques was held
in five samples of each test (tensile and three-point bending), respectively, according to ISO
22674-06 [54] and ASTM B528 [55]. The three-point bending test determined the transversal
rupture strength (TRS) of specimens. The TRS relates to the applied load (P) and the distance
between the supports (L), over the cross area of the sample (thickness “t” and width “w”), as
show in Eq. (2). Mechanical tests were performed using a universal testing machine (Instron
3366) under a crosshead speed of 0.2 mm/min at room temperature.

3-P-L
212w (2)

TRS =

2.5. Microstructural evaluation

The microstructural characterization of consolidated Co-Cr-Mo and the fracture analysis
were evaluated after tensile test. Metallography preparation consisted of mechanical grinding
in SiC paper #1200 and final chemical polishing with OP-S 0.02 um with addition of 10% HCI.
The specimens were etching in solution: 100 ml HCl and 2 ml H,O, (1-2 min at room tempera-
ture). The microstructural characterization was performed in both building directions using
an optical microscope (OM) Olympus-BX51M and scanning electron microscope (SEM) with
energy dispersive X-ray (EDS) Philips XL30 and JEOL-JSM6701F.

3. Results and discussion

3.1. Powder characterization

The confirmation of chemical composition was performed in Co-Cr-Mo powder alloy, as
also in the samples manufactured (PC and SLM). The chemical composition is presented in
Table 2 comparing with the standard ASTM F75-12 [13].
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Elements (%) Powder PC SLM ASTM F75

Co 63.93£0.16 66.38 +0.15 65.38 +0.32 Balango

Cr 28.83£0.19 26.76 +£0.21 27.68 +0.13 27.00 - 30.00 + 0.30
Mo 7.07 +0.31 6.68 +0.03 6.61+0.16 5.00-7.00 +0.15
Fe 0.17 £0.01 0.18 +0.08 0.33 +0.06 0.75+0.03

C 0.03 +0.01 0.02+0.01 0.03 +0.01 0.350 + 0.020

S 0.01+0.01 0.01+£0.01 0.01+0.01 0.010 + 0.003

N, 0.0820 +0.0011 0.0416 +0.0015 0.1330 + 0.0015 0.250 +0.020

O 0.0940 +0.0015 0.0187 +0.0016 0.0240 +0.0010 -

Table 2. Chemical composition (weight %) of Co-Cr-Mo samples (powder, PC and SLM) in accordance with standard
ASTM F75.

The characteristic format of the powder process fabrication by gas atomization is observed
in Figure 7. The analysis in SEM shows that the powders are spherical and presented satel-
lites (appointed by arrows—Figure 7a,b). The satellites can be formed in the surface particles
during the cooling process of the spherical powder particles during gas atomization. It is
noteworthy that the shape of the particle influences on packing properties, flow hate, and
compressibility, as well as reports on the powder metallurgy process [2, 57, 58]. The cross-
sectioned powder (Figure 7d,e.) shows the dendritic morphology with the primarily arms

and ramifications, characterizing the rapid solidification of gas atomization process.

Figure 7. SEM images of Co-Cr-Mo powder: (a) magnitude x500, (b) magnitude x1000, (c) magnitude x2000, (d) and
(e) cross-section powder after chemical etch (etch solution: HCI, H,SO,, and HNO, for 60-240 s at 45°C, respectively,
magnitude x1000 and x2000).
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Physical properties Co-Cr-Mo powder

Granulometric distribution (um) D10 D50 D90 D mean
20.88 31.11 46.10 32.36

Flow rate (s/50g) 15.85+0.11

Apparent density (g/cm?) 4.51+0.01

Tap density (g/cm?) 5.26 £0.05

Theoretical density (g/cm?) 8.38

Helium pycnometry (g/cm?) 8.30 £ 0.001

Table 3. Results of physical properties for Co-Cr-Mo powder in the SLM range.

The powders to manufacture samples via SLM technique have a mean diameter less than
50 um to improve the physical properties such as flow time, apparent density, and tap den-
sity [33]. The results of physical powder properties are summarized in Table 3.

According to Haan et al. [59], Co-Cr-Mo powders with diameter D90 equals to 39 um, the
flowability was 18.60 s/50 g. The results were similar to those obtained for the present study,
such as 15.86 s/50 g for D90 equals to 46.10 pm.

The result of tap density tends to be higher than the result of the apparent density, because
of the particle’s accommodation there is a decrease in the amount of voids between the par-
ticles [2]. Also, the smaller the apparent density, the greater the percentage of increase the tap
density.

It is possible to verify the presence of closed porosity that is not considered as a measure of the vol-
ume of Helium and consequently reduces the value of pycnometry density (8.30 g/cm?). The presence
of internal porosity calculated in relation to theoretical density (8.38 g/cm?) is approximately 1.3%.

To investigate and confirm the thermal events present in the Co-Cr-Mo alloy, the heating
curves (different rates: 10, 20, and 30°C/min) of the DSC analysis obtained using the Co-Cr-Mo
powder are shown in Figure 8. The presence of three events occurring in the heating curves
of DSC is observed, being the first exothermic, the second endothermic, and the final event
corresponding to the fusion of the Co-Cr-Mo alloy. It is possible to verify the temperature
variation of the events between the different temperature rates.

In relation to the first event (exothermic), occurring around 582.81°C, it is related to the phase
transformation of the alloy (precisely from Co), from the cubic face (aCo) phase to the com-
pact hexagonal phase (¢Co). In a similar analysis, Santos [16] obtained a slight peak at 600°C
in the thermal analysis (DTA), however the author does not approach the occurrence. Facchini
[60] describes this occurrence, the event occurs at approximately 650°C, but is described by an
endothermic peak, diverging from the present analysis, in which the curve of 20°C/min occurs
at approximately 600°C and which describes an exothermic peak.

The second event (endothermic) occurs around 944.52°C, may be related to allotropic trans-
formation of element Co, by the transition of the phase of compact hexagonal structure (¢Co)
to the phase of cubic structure of face centered (aCo). This transformation can be confirmed
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Figure 8. Heating curves of DSC analysis for Co-Cr-Mo powder in different rates (10, 20, and 30°C/min).

in the Co-Cr binary diagram occurring at about 950°C). This occurrence is similar to that
described in Ref. [16, 60], which obtains endothermic peaks, respectively, at approximately 970
and 1000°C, relative to that obtained in the present study of 944.52°C. This temperature differ-
ence is associated with the chemical composition of the alloy (64Co-29Cr-7Mo of the present
study), which represent alloys according to ASTM F75-12 (stoichiometry is 66Co-28Cr-6Mo)
and therefore there are temperature difference of 26 and 56°C relative to the cited references.
This difference can be associated to different calibrations, among the equipment used in the
analysis.

Ininterpreting the DSC curves, it is possible to verify the melting temperature of the Co-Cr-Mo

alloy. By means of the average value of the three heating rates, the melting temperature is
approximately 1354.5°C, with a variation of 4°C between rates.

3.2. Evaluation of samples manufactured

The result of the cytotoxicity analysis for the processed samples is shown in Figure 9. According
to the cytotoxicity assay with respect to the pure extract, without dilution, the samples pro-
cessed by precision casting and selective laser melting showed no toxicity.
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The results showed the expected results for the Co-Cr-Mo alloy, because as there is a need
for specific mechanical properties to be reached, the use of Co-Cr alloys for the manufacture
of medical and dental implants or prostheses did not show any toxicity with the medium
biological [7, 8, 61].

The porosity of the samples was determined and a comparison was made with average den-
sities: theoretical, volumetric, and by helium pycnometry. The results of the mean densities
obtained for the samples consolidated by PC and SLM can be seen in Table 4.

Analyzing the results of volumetric density, it is possible to identify that PC samples present
a lower result than the one obtained in the SLM samples. This premise is confirmed by the
result obtained, evidencing that the PC process presents superior open porosity than SLM
technology. When correlating with the density by Helium pycnometry, it can be verified that
the open porosity results in 0.24% for PC sample and 0.12% for SLM sample.

Analyzing the Helium pycnometry, it is possible to verify that both consolidation processes
have the same theoretical density (8.24 g/cm?®). Relating the Helium pycnometry density to
the theoretical density is possible to check the internal porosity, that results, respectively, for
the PC and SLM process of 2.14 and 1.80%. It can be concluded that the SLM consolidation
process produces samples with lower internal porosity, and can obtain components with den-
sities around 98.20% of theoretical, in contrast to the PC process that obtains components with
density of 97.86% of theoretical.

The heating curves obtained from TMA in the form of PC and SLM sample are presented in
Figure 10. To understand the events occurred at TMA, the heating curves of DSC analysis
were juxtaposed. The CTE for the consolidated samples has a different behavior between the
processes of the Co-Cr-Mo alloy in a similar analysis to the present study. The CTE for the
consolidated samples has a distinct behavior between the processes of the Co-Cr-Mo alloy.
As it is possible to verify the CTE at temperature of 500°C of samples (SLM 1, SLM 2, and
PC) is, respectively, 15.0/19.5/22.0 x 10° °C™. At the temperature of 600°C, the coefficient
value decreases to the values of 12.5/14.5/18.5 x 10 °C™". This difference is greater for the
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Sample Densities (g/cm?)

Theoretical Helium pycnometry Volumetric
PC 8.42 8.24 +0.01 8.22+0.10
SLM 8.39 8.24+0.01 8.23<0.01

Table 4. Results of densities (medium values): theoretical, Helium pycnometry and volumetric for samples PC and SLM.

alloy processed by PC, which is associated to the dendritic microstructure formed and in
relation to the casting process because it characterizes a fine grain microstructure and more
packaging.

As can be seen in the TMA and DSC curves are similar in the temperature ranges of events.
Facchini [60] shows the DSC and TMA curves (heating rate of 20°C/min) performed in an
ASTM F75-12 composition alloy and processed by electron beam fusion (EBM). EBM has an
effect similar to the SLM because both processes have a concentrated heat source and is possi-
ble to relate the DSC analysis, in which, the first peak (565-900°C) is associated with the tran-
sition from the FCC (aCo) phase to the HCP (eCo) phase, and the second peak (900-1000°C)
reduces the HCP phase (¢Co) and reappearance of the FCC phase (aCo).

Is possible observed two events, the first event occurs in the range of 514-614°C and the sec-
ond event at 923-961°C. In the case of the PC sample (TMA curve), it is possible to verify that
the events occur in a higher temperature in relation to the samples processed by SLM. This
occurrence is associated to the microstructure samples of analysis performed. The powder
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Figure 10. Heat curve of thermal analysis for Co-Cr-Mo samples: DSC curve of Co-Cr-Mo powder sample and TMA
curves of consolidated samples PC and SLM (SLM 1 and SLM 2).
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sample (at DSC analysis) has a dendritic microstructure, as the same of the PC sample (at
TMA). TMA curves of SLM samples (SLM 1 and SLM 2) show more evident peaks, but the
transition of these events set at increased temperatures. Thus, the laser fusion process has a
refined and more homogeneous microstructure what hinders phase transitions and requires
higher temperatures.

3.3. Mechanical behavior

The mechanical results of the tests for the PC and SLM specimens are present in Table 5.
Analyzing the values is possible to verify that in all properties the SLM technique results in
higher properties than PC technique. According to standard 1SO22674:06 [54], the SLM and
PC specimens satisfied the type 5 criteria in all mechanical properties.

The result of TRS samples (SLM = 2501.2 + 9.7 MPa and PC = 1072.3 + 4.6 MPa) was satisfac-
tory. However, there was no rupture of PC sample (test interrupted) evidenced the ductil-
ity of the precision casting process, that was confirmed by the value of higher elongation.
According to Mengucci et al. [62], the TRS result for a similar composition of Co-Cr-Mo alloy,
after the shoot-peened treatment followed by heat treatment for strain relief, resulted a TRS
equal to 2700 + 25 MPa. Therefore, the present results are acceptable comparing the data
obtained with the study by Mengucci et al. [62].

The heat treatment, as hot isostatic pressing (HIP), after the additive manufacturing pro-
cess (by laser melting process—-SLM and EBM) of parts has been used successfully by medi-
cal and aeronautic manufactures. The HIP process is effective to obtain better results of
mechanical properties (ductility and fatigue resistance) and decrease the porosity [60, 63].
Although this present study evaluated the mechanical properties of SLM and PC samples
without any post-process of heat treatment is possible, check the relevant mechanical prop-
erties obtained by manufacture process. According to the results present evaluation is pre-
sented in Table 6 to compare the mechanical properties to those presented in the literature
[14, 41, 44, 62, 64].

Mechanical properties Consolidation technique Standards
PC SLM ISO 22674 “type 5 ASTM F75 “casting”
Yield strength (MPa) 646.7 +44.4 731.5+40.3 500 450
Rupture strength (MPa) 742.2 +106.8 1127.9+0.1 - -
Ultimate tensile strength (MPa) 771.7 £103.3 11369+ 1.0 - 655
Elongation (%) 142028 13.7+5.3 2 8
Elastic modulus “E” (GPa) 22342 +15.7 2252 +14.4 150 -
Hardness Vickers (HV) 272.2+20.5 334.8+16.0 - 266-345
TRS (MPa) 10723+ 4.6 2501.2+9.7 - -

Table 5. Mechanical properties of Co-Cr-Mo alloy manufactured by PC and SLM compared to the minimum properties
required by standards.
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References Alloy (wt%) o, (MPa) El (%) Oy (MPa) TRS (MPa) Hardness
(HV)

Present work PC 64Co-29Cr-7Mo 646.76 +44.36 1420+2.76 771.70+103.32 1072.3+4.6 256.7+12.9
Co-Cr-Mo

SLM 731.50 £40.31 13.73+5.32 1136.95+0.92 2501.2+9.7 358.1+9.8
Takaichietal. C Co-28Cr-6Mo 296 + 25 9.6 £25 912 +39 - -
64
[64] SLM 516 +28 10.7+2.9 591 +37 - -
Qian et al. C 60-65Co 26-30Cr 610 - 741 - -
[41] 5-7Mo
SLM 873+76 - 1303+ 73 - -
Kajimaetal. C 63Co-29Cr-6Mo 571+23 112+2 775 £ 67 - -
44
(4] SLM  60-65Co 26-30Cr 877 +37 12.3+3 1170 +29 - -
5-7Mo
Mengucciet SLM  63.8Co-24.7Cr- - - 1340 + 20 2700 + 25 434 +22
al. [62] 5.1Mo-54W
Jabbarietal. C 61.6Co-30Cr-6.5Mo  — - - - 320+12
14
[14] SLM  Co-29Cr-5.5Mo - - - - 371+10
Liveranietal. SLM  Co 27-30Cr5-7Mo 677 - - - 361 +31
[40]

Table 6. Comparative results for mechanical properties obtained in the present study with Co-Cr alloys manufactured
by selective laser melting (SLM) and casting (C) process presented in the literature.

3.4. Microstructural analysis

To understand the mechanical properties improved in the SLM specimens in relation to the
casting process technique carried out the microstructural analysis by OM and SEM-EDS.

The microstructural analysis by OM of PC samples (Figure 11a,b) describe dendritic arms
and ramifications with different solidification orientations [14]. In addition, PC sample pres-
ent porous (microporous) as the SLM samples, but are uneven (a little larger but in small
quantity). This occurrence is possible to form by problems of dispersing the powder in the
bed layer and the presence of satellites/porous in the powder particles. SLM specimens show
a characteristic morphology (weld-like structure) of laser beam melting. Is possible to check
the layers formed during the manufacture process (Figure 11c,d)? The vertical section of SLM
sample is to observe the building direction of specimen (indicated by arrow —Figure 11d)
characterized by the overlapping of each layer and the morphology formation by the action of
the laser beam such as the weld pool.

Figure 12 represents the SEM images of PC samples and the semi-quantitative analysis of
interesting points by EDS. It is possible to identify the cast specimen with a second phase
(white area) in the matrix. The semi-quantitative analysis with the EDS and the respective
spectrums (Figure 12¢,d) show that the composition of white area (point 1) is rich in Mo ele-
ment, and the matrix (point 2) is composed by Co-Cr elements, with a small percentage of Mo.
The phase (point 1) shows the confirmation of carbide (M,,C,) presence, rich in chromium and
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100 pm i W 100 pm

(©) (d)

Figure 11. MO images of Co-Cr-Mo alloy consolidated: (a-b) transversal and longitudinal view of precision casting
sample and (c—d) transversal and longitudinal (arrow indicates building consolidation) view of selective laser melting
(Etch: 100 ml HCI and 2 ml H,0,. Magnitude: x200).

molybdenum [14]. The M, ,C, carbide results in a micro hardness of 699 + 131 HV (1 mN/15 s)

2376
in opposition of 338 + 14 HV (1 mN/15 s) to the micro hardness of matrix.

Figure 13 shows the microstructure of SLM specimen. It is observed that a microstructure is
formed with small grains characterizing the rapid solidification during the SLM manufactur-
ing process. The semi-quantitative analysis in the fine grains shows that it does not have dif-
ferent elements compositions. SLM specimen presents a homogeneous matrix with Co-Cr-Mo
elements. The morphology formation of the laser melting sample was also observed after
electrolytic attack [59, 61]. Also confirms that the fine grains are oriented in direction of the
laser scanning. This characteristic microstructure of laser melting technique allows to achieve
better mechanical properties than the cast technique.

The fractures of the tensile samples were SEM analyzed (Figure 14) observed the formation
of dimples homogeneously distributed in the microfracture of both samples. Regions with the
presence of dimples are ductless and with higher toughness. However, it is apparent that the
dimple formations on the SLM sample extends completely by the fracture planes and are of
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Figure 12. SEM images of PC sample: (a) magnitude x2000, (b) magnitude x8000, and (c—d) EDS spectrograms of analysis
at point 1 and point 2.

Tmm  10sm

Figure 13. SEM images of SLM specimens: (a) horizontal section from backscattered electrons, and (b) from secondary
electrons, (c—d) vertical section from backscattered electrons (black arrow indicates the building consolidation).
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Figure 14. SEM images of tensile fracture: (a) PC sample and (b) SLM sample (magnitude: x2000).

finer size, compared to the fracture with dimples geometrically larger of PC sample. It can be
verified with SLM samples and confirmed with the mechanical results in relation to PC sam-
ples. In addition, some planar regions (indicated by arrows) show a semi-cleavage morphol-
ogy. The type of fracture observed in the samples, according to Takaichi et al. [64], describes the
formation of dimples along the fracture surface, as well as cracking of the wedge is appointed
as a possible formation of cleavage fracture over favorable crystallographic planes.

4. Conclusions

In general, the results of powders characterization showed that the granulometric range of
20-50 pm is the one that best fits in the properties of packaging, for the consolidation by SLM.

The biocompatibility of the samples obtained a positive result for both processing techniques.
In this way, the development of the present study evidenced to improve the manufacture of
customized dental components (copings) using the SLM technique.

Microstructural analysis obtained for SLM samples results in a characteristic morphology
of layer manufacturing with ultrafine grains and a high chemical homogeneity. The conven-
tional technique presented a differentiated microstructure by the gross dendritic microstruc-
ture of casting process.

The mechanical evaluation showed that the SLM technique provides superior mechanical
properties (as yield strength, rupture strength, ultimate tensile strength, TRS, and hardness)
compared to those obtained by the precision casting technique.

The thermal analyses showed the present phase transitions of Co-Cr-Mo alloy, as well as
being possible to correlate them (TMA to DSC curves). The coefficient of thermal expansion
(CTE) resulted for both processes a similar value to alloys used in dental materials.
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The processing using laser melting proved better mechanical and thermal properties to
precision casting processing technique without post-processing (thermal treatment). SLM
technique evidenced a promising use to manufacture prosthetics and dental implants.
Nevertheless, it is still of great concern and promising further development of laser melt-
ing process (SLM and EBM) in relation to the parameters and variables of process, as also to
the post-processing method apply to AM parts. Such characteristics should be addressed to
new materials and investigate in relation to the performance and bio-functionality of specific
application part.
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