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MICROSTRUCTURE OF Co-Cr DENTAL
ALLOYS MANUFACTURED BY CASTING
AND 3D SELECTIVE LASER MELTING

The review analyses the microstructure of the commercial Co—Cr—(Mo, W) dental
alloys fabricated by 3D digital selective laser melting (SLM), which is the most pro-
mising technique among the emerging additive fabrication technologies used for
metal products manufacturing in dentistry. In this regard, the main goal is to com-
pare the microstructures of the metal dental products produced by two currently
used technologies, namely, conventional casting and SLM. We consider the latest
research published from 2013 to 2022. The microstructures are evaluated using
optical microscopy (OM), scanning electron microscopy with energy-dispersive x-ray
spectroscopy (SEM—EDS), x-ray diffractometry (XRD), electron backscatter diffrac-
tion (EBSD) pattern analysis, and atomic force microscopy (AFM). The microstruc-
ture analysis allows concluding whether the SLM fabrication process is suitable for
dental applications. As shown, the microstructure of the Co—Cr dental alloys de-
pends on both the chemical composition of the samples and the parameters of the
manufacturing technique used. Experimental results have proven that, in contrast
to the conventional casting, the SLM-fabricated specimens display superior micro-
structure due to complete local melting and rapid solidification. Additionally, the
SLM process minimizes residual flaws and porosity. As a result, SLM allows produ-
cing the dense material comprising homogeneous fine-grain microstructure.
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1. Intfroduction

Dental prosthetics (prosthodontics) is one of the most important areas
of the dentistry, which is associated with replacing of the missing tooth/
teeth using of the artificial dental treatments. These include fixing of
the dentures, veneers, bridges, crowns, implants, and more that can be
removable or permanently attached in the patient’s mouth. The average
biting force of the natural human teeth is approximately 77 kg in the
posterior part of mouth and approximately 0.193 GPa on the single
cusp of the molar tooth [1]. In this regard, the materials of the dentures
must possess the sufficiently high strength. Until now, metal alloys are
the most demanded for these purposes.

Many different types of alloys are now available in the market to
be used in the prosthodontics (Table 1). It should be noted that, com-
pared with metal alloys the pure metals do not have enough combina-
tion of the strength, modulus of elasticity, wear resistance and biologic
compatibility for a long-term survival in the mouth as prosthesis. The
biocompatibility (inert in the oral environment) of the dental alloys is
the critical issue because these materials are in intimate contact with
oral tissues for long terms. The historical development of the metal-
lic materials in dentistry was influenced by the following most impor-
tant factors: the technological changes of the dentures, the progress in
metallurgy and the changes in the precious metals price. In particular,
during the 20th century, the history of the dentistry has intimately
been linked with non-precious metal alloys due to the increasing cost of
the noble metals and manufacturing of the metal-ceramic dentures and
crowns (Table 1).

In recent years, Co—Cr-based alloys are almost exclusively used for
the production of the metallic dental prostheses. These are as possible
alternatives to Ni—Cr alloys for the restorations production, since they
are free from the risk of Ni-related allergic responses and/or Be-related
toxic aggravation. Now Co—Cr alloys are among the best-known base
metal alloys in dentistry with various and successful clinical applica-
tions [2, 3].

The high strength and stainless nature of the ternary Co—Cr—Mo
and Co—Cr—W alloys, first patented in 1907 by Haynes, led to the de-
velopment of the compositional variants of the Co-based alloys for clini-
cal applications such as artificial knee and hip joints [4]. In dentistry,
the first use of the Co-based alloy for investment casting is reported
to have started in 1936 [5]. Most of the Co-Cr alloys currently used in
industrial and biomedical fields evolved from the work of Elwood Hay-
nes at the turn of previous century. Initially, he demonstrated that the
binary Co—Cr (30% Cr, 5% Mo with small portions of Ni and C) alloy
possesses high strength and resists stain, and he subsequently identified
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Mo and tungsten as powerful strengthening agents for these alloys. Be-
cause of their stainless nature and permanent ‘star-like’ lustre, Haynes
named them Stellite alloys, based on the Latin word Stella, which means
‘star’ [6]. The first known dental application of Co—Cr alloys (along
with Ni—Cr alloys) was in the 1930s, for the fabrication of removable
partial denture (RPD) frameworks. Since then, both Co—Cr and Ni—
Cr base-metal alloys have become increasingly popular compared with
conventional Type IV gold alloys, which were predominant metals pre-
viously used for RPD framework fabrication [6, 7]. The use of Co—Cr-
based alloys for metal-ceramic applications was first mentioned in the
1959 M. Weinstein patent (U.S. Pat. No. 3,052,982 Fused porcelain-to-
metal teeth 1959) for dental porcelain. The elemental composition that
was suggested in that patent was (in wt.%): Co 62.55, Cr 27.00, Mo
6.00, Ni 2.00, Fe 1.00, Si 0.60, Mn 0.60, and C 0.25. Table 2 shows the
chemical composition of the modern commercial dental alloys. Cobalt is
the main constituent in the alloys presented in Table 2. According to the
phase diagram the properties of Co—Cr dental alloys depend on the ratio
between y(f.c.c.)/e(h.c.p.) phases and the type, quantity and distribu-
tion of the carbide phase in the microstructure [9, 10, 11]. The high
content of carbon makes the alloy highly wear resistant mainly due to
the M,.Cs, M,C,, and M,C carbides (where M represents Co, Cr, Mo or
W) that form throughout their structure during solidification [12].
Casting. Traditionally, the lost-wax casting and hot forging proces-
ses are usually used to produce Co-based alloy dental prostheses. Such
components with the complex shape can be produced through the cas-
ting process, but their strength is not high enough. This is a time con-

Table 1. Classification of dental alloys [1]

Metal type pArlols'?}lligils Metal ceramic prostheses P%ﬁgﬁ}eizgﬂge
High noble (HN) |Au-Pd-Cu—Ag |Au-Pt-Pd Au-Ag—-Cu-Pd
Au—Pd-Cu-Ag |Au-Pd-Ag (5-12 wt.% Ag)
HN metal cera- |Au—Pd-Ag (>12 wt.% Ag)
mic alloys Au-Pd
Noble (N) Ag-Pd-Au-Cu |Pd-Au
Ag—Pd N metal |Pd-Au—Ag
ceramic alloys |Pd-Ag
Pd-Cu-Ga
Pd-Ga—-Ag
Predominantly Ti—-Al-V Ti—-Al-V Ti—-Al-V
base metal Ni—-Cr—-Mo—Be |[Ni—Cr—Mo—Be Ni—-Cr—Mo—Be
Ni—Cr—Mo Ni—Cr—Mo Ni—-Cr—Mo
Co—Cr—Mo Co—Cr—Mo Co—Cr—Mo
Co—Cr—-W Co—Cr—-W Co—Cr-W
Cu—Al
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suming process with many steps where errors can occur. The strength
of the components produced by plastic deformation can be high enough,
but complex shapes are difficult to obtain by forging. Therefore, it is
difficult to fabricate the Co-based alloy dental components with both
the high strength and complex shape by the conventional process. Also,
Co—Cr alloys are more difficult to cast than precious alloys due to their
higher melting point (1623-1723 K) and more difficult to the post-
process due to their hardness, prone to distortions during solidification
phase when they are processed with conventional methods [13—15].
Additive manufacturing. In order to solve problems with the tradi-
tional casting and closed die forging processes, currently additive man-
ufacturing (AM) is being accepted as the novel candidate for the fabri-
cation of the customized dental, which is receiving increasing attention
around the world. AM technology (or 3D printing) creates 3D products
layer by layer in the single stage directly from their 3D computer-aided
design (CAD) usually by successively adding materials in the layer-by-
layer fashion [16—20]. This method is in contrast to the traditional
subtractive manufacturing (milling, welding, casting, forming, forging
and turning) which based on the mechanical removal of the unneeded
material part in order to form the desired component with complex geo-
metries. Now, materials available for 3D printing include plastic poly-

Table 2. Composition of some alloys applied in dentistry (mas.%) [8]

Type Trade mark Co Cr Mo Si Mn C Fe w

Alloys | Wironit® extrahart | 63.0 | 30.0 | 5.0 1.0 | 1.0 | <1.0
for re- |Bego (Germany)
movable
partial
denture

Remanium® 58.3| 32.0 | 6.5 1.0 <1.0 1.5
GM 800 + Dentau-
rum (Germany)

Ortho- |Alloy CoCr 3.002 [31.0—{28.0—| 4.0— | <0.1 |<0.1|<0.35|27.0—

dontic Dentaurum 35.0| 32.0 | 6.0 31.0

wires (Germany)
Remaloy® rest |18.0—| 3.0— | <0.5 [<£1.0|<0.03| 4.0— |3.0—
Dentaurum 22.0 | 5.0 6.0 | 5.0
(Germany)

Alloys |CoCr Biostar 61.65|27.75 1.61 |<1.0 <1.0 [8.45

for fixed| ERNST HINRICHS

pros- Dental (Germany)

h

theses | i _comp 11° 52.5 | 27.4 <1.0 1.0 |12.1
Dentsply Sirona
(USA)
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mers, metals, and biomaterials among many others. After more than 25
years of the research, development and use this production technology
is currently at the starting point of triggering the new industrial revo-
lution in the world, in particular in various industrial domains, such as
military, aerospace, automobile and medical, continues to grow with the
addition of the new technologies, methods and application [21, 22].

The first automatic method for fabricating of the three-dimensional
plastic model with photo-hardening polymer was built in 1981 by Hideo
Kodama in Nagoya Municipal Industrial Research Institute (Japan). He
was the first to describe a layer-by-layer approach to manufacturing. He
came up with a layer-by-layer approach for manufacturing, using the
photopolymers that was polymerized by UV light to build the 3D object
[28]. Since then, AM has become one of the biggest technology disrup-
ters in the 4 industrial revolution.

3D dental metals printing. During the development stage in the
1990s, 3D printing was mostly used for rapid prototyping and rapid
tooling which involved only polymer and thermoplastic materials. How-
ever, advancement in laser and electron beam technologies has contri-
buted to fabricate metallic components. The basic idea of the 3D metals
printing was laid down in 1971 in patent by P. Ciraud [24] who can be
considered the precursor of the 3D laser cladding processes. The con-
cept of the 3D metals printing using selective laser sintering (SLS) and
selective laser melting (SLM) systems first described in the 1977 patent
by R. Housholder [25]. Now the metals 3D printing is popular in many
industries allowing the printing of the complex metal parts with the
relatively low price when compared to traditional manufacturing pro-
cesses, in particular in the aerospace, automotive, marine, military and
medical sectors. Metal 3D printing also has been used in the medical
sector such as in creating implants, especially in in dental prosthetics.
Metal 3D printing materials include stainless steel, Co—Cr alloys, Al-
alloys, Ni alloys, Ti, and others [26—30].

Dental medical parts. The large number of the publications has
shown that AM 3D procedure provides the efficient and fast technique
to digitally design and manufacture biocompatible metal frameworks
for complex dental prostheses with improved physical and chemical
properties, such as strength, durability and corrosion resistance with
not so high metal release. Nowadays additive manufacturing SLM is the
most frequently have been used to develop frameworks in dentistry to
fabricate directly metallic dental medical parts from the stainless steel,
Ti Al,V, and the Co—Cr alloys system [31-39]. SLM has the potentiality
to substitute traditional techniques for the production of the implanted
medical devices and the dental prostheses.

SLM. Among the additive methods, SLM as the recently introduced
technique has attracted the worldwide interest of research groups for
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theses have better corrosion resistance and higher strength as compared
to those fabricated with conventional casting methods.

SLM is the additive manufacturing procedure that allows printing
the metal component directly from the 3D computer-aided design (CAD)
by fusing fine metal powder in layers by the high-power laser beam
quickly and precisely (Fig. 1). Metal powders used in 3D printing need
to be spherical and have a stringent particle size distribution to achieve
good packing behaviour. The powders for the next layer are covered
on the melted layer, and the laser is again scanned according to the
next sliced data. This sequence continues until the near net shape of
the products is formed automatically. SLM has the ability to melt fully
metal into the solid 3D structure [44]. Figure 2 shows an example of the
fabricated dental parts fabricated by SLM.

The main goal of this review is to compare of the microstructures
of the metal dental products produced by two currently used technol-
ogies, namely conventional casting and SLM. We consider the latest
studies published from 2013 to 2022, arranging them in a chronological
order.
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2. Experiment and Discussion: 2013-2022

2013. The first comparative analysis of the microstructure Co—29Cr-6Mo
alloy specimens fabricated by SLM and conventional casting was per-
formed by the authors of Ref. [46]. The important aspect of this work
is the study of the influence of the laser irradiation regimes applied to
the alloy powder on the microstructure of the SLM-fabricated speci-
mens. Alloy powders with the average diameter of 22.2 ym were pre-
pared by the water atomization process. The chemical composition of
such powder is presented in the Table 3. It was used the following pa-
rameters of the SLM process: the laser power and scan spacing varied
from 75 to 200 W and from 0.1 to 0.3 mm, respectively; the powder
stacking thickness and the lasers can speed were fixed at 0.05 mm and
50 mm-s!, respectively. Figure 3 shows OM images of the SLM builds
at various laser powers from 75 to 200 W and scan spacing from 0.1
to 0.3 mm. These images correspond to the transverse cross section
normal to the building direction. As one can see in these images, the
laser scan traces are clearly observed for all the laser parameters
used. The higher the laser power and the larger the spacing, the wi-
der traces were formed. The laser energy E was determined using the

200 W 150 W 100 W 5 W

Fig. 3. OM images of the SLM fabricated samples for various laser powers (200 W,
150 W, 100 W, 75 W) and scan spacing (0.1 mm (), 0.2 mm (2), 0.3 mm (3)) [46]

Table 3. Chemical composition of the water-atomized
Co—29Cr—6Mo alloy powder (mas.%) [46]

Elements | Co Cr Mo Si Mn Fe Ni C (6] N

Mas. % Bal. | 28,6 | 59 | 0.8 | 0.4 | 0.1 | 0.2 0.1 0.16 | 0.02
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Fig. 4. Microstructures of the SLM and as-cast alloy samples: (a) OM image of
200 W to 0.1 mm taken from the transverse cross section normal to the building
direction; (b) OM image of 200 W to 0.1 mm taken from the vertical cross section
parallel to the building direction; (¢) OM image of the as-cast alloy. SEM images of
(d), (e), and (f) are magnified views of (a), (b), and (c), respectively [46]

following equation [47]: p
E=— ’

hun
where P, h, v, and n indicates the laser power (in W), the scan spacing
(in mm), the scan rate (in mm-s), and the layer thickness (mm), respec-
tively. It can be noted that the dense samples were obtained when the la-
ser energy was more than 400 J-mm™. The porous samples were formed
when the laser energy was less than 150 J-mm= (Fig. 3). However, the
influence of the laser power, overlapping ration, and scan spacing on
the porosity should be noted. In particular, the samples produced at
the laser energy range from 200 to 300 J-mm™ were not subject to the
above tendency. The results indicate that the melted and densified zone
for 200 W should be wider than 0.3 mm and that for 756 W was narrower
than 0.1 mm. Accordingly, in addition to the input energy, the change
of the energy distribution in the laser spot depending on the laser power
should be taken into account. For comparison, Figure 4 demonstrates
the microstructures of the SLM-produced and as-cast samples.

For the transverse cross-section normal to the SLM-building direc-
tion, OM image (Fig. 4, a) shows the circular arch-shaped boundaries
and numerous fine particles. The SEM image shows that the latter in-
cludes cellular dendrites with the diameter of about 2.7 mm (Fig. 4, d).
For the transverse cross-section parallel to the building direction, the
OM image (Fig. 4, b) reveals the gradual arch-shaped boundaries almost
normal to the building direction. It can be emphasized that the boun-
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Fig. 5. SEM images fabricated by the (a¢) SLM (x1,000) and (b) casting (x1000),
where ¢ — SLM sample (x10000) [49]

dary spacing almost corresponds to the stacking thickness of the pow-
ders (0.05mm). This observation indicates that the cellular dendrites
were grown along the building direction. The microstructure of the
as-cast alloy was different in comparison with those microscopic data
related to the SLM processed sample. It consisted of the coarse dendrites
with large particles (Fig. 4, c, ).

The phase compositions of the SLM-produced and cast samples were
studied by x-ray diffraction. It was observed that for the cast samples
fabricated with the pre-heated sand mould at 1073 K followed by cooling
in air, both y- and e-phases coexisted in the alloy. Formation of the
striations (Fig. 4, ¢) can be explained by the y — ¢ martensite transfor-
mation during cooling. The y — ¢ transformation in the Co—Cr—Mo alloy
was reported to be susceptible to the grain size, and it was suppressed
when the grain size was lower than 90 ym [48]. Thus, at room tempera-
ture the SLM-built Co—29Cr—6Mo alloy sample predominantly contained
the y phase because the cross-sectional intercept length of the elongated
grain size was about 33 pum.

2013. The commercially available dental Co—Cr (Mo, W) alloy and
its powder, containing (in wt.%) Co 61.5, Cr 26.0, W 5.0, and Mo 6.0
were studied in Ref. [46]. Several specimens were prepared from this
alloy using a flame-cast method and oxygen—propane (50/50 v/v) gas
mixture. The following parameters of laser were used for SLM: laser
type — Nd:YAG; wavelength was 1.064 nm; pulse energy was 60 J;
pulse length ranged 0.3—50 ms.

The features of the samples microstructure for two types are shown
in Fig. 5, a, b, c. The cast sample (x1000) demonstrates one solid solu-
tion matrix and the crystalline phase in the typical dendritic formation.
According to the local chemical analysis the ‘dark’ and ‘light’ areas of
the microstructure showed the similar component. This indicates that
these two areas belong to one solid solution matrix. It can be noted that
‘light in dark’ part showed the different component from ‘dark’ and
‘light’ parts which might indicate that this area belonged to the crystal-
line phase. Thereby, the microstructure of the casting samples is not
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homogeneous (Fig. 5, ). On the other hand, the dendrite-like structural
pattern, as well as the significant crystalline phase were not found in
the SLM samples (Fig. 5, a). In fact, at magnification x10000, sample
showed the cellular structure, which was homogeneous and regular, and
the size of the cell is of about 1 um (Fig. 5, ¢), and the gain size is much
smaller than that of the cast samples.

The corrosion tests were performed using the electrochemical po-
tentiostat via the test cell with the embedded specimen as the working
electrode; the high-purity Pt wire was the counter electrode, and the
Ag/AgCl reference electrode. To corrosion tests, the artificial saliva so-
lution was used with next composition: NaCl — 0.1 g/L; KCI — 1.3 g/L;
CaCl2.2H20 — 0.1 g/L; MgCl2, 6H,0 — 0.05 g/L; NaF — 0.000025 g/L;
0.5 g/L polypeptone; KH2P0O4 — 0.027 g/L; K2HPO4 — 0.035 g/L
(pH = 7.0], at 37 £ 0.5 °C). Table 4 shows the main parameters of the
corrosion test: the corrosion current (/.,) and the polarization resis-
tance (R,) of the SLM-built and cast specimens. The given data testify
to the best anti-corrosion properties of the SLM-built specimens in com-
parison with those of the cast one. This confirms the good prospects for
the use of SLM technique in dental clinics.

2016. The purpose of the study [50] was the comparative analysis
of the microstructural characteristics of Co—Cr—W alloys fabricated us-
ing the commercial casting (CS) and SLM. The manufacturing process
types, brand names and elemental compositions of the studied alloys are
presented in Table 5.

Figure 6 shows the X-ray diffraction (XRD) patterns two Co—Cr-W
alloy samples fabricated by casting and SLM. From these data it was
identified the presence in the microstructure of the CS and SLM samples
the Co-based f.c.c. (y) matrix structure with the nominal crystal lattice
parameter a = 0.35447 nm. However, there is the difference between the
two groups of the samples. In particular, in the casting group, there are

Table 4. Corrosion parameters of SLM and cast specimens [49]

Specimens I, WA -cm? R, kQ-cm?*
SLM 0.02 977.383
Cast 0.07 1129.9

Table 5. Manufacturing process, brand names and elemental
compositions of the studied Co—Cr system alloys [50]

Process/Brand name Co Cr w Nb A% Mo Si Fe
Casting /StarLoy C 59.4 | 24.5 10 2 2 1 1 0.1
SLM/Remanium® star CL 60.5 | 28 9 <1 1.5 <1
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Fig. 6. XRD patterns of the Co—Cr—W samples fabricated by casting (CS) and 3D
printing (SLM) [50]

Fig. 7. OM images: a — casting sample; b — SLM sample [50]

two intermetallide phases assumed to be W-rich ¢ (h.c.p.) and Nb-rich
v (f.c.c.) phases together with the matrix phase. However, for the SLM
group samples reflexes can be seen only for the Co-based y f.c.c. phase.

The OM observations of microstructure of the samples fabricated
by CS and SLM are presented in Fig. 7. It can be observed for the CS
samples group that the typical dendritic grains are dominated as well as
the precipitating intermetallic phases. It can also be noted that for the
SLM samples the laser scan traces were clearly exhibited (see the small
box in Fig. 7, ¢). Additionally, it can be noted that the energy dispersive
x-ray spectrometry (EDS) clearly revealed the presence of the matrix,
intermetallic, metal carbide phases and the silicon (Si-rich) inclusions
for CS and SLM samples. However, the elemental distribution of the
carbon was not detected.

2017. The surface morphology of the Co—Cr—(Mo, W) alloy speci-
mens processed by slip-cast technique (CS) and SLM technique were
investigated in Ref. [61]. Surface texture has important role in the
manufacturing process. These data can be used as the way of gaining
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Fig. 8. EM images of the
CS (a) and SLM samples
() [51]

wu 6°GT 1 oUIT

Fig. 9. AFM images of
the surface CS (a) and
SLM (b) samples [561]

2.28 pm' O MM
b

insight into the physical phenomena taking place during the manufac-
turing process, through examination of the surface features generated
by the process and the relation between the involved physical phenom-
ena and the technique variables. CS specimens were manufactured in
vacuum from wax discs sprue according to manufacturer indications.
Composition of the CS specimens (wt.%): Co 62.07; Cr 28.64; Mo 3.82;
W 2.02; Fe 3.45. After casting, the specimens sandblasted with 100 pm
glass pearls. The SLM specimens were obtained using the next Co—Cr
atomized metal powder composition (wt.%): Co 59.0; Cr 25.0; W 9.5;
Mo 3.5; Si < 1; others < 1.5. The SLM used the high-power laser (50 W,
A = 1070 nm), with high-speed (80 units per 4 hours) capacity.

It was found that the surface morphology depends on the techno-
logy of the sample preparation. The CS-made samples have the similar
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roughness as that of the SLM-built samples. However, the SLM sample
has more irregular surface (Fig. 8). SEM shows the characteristic image
of welding-lines (traces from melting of granules occurred during the
sintering process). These granules suffer the rapid melting because of
melt-pool that cools down and solidifies with the waved and rough tex-
ture [51]. The microstructures observed for the as-cast and SLM-built
samples were found to be free of cracks or defects.

Figure 9 presents the AFM images of the surfaces of the CS-made
(a) and SLM-built (b) samples. SLM without thermal posts-treatment
shows the bumpy surfaces with open pores and higher peaks. The calcu-
lated surface average roughness was 35 nm after SLM and 7.4 nm after
CsS.

2018. The purpose of the work [36] was to investigate the dental
Co—Cr—(W, Mo) alloys fabricated by casting and SLM. The alloy pow-
der has the following composition (in wt.%): Co 63.9; Cr 24.7; W 5.7;
Mo 5.0. The powders were spherical with the smooth surface with the
sizes ranged 20-50 pm. Cast samples demonstrated the composition
(wt.%): Co 60.2; Cr 25.0; W 6.2; Mo 4.8; Ga 2.9 and other < 1.0.

The OM observations of the microstructures of the alloy specimens
prepared using casting and SLM manufacturing techniques are shown in
Fig. 10, a, b. It can be seen that the cast specimens exhibit typical den-
dritic microstructures that consisted of light and dark regions (Fig. 10,
a). This typical dendritic structure is formed due to the low cooling
rate (approximately 102 K/s) and the negative temperature gradient.
The higher magnification allows revealing the existence of the several
island-shaped intermetallic compounds and second-phase particles (inset
in Fig. 10, a).

In contrast to the cast samples, the SLM specimens displayed su-
perior microstructure. The SLM-induced local melting and rapid soli-
dification minimized flaws and porosities. As the result, SLM process
results in the dense material with homogeneous fine-grain microstruc-
ture. Hence, the average grain size of the SLM-built specimens was
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Fig. 11. SEM image of the SLM sample (original magnification x2000 and magnifi-
cation of insets x10000) [36]

Fig. 12. SEM image of the Co—Cr—Mo—W alloy powder particles [52]

smaller than that of the cast specimens because the degree of the super-
cooling rate of the SLM-built samples significantly exceeded that of the
cast specimens. The SLM specimens contained the large number of the
homogeneously dispersed second-phase particles (Fig. 11) and had no
dendritic segregations, but their microstructure was fine-grained and
homogenous (Fig. 10). In order to observe the grains, the SLM speci-
mens were also analysed by SEM. The SEM observations show that the
second phase particles are distributed in the interior and at the boun-
dary of the grains. The size of grains/sub-grains in the SLM specimens
is within 1-5 um (Fig. 3). The cladding layer spacing is approximately
50 um (Fig. 3).

X-ray diffraction analysis was used to study the phase analysis of
the fabricated samples. According to the x-ray spectra, the main phases
in the cast specimens were y-Co phase (f.c.c.) and &-Co phase (h.c.p.). It
was also shown that the weak reflex from the ¢ phase (an intermetallic
compound) with the closely packed lattice was detected in the cast speci-
mens. In the same time, the x-ray reflexes indicate the predominance
of the y-Co phase and much lower content of the ¢-Co phase in the SLM-
built samples. The XRD-based estimations have shown for both groups
of the samples the following percentages of the f.c.c. y-Co phase: 44%
and 97% after casting and SLM, respectively.

2020. The comparative study of more complex Co—Cr alloy contai-
ning both Mo and W as the alloying elements was performed in the work

Table 6. Chemical content of the Co—Cr—Mo—W alloy (wt.%) [52]

Element Co Cr Mo w Si Nb

Content Bal. 25.15 3.99 6.36 1.03 1.04
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Fig. 13. OM images of samples fabricated by SLM (a) and casting (b) [52]

[62]. The alloy powders were produced by gas atomization in nitrogen
atmosphere (Table 6). As the precursor materials, the cast Co—Cr—-Mo—W
alloy ingots were used. The SLM-built and cast Co—Cr—Mo—-W alloy sam-
ples have almost the same chemical compositions. According to SEM im-
age, the powder particles had spherical shape with size ranges from 12
to 45 um (Fig. 12). The following optimized processing parameters used
to prepare the SLM samples: laser power was 180 W; scanning speed
was 1400 mm/s; layer thickness was 35 um; scan interval was 70 pm
and the hatch spacing was 150 um (30% overlap). For comparison of
the microstructures, another group of samples was prepared by the sand
mould casting.

According to x-ray analysis, the samples fabricated by SLM and
casting were composed of the &-Co phase (h.c.p.), y-Co phase (f.c.c.), and
Laves phase (intermetallic compound). However, the SLM-built samples
contained more y-Co phase and relatively smaller contents of ¢-Co and
Laves phase. The OM phase morphology of the microstructure of the
SLM-built and cast samples revealed after electrochemical etching is
presented in the Fig. 13, a, b. As can be seen, the SLM sample contains
equiaxed grains with the sizes range from 20 to 50 um (Fig. 13, a). It
is also seen that the striations of the HCP &-Co phase is not observed
inside the SLM-built sample. The cast sample shows the large grain
size (up to 300 um) and island-like Laves phase precipitates (Fig. 13,
b). More detailed SEM analysis showed the nanosize second Laves phase
spread uniformly over the grain interior for the SLM-built samples. At
the same time, the submicronic second phase precipitates (Laves phase)
were distributed in the grain boundary and island-like Laves phase with
the size larger than 10 um located at the gain boundary and the grain
interior. For the cast samples, the island-like precipitates exhibited the
dendritic shape.

2020. The purpose of the study [8] was to evaluate the microstruc-
ture of the SLM-fabricated Co—Cr alloys subjected to the subsequent
post-process heat treatment. The experimental specimens were fabrica-
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Fig. 14. OM images and SEM observations of the samples: a and b — cast; ¢ and
d — SLM; and e and f — heat treatment [8]

ted by means of the following manufacturing processes: lost-wax casting
(CS group), SLM, and SLM followed by heat treatment (SLM-H group).
The chemical compositions of the samples are listed in Table 7 accor-
ding to the descriptions provided by the manufacturers. The following
recommended SLM parameters were used: the laser power was 160 W;
the laser scan speed was 1200 mm/s; the hatch distance was 0.03 mm;
and the layer thickness was 70 pum. For each condition, the longitudinal
direction of the specimens was parallel to the building direction. After
the SLM processes, a part of the specimens (the SLM-H group) were sub-
jected to heat treatment in the furnace filled by high-purity Ar gas. The
regime of the heat treatment was the following: specimens were heated
from room temperature up to 1150 °C at the rate of 10 °C/min and held
for 6 hours in the furnace. Thereafter, the specimens were slowly fur-
nace cooled to room temperature.

Table 7. Nominal composition (wt.% ) of Co—Cr samples [8]

Processes Co Cr Mo Ni Fe Mn
Casting 61.5 29.2 5.8 1 <1 <1
SLM 62.5 28.0 6.0 <0.1 0.75 <1

Table 8. Elemental compositions of Co—Cr samples (wt.% ) [53]

Methods Co Cr w Mn Fe Nb Si Mo

Lost-wax casting 661.0 | 224.0 | 88.0 11.0 11.0 11.0 | 11.0 | 22.5
SLM 60.5 28.0 9.0 1.0 1.0 1.0 1.5
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Figure 14 shows the OM observations of microstructures that vary
for different sample production methods (CS and SLM). For the cast
samples, the coarse dendrite grains and ramifications with different
orientations during solidification is typical (Fig. 14, a). Moreover, the
CS sample contains casting porosity and the coarse microstructure with
the grain sizes between approximately 818 and 1135 um (Fig. 14, b). The
surface morphology of the SLM samples is different, it contains of the
unclear grain boundaries and obvious melted tracks of approximately
70 um wide (Fig. 14, c¢). Additionally, the bright ripples were also seen.
The large amount of nonmelted powder on the scale of tens of microme-
tres was randomly dispersed on the surfaces. There are several newly
observed surface characteristics of the SLM specimens after heat treat-
ment (Fig. 14, e, f). First, there are the well-defined grain boundaries
with the grain sizes in the range 29-212 um. Additionally the unclear
molten pool boundaries can also be observed. Figure 15 shows the XRD
patterns of the CS-made and SLM-built samples. For CS samples, the
mixture of the y (f.c.c.) and ¢ (h.c.p.) phases is typical. Moreover, the
weak diffraction reflex that belongs to the ¢ phase was also observed.
In the same time, the ¢ phase had disappeared in both SLM and SLM-H
specimens. Conversely, the y phase was strong and clear. In the SLM-H
specimens, the low-intensity reflexes of the o phase were observed to be
accompanied by remarkable peaks of the y phase.

2022. The recent work [53] was aimed to study the surface micro-
structures and corrosion resistance of the dental Co—Cr—(Mo, W) alloys
samples fabricated by the casting and SLM. The composition of the al-
loys presented in the Table 8. The casting samples were manufactured
by the conventional lost wax technique. The following SLM regime was
used: power of Yb-fibre laser was 100 W; the size of the Co—Cr powder
was 10—40 um; the building layer thickness was 25 pum; scan speed was
7 m/s, manufacturing speed was 5 cm?®/h and the longitudinal axes of
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Fig. 16. SEM micrographs of the Co—Cr alloys samples fabricated by cast (a, b) and
SLM (¢, d) [63]

the specimens was parallel to the building platform. After fabricating,
the SLM-built samples were subjected to the post-build heat treatment
in a furnace to remove the residual stress arising from the local laser
melting and to tailor the microstructure. The heat treatment was per-
formed in the argon gas atmosphere at 1150 °C for 1 h with subsequent
cooling down to the furnace temperature (200 °C).

The SEM observations of the microstructures of the Co—Cr alloys
samples fabricated by two processes are shown in Fig. 16. The casting
specimen demonstrates the typical inhomogeneous dendritic solidifica-
tion microstructure consisting of dendrites and interdendritic areas
with the grain size of about 20—-100 pum (see the light and dark regions
in Fig. 16, a, b). For the SLM specimen, the much finer homogeneous
structure (the grain size of 2—20 um) was observed, the compact finger-
like peculiarities were covered with many scattered second phase parti-
cles which was dispersed randomly at the grain boundaries (Fig. 16, c,
d). Additionally, the XRD analysis shows that the &-Co phase (h.c.p.)
was identified additionally to the y-Co phase (f.c.c.) in all specimens.

As shown recently, the pre-heating process can be useful for the
enhancement of the microstructure and mechanical characteristics of
the SLM-built specimens of CoCrMo alloy [64]. This study revealed that
the increase of the pre-heating temperature not only decreases residual
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stress, but also improves the mechanical characteristics of the SLM-built
CoCrMo alloy. Additionally, rising pre-heating temperature results in
the decrease in the volume fraction of the martensitic ¢-Co phase. As
the cooling speed increased, precipitation of the micro scale ¢-Co phase
was inhibited, which allowed the growth of the y-Co f.c.c.-phase grain
boundary. However, the high strength properties were maintained due
to the unique lamellar-structure precipitates of the nanoscale marten-
sitic e-Co phase.

3. Conclusions

One of the most important areas of the dentistry is prosthodontics,
which is associated with replacing of the missing tooth/teeth. In con-
nection with this, there are many different types of the metal alloys
to be used in the dentistry. For the production of the metallic dental
prostheses in the recent years, Co—Cr-based alloys are most on-demand
alloys for various and successful clinical applications. Mo and W used
as the powerful strengthening agents for these alloys with the high
strength and stainless nature. The literature describes the properties
of such alloys having of the main elements contents in the following
ranges (in wt.%): Co 31-67; Cr 24-32; Mo 3-6; W 8-9. Addition of
carbon makes the alloy highly wear resistant mainly due to precipita-
tion of the M,;C,, M,C;, and MC carbides (where M represents Co, Cr,
Mo or W). It is well known that the properties of the Co—Cr dental al-
loys depend on the ratio between y(f.c.c.)/e(h.c.p.) phases and the type,
quantity and distribution of the carbide phase in the microstructure. To
produce dental prostheses made of the Co—Cr-based alloys the lost-wax
casting and hot forging processes are traditionally used. However, fab-
rication of the Co—Cr-based dental parts possessing simultaneously high
strength and complex shape by conventional casting process is difficult
task. Complexly shaped components can be produced by casting at the
expense of their lowered strength, which retains not high enough.

Therefore, in order to solve these problems, the nowadays additive
manufacturing (AM or 3D printing) is being developed as the effective
way for fabrication of the customized dental prostheses. Such AM tech-
nology is receiving increasing attention around the world. Usually, AM
technology creates 3D products layer by layer in a single stage directly
from their 3D computer-aided design (CAD) by successively adding ma-
terials in a layer-by-layer fashion. Nowadays, the 3D printing of metals
is popular in many industries since it allows printing the complex metal
parts with the relatively low price as compared to the traditional manu-
facturing processes, in particular in the aerospace, automotive, marine,
and military. Metal 3D printing also has uses in the medical sector such
as in production of the implants and dental prosthetics.
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Recent publications have shown that 3D printing provides the effi-
cient and fast technique for digital design and manufacture biocompa-
tible metal frameworks for complex dental prostheses with improved
physical and chemical properties, such as strength, durability and cor-
rosion resistance. Nowadays, such AM as the SLM process is the most
frequently used to develop frameworks in dentistry to fabricate directly
metallic dental medical parts from the alloys of the Co—Cr system. Stu-
dies have also shown that prostheses fabricated of Co—Cr alloys by the
SLM process have better corrosion resistance and higher strength com-
pared with those produced by using conventional casting methods. This
is because, in contrast to the casting, the SLM process leads to the for-
mation of the improved microstructure that further provides superior
properties of the SLM-built products. Complete local melting and rapid
solidification occurred during SLM have minimized the residual flaws
and porosity. As a result, the SLM process results in the dense material
with homogeneous fine-grained microstructure.
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the framework of the project of Ministry of Education and Science of
Ukraine ‘Structural-phase control mechanisms of the complex of sur-
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MIKPOCTPYRTYPA CTOMATOJIOI'TYHNX CTOIIIB Co—Cr, BUTOTOBJIEHNX
METOOOM JIUTTHA TA 3D-CEJIEKTUBHOI'O JIASEPHOI'O TOIIJIEHHSA

B ornani amanisdyeTrbcss MiKpOCTPYKTYpa 3pasKiB KOMEPI[IHHUX CTOMATOJOTiUHUX CTO-
miB Co—Cr—(Mo, W), BUTOTOBJIEHUX 3a JOIOMOTO0I0 TexHoJoTil 3D-1udpoBoro ceek-
THUBHOTO JasepHOro TomeHHa (SLM), 1o € HalimepCHEeKTHBHIINOK cepej] HOBITHiX
TeXHOJIOTill afUTUBHOTO BUPOOHUIITBA, IKUX BUKOPUCTOBYIOTH AJIsI BUTOTOBJIEHHS Me-
TaJeBUX BUPOOIB y cromarosiorii. ¥ 3B’A3KY 3 IIUM TOJIOBHOIO METOIO € MOPiBHAHHSA
MiKPOCTPYKTYpP MeTajJeBUX 3y0OTeXHiYHMX BUPOOiIB, BUTIOTOBJIEHUX 3a JBOMAa TEXHO-
JoriAMY BUPOOHUIITBA, a came, 3BUYaiHUM JuUTTAM Ta SLM. PosrismamoTscsa ocTaH-
Hi mocximkeHHs, onmybuaiKoBaHi BipomoB:k mepioxy 2013—-2022 pp. MikpocTpyKTypa
OIliHIOBajacA 3a MOIOMOTOI0 OnTHMUYHOI Mikpockomii (OM), ckaHyBaJabHOI €JIEKTPOH-
HOI MikpocKomii 3 eHepropucnepciinoo Penrtrenosor crnexrpockomrieo (SEM—-EDS),
PenrrenoBoi pudpartomerpii (XRD), anamnisy gudpakxiiiiHoi KapTUHU 3BOPOTHHOTO
posciaauda enekTpoHiB (EBSD) Ta aromHo-cunoBoi mikpockonii (ACM). Anauris MiKkpo-
CTPYKTYPHU YMOMKJIUBJIIOE 3pOOUTH BUCHOBKHU II[OJA0 IMpuUAaTHOCTI TexHosaorii SLM misa
CTOMATOJIOTIUHUX 3aCTOCyBaHb. IloKasaHO, IO MiKPOCTPYKTypa AEHTAJbHUX CTOIIiB
Co—Cr 3ameXuTh Bif XxiMiuHOTO CKJIaAy 3pasKiB, a TaKOK BijJ mapamMeTpiB 3acTocCOBa-
HOI TeXHOJIOTil BUTOTOBJEeHHsS. EKcIlepuMeHTaNbHI pPe3yjabTaTu JOBEJHU, 110, Ha Bif-
MiHY Bif TUTUX 3pasKiB, 3pasdku SLM neMOHCTPYIOTH HOJINIIIEHY MiKPOCTPYKTYPY 3a
PaxyHOK IOBHOTO JIOKAJBLHOTO TOILJIEHHS Ta IBUAKOro TBepAimus. Kpim Toro, Tex-
Hosorigs SLM 3BoauTh A0 MiHiMyMy s3aiauinkoBi medekTHicTs i mopysaricTb. B pe-
gyabrati SLM yMOXKJIUBIIIOE (DOPMYBaHHSA IiIJILHOIO MaTepiaay 3 OLHOPiAHOIO APiOHO-
3€PHUCTOI0 MiKPOCTPYKTYPOIO.
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