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Abstract

The article presents the results of a comparative analysis of the metal substructure for dental prosthesis made from a Co-Cr-Mo-W alloy by
two techniques, i.e. precision investment casting and selective laser melting (SLM). It was found that the roughness of the raw surface of
the SLM sinter is higher than the roughness of the cast surface, which is compensated by the process of blast cleaning during metal
preparation for the application of a layer of porcelain. Castings have a dendritic structure, while SLM sinters are characterized by a
compact, fine-grain microstructure of the hardness higher by about 100 HV units. High performance and high costs of implementation the
SLM technology are the cause to use it for the purpose of many dental manufacturers under outsourcing rules. The result is a reduction in
manufacturing costs of the product associated with dental work time necessary to scan, designing and treatment of sinter compared with
the time needed to develop a substructure in wax, absorption in the refractory mass, casting, sand blasting and finishing. As a result of
market competition and low cost of materials, sinter costs decrease which brings the total costs related to the construction unit making
using the traditional method of casting, at far less commitment of time and greater predictability and consistent sinter quality.
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1. Introduction enamel porcelain, used to rebuild the incisal edge and the
surrounding area.

Metal alloys are the primary material used for dental restorations
and prostheses, both fixed and removable. They have been used in
dentistry continuously since 1907 [1], when the technique of lost
wax (investment) casting was developed. This technique of
making castings consists in shaping a model of the future
prosthesis in wax material, embedding this model in a refractory
coating material, melting out the wax and replacing it with metal
introduced by the applied centrifugal force or pressure [2]. In
prosthetics it is important to cast a very accurate replica of the
wax model, both in terms of the overall dimensions and surface
details.

Fixed metal-ceramic dental restorations, crowns and bridges
are composed of porcelain fused on the surface of metal element,
i.e. on a metal cap strictly adhering to the specially prepared walls
of the tooth. In some cases, caps resemble a metal thimble or a
thin-wall stem, while in other cases they resemble a crown with
partly ground surfaces which will be covered with porcelain
masking the metal element and reconstructing the full contour of
the tooth, thus creating a restoration with satisfactory aesthetic
effect (Fig. 1). Metal caps, usually cast, are covered with three
layers of porcelain: metal coating porcelain; dentinal porcelain
determining the colour or tint of the prosthetic restoration, and
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Fig. 1.

The quality of end product (the dental restoration) is largely
affected by the manufacturing technique, which means the
compliance with relevant conditions at each stage of the casting
process, and proper treatment of materials used in this process [3].
It is essential to remember that each modification to the
manufacturing technique has a significant impact on the casting
quality in terms of its mechanical, physical and chemical
properties. The investment casting with a smooth surface and
compact internal structure is less susceptible to the effect of the
oral cavity environment [2]. The quality of casting made by the
lost-wax process depends on factors such as the shrinkage of
modelling wax, the expansion of refractory material, the
temperature of mould preheating, the thickness and the length of
the casting pin, the technique of casting, the shrinkage of the
alloy, and the technique by which the finished casting is
processed [2]. Despite the complexity of the casting process and
subsequent machining of castings, it appears that metal alloys
offering high mechanical strength, good machinability and
attractive price will hold for a long time the leading position as a
base material for prosthetic reconstructions [1]. They can be used
to rebuild the lack of a single tooth and also to reconstruct more
extensive loss of many teeth. In spite of this, in some aspects of
prosthetic reconstruction, modern technologies like 3D printing in
metal are also trying to find their way into the range of standard
applications. One example technology used in the studies is
selective laser melting SLM known since 1995. International
standards SLM technology include to the category of laser
sintering, although this is confusing because the process
completely melts the metal in the entire volume. In contrast, the
selective laser sintering (SLS) or direct metal laser sintering
(DMLS), which are the real sintering processes. The SLM process
uses a standard .stl files, based on which the layered blocks is
produced by 3D printing. The thin metal layer having a thickness
of 20um to 100pm are made of melted powder with a laser beam
of high power. The powder is uniformly distributed on the base,
which moves in a vertical direction (Z-axis). This process is
carried out in a chamber filled with protective gas, eg. nitrogen or
argon. The laser beam is directed in the X and Y scanning mirrors
with high frequency. The laser energy is sufficiently intense to
allow full melting of the powder particles. As in other cases, 3D
printing in metals such as SLM are dedicated to complex
geometries and wall constructions, cavities, complex internal
channels in individually made components. Dental restoration are
one example of this technology in the industry. It replaces the
traditional methods of producing, eg. investment casting. A key
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b)

Fixed metal prosthesis with the layered porcelain coating; a) metal cap, b) metal cap covered with porcelain
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role in the replacement of foundry technology plays the type of
material and its properties.

2. Co-Cr-Mo alloys

The dental prosthetics uses precious metals, common metals
and alloys thereof. Precious metals such as gold and platinum
were in use for many years, but due to the high price, their use has
been gradually reduced. Instead, a stable position in the dental
practice have gained the alloys based on cobalt, nickel and
titanium. The alloys used most frequently are included in a Co-
Cr-Mo group with carbon content of up to 0.35%. The content of
chromium and molybdenum in these alloys is chosen in such a
way as to obtain the alloy matrix in the form of B-Co solution
with the Al structure [8]. Chromium mainly improves the
corrosion resistance of alloys. Molybdenum affects the grain
refinement and strengthening of the matrix. The addition of
carbide-forming alloying elements in the presence of high carbon
content causes in these alloys during heat treatment the formation
of a structure composed of carbides of the M;C; and M,;C¢ type
[9,10,11]. Some physical and mechanical parameters obtained in
metal alloys after the casting process differ from the values given
by the alloy manufacturer. This reflects the impact of the casting
process on alloy properties, in most cases neglected by the
manufacturers of such materials in their testing procedure [4]. The
dendritic structure is formed as a result of the non-uniform heat
dissipation during solidification, due to which the nuclei of
crystallization are growing unevenly, and the rate of growth is
higher in one direction and lower in another (Fig. 2). In the
crystallites there are microsegregations of dendritic cells, while in
the interdendritic spaces and along the borders of the crystallites,
the primary precipitates of a continuous nature are distributed.
The control of mould temperature in the range of 800 + 1000°C
affects the grain size in the casting shaped from the molten melt at
1350 + 1400°C. At higher temperatures, the coarser structure is
formed, which reduces the casting strength. On the other hand,
high temperature of the process may result in the formation of
large carbides distant from each other, which will produce the
material characterized by lower brittleness. Additionally, a good
correlation between the strength and ductility is obtained [4,5].
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Fig. 2. The dendritic microstructure developing from the casting
surface in Co-Cr-Mo-W alloy

The family of cobalt materials widely used in dental applications
is represented by Co-Cr-W-Mo alloys. In contrast to the alloys
used in orthopaedics, cobalt-based dental alloys are free from the
addition of nickel. Tungsten does not affect the fluidity of Co-Cr-
Mo alloys but increases the stacking-fault energy (SFE), thus
reducing the density of stacking faults [6,7]. Moreover, compared
to the Co-Cr-Mo alloys, alloys containing tungsten are
characterized by lower thickness of the oxide layer generated in
the manufacturing process, which facilitates the combination with
ceramics. Therefore they are used for direct firing of the ceramics
on metal surface or for acrylic coating. They mainly serve for the
manufacture of frame dentures, crowns and bridges [4].

The main aim of this article is to discuss the possibility of
replacing the cast metal substructures of dental prostheses with
parts made by the process of selective laser melting (SLM). The

a)

a)

outer surface
roughness
evaluation

www.czasopisma.pan.pl Pg iN www.journals.pan.pl

identical substructures made by two different techniques were
compared in terms of the structure and properties.

3. Research methodology

For tests, the Co-Cr-Mo-W alloys, typically used in prosthetic
applications (Table 1), were selected. The substructure was
designed virtually after scanning of the model. The next step was
making a real substructure by two different methods, i.e. by
precision investment casting and by SLM using a CO, laser (Fig.
3). In the preparation of SLM samples a powder with a particle
size ~ 80um was used, with a density of 8.5 g /cm® and a hardness
of 420HV after annealing. Substructure was made on the machine
EOSINT M270, where the melting point of the powder was
1410°C to 1450°C. In the method of investment casting the full
ceramic molds (based on Bellavest molding mass) were used
heated to a temperature of 950°C before gravity pouring metal at
a temperature of 1460°C. Each sample were blast cleaned with
corundum grit of 250um granulation in the same manner as the
technique used for similar prosthetic frameworks.

Table 1.
Chemical composition of sample substructures prepared for
testing [wt%]

Sample Co Cr Mo Si w Mn, C
SLM sinter 62 28 4.2 0.5 52 <1%
casting 62 28 54 0.6 3.6 <1%

b)

b)

sample cross section line

Fig. 4. Charactenstlc features of the methodology for sample preparation; a) view snowing we secuon wirougn metal cap, b) view showing
the cap surface and the section line
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Surface roughness of the samples was measured with a Nano
Focus Surf Explorer confocal microscope. Microstructure was
examined on the sample surface and section (Fig. 4) under an
Olympus IX70 light microscope and Hitachi 3500N scanning
electron microscope.

um

4. Results and discussion

The results of studies indicate that for both parts similar values of
the model mapping and surface roughness measurements were
obtained (Fig. 5). This is particularly important for the quality of
metal-ceramic bond, which is accomplished in the following
successive steps of the prosthesis manufacture.
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Fig. 5. The results of measurements of the accuracy of mapping and surface roughness; a, ¢) investment casting, b, d) SLM sinter

The mechanical and chemical treatment of Co-Cr-Mo alloys
which are combined with the ceramic material mainly consists in
blasting (sandblasting) and etching. For blasting, like in the case
of precious metal alloys, corundum sand (Al,O3) is used and the
jet of air at a pressure of 0.2+0.3MPa. The size of powder
particles affects the resultant surface roughness, and thus also the
adhesion of the ceramics fired in the next step of the process
[12,13]. It has been observed that large grains of the size of
110um increase the adhesion as compared to the fine grains of 50
pm [14]. The explanation is to be sought in the possible
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adsorption of very fine particles of aluminium oxide on the
surface of alloy. The impurities weakening the metal-ceramic
bond were noticed after the blasting process, making additional
etching before the application of ceramic layer necessary. This
type of surface preparation is sufficient to ensure adequate
quality, i.e. the strength and resistance to destruction, of the
metal-ceramic bond. Porcelain bonded with metal in the firing
process has higher resistance than the porcelain without such
substructure. The bond is of an adhesive type, although evidence
exists that some sort of reaction also occurs between the porcelain
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and an oxide layer present on the surface of metal. More detailed
analysis suggests that stronger porcelain-metal bond can be
obtained in an atmosphere saturated with oxygen [15]. Van der
Waals forces of attraction are another factor contributing to a
strong bond produced between the porcelain and metal. The bond
formed between these two materials, mainly of an adhesive
nature, is so strong that the destruction or breaking off is to be
expected rather in the porcelain and not in the porcelain-metal
joint.

A comparison of the surface cast and sintered by SLM
demonstrated a better finish of the cast surface, but after sand
blasting the surface of the sinter has become more homogeneous
(Fig.6.). It seems, however, that this condition may be due to
abrasion or deformation and flattening of small bumps in the

a)
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b)

surface of the sintered product (Fig. 7). In microscale, the
difference in the quality of both surfaces is clearly visible in the
section of casting and sinter (Fig. 8). More detailed examinations
also reveal the presence of defects typical of products made by
these techniques. Castings are commonly observed to suffer from
the microporosity or shrinkage porosity defects appearing in the
hot spots. These defects do not occur in the SLM sinters. In
sinters, only small isolated pores are observed, which do not
deteriorate the quality of the manufactured product, indicating
rather a high accuracy of the layer-by-layer fusion of the
powdered alloy. This creates a homogeneous structure
characterized by very high accuracy and high mechanical strength
(Figs.8c and 9).
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Fig. 6. View of the metal cap surface in the place of roughness measurement;
a) investment casting, b) SLM sinter
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Fig. 7. View of the (a) surface and (b) cross section through the edge of SLM sinter
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Fig.9. Average hardness of casting and SLM sinter

Fixed dental prostheses with fired layer of porcelain are
commonly accepted by the clinical practice mainly due to their
high strength and resistance to destruction. Porcelain bonded with
metal in the firing process is in fact stronger than the porcelain
without such substructure. The bond is of an adhesive nature, and
therefore quality of the metal surface is so important. On the other
hand, evidence exists to indicate that some sort of bond is also

Fig. 8. View of microstructure on the section of sample casting (a,c) and SLM sinter (b,d)
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formed between the porcelain and an oxide layer present on the
surface of metal. Some observations suggest that stronger
porcelain-metal bond can be obtained in an atmosphere saturated
with oxygen. Van der Waals forces of attraction are another factor
contributing to a strong bond produced between the porcelain and
metal. The bond formed between these two materials, mainly of
an adhesive nature, is so strong that the destruction or breaking
off is to be expected rather in the porcelain and not in the
porcelain-metal joint.

It would be a mistake in the discussion of metal restorations
coated with fired porcelain to focus attention on the properties of
the porcelain only, as some properties of the metal alloy used in
the restorations play no less important role. First of all, metal and
porcelain should have compatible characteristics in the range of
melting temperatures and coefficients of thermal expansion. The
coefficient of thermal expansion of the conventional cobalt alloys
is relatively high and amounts to 14+15.9 x10%/K (14+14.2 x10°
8/K for the Co-Cr-Mo-W alloys), while common dental porcelain
shows a lower value of 6.7+13.7x10°%K_ It has been proved that
the permissible difference between these two coefficients should
not exceed 0.5x10°%K. Larger differences may induce the
formation of shear stress weakening the bond between these two
materials.
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Summary

The article presents the results of a comparative analysis of the
metal substructure for dental prosthesis made from a Co-Cr-Mo-
W alloy by two techniques, i.e. by precision investment casting
and selective laser melting (SLM). It was found that the
roughness of the raw surface of the SLM sinter is higher than the
roughness of the cast surface, which is compensated by the
process of blast cleaning during metal preparation for the
application of a layer of porcelain. The microstructure of the two
products is also different. The structure of casting is dendritic
with numerous carbide precipitates, while the structure of sinter is
compact, fairly refined and lacking the orientation typical of the
cast structure. In the structure of the sinter, fine and scarce defects
of the type of gas porosity were identified, while the predominant
type of defects found in the structure of casting was shrinkage
porosity present in the hot spots and accompanied by small
surface discontinuities. High performance and high costs of
implementation the SLM technology are the cause to use it for the
purpose of many dental manufacturers under outsourcing rules.
The result is a reduction in manufacturing costs of the product
associated with dental work time necessary to scan, designing and
treatment of sinter compared with the time needed to develop a
substructure in wax, absorption in the refractory mass, casting,
sand blasting and finishing. As a result of market competition and
low cost of materials, sinter costs decrease which brings the total
costs related to the construction unit making using the traditional
method of casting, at far less commitment of time and greater
predictability and consistent sinter quality.
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