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1. Introduction 
The use of metal alloys as a framework under superstructure 
material has always been a choice for dentists due to their 
excellent mechanical properties (Kaleli and Saraç, 2017b). 
Manufacturing of metal frameworks in the professional sense 
first started with the introduction of the lost-wax casting 
method, which was adapted from the jewelry industry (Van 
Noort, 2012), and this old technology is still used for 
fabricating metal frameworks (Kaleli and Saraç, 2017a). 
However, casting of base metal alloys has some drawbacks. 
Casting process involves several time-consuming steps, of 
which each need technical sensitivity (Sun and Zhang, 2012). 
Moreover, cast frameworks may show some impurities within 
the structure, which negatively affect the mechanical properties 
(Willer et al., 1998; Pasali et al., 2018).  

Dentistry is continuously evolving, and more and more 
dentist join to this field day by day, and dental laboratories 
have to use high performance manufacturing technologies to 
meet the commercial needs. With the introduction of 
computer-aided design and computer-aided manufacturing 
systems (CAD-CAM), a new era has begun in metal 
manufacturing. CAD-CAM systems simply work as follows: 
(1) the computer-aided impression (CAI) data, which is 
obtained by intra-oral scanners (IOSs) or laboratory model 
scanners, (2) is processed by the CAD software, (3) and then 
the final design is turned into a physical part by the CAM unit 
(Alghazzawi, 2016). This digital workflow has overcome the 

problems resulted from casting imperfections and have offered 
easier, faster, and more predictable manufacturing solutions as 
well as improved mechanical properties of metal frameworks 
(Sun and Zhang, 2012; Van Noort, 2012; Alghazzawi, 2016; 
Braian et al., 2018). The computer-aided manufacturing 
systems used in dentistry are classified as subtractive 
manufacturing technologies and additive manufacturing 
technologies, and each system has advantages and 
disadvantages when compared with each other (Van Noort, 
2012; Alghazzawi, 2016). This review illuminates the current 
computer-aided manufacturing systems used in fabrication of 
metal frameworks (Fig. 1) in terms of manufacturing time, 
laboratory cost, ease of application, preferability, and clinical 
recommendations. 

Fig. 1. Computer-aided metal manufacturing technologies in dentistry 
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2. Subtractive metal manufacturing  
Subtractive manufacturing is simply based on the milling 
technology, of which uses sharp cutting tools to cut solid metal 
blocks under the control of computer software. This 
technology reduces overall manufacturing time, and dental 
restorations with complex geometries, which are difficult to be 
made by using conventional workflow, could be easily 
fabricated (Van Noort, 2012). However, the accuracy of the 
milling process is limited by the diameter of the milling 
equipment (Örtorp et al., 2011; Bosch et al., 2014). Any 
surface detail smaller than the smallest milling bur, which is in 
the bur tool set, will be over milled and hence result in missed 
geometrical details in the final restoration (Alghazzawi, 2016). 

The milling process of metal alloys can be either dry or wet 
milling, which depends on the alloy system (Alghazzawi, 
2016). In the past, only fully sintered hard alloys (FHA) were 
used, which needed wet milling (Alghazzawi, 2016). The FHA 
blanks are fabricated under standardized conditions so that they 
lack structural defects, porosities, and residual stresses (Braian 
et al., 2018). Therefore, metal frameworks, which are 
fabricated by using FHA blanks, have high-level of structural 
homogeneity and improved mechanical properties (Willer et 
al., 1998; Braian et al., 2018). Titanium (Ti) metal blanks are 
mainly used for fabricating custom implant abutments and 
bars, whereas the cobalt-chromium (Co-Cr) metal blanks are 
mainly used for fabricating single or multiple-unit metal 
frameworks of fixed dental restorations (Alghazzawi, 2016). In 
particular, the hard metal milling provides improved fit in 
fabrication of full-arch implant-supported metal frameworks, 
which involves both teeth and gingival parts (Srivastava and 
Bidra, 2020). However, the milling of base metal alloys takes 
too much time and their hardness leads to rapid abrasion of 
milling tools, which increases the laboratory cost (Sun and 
Zhang, 2012; Krug et al., 2015; Park et al., 2016). As a 
solution, manufacturers have come up with new commercial 
manufacturing strategies (Park et al., 2016). Today, pre-
sintered soft alloys (PSA) are available for fabrication of metal 
frameworks (Park et al., 2016; Kim et al., 2017; Pasali et al., 
2018), and these wax-like metal blanks need dry milling 
(Stawarczyk et al., 2014; Alghazzawi, 2016; Park et al., 2016).  
The PSA blanks are manufactured by compressing Co-Cr 
metal powders under isostatic pressure (Lambert et al., 2017), 
and they can be easily milled with minimum abrasion of 
milling equipment (Krug et al., 2015; Park et al., 2016; Kim et 
al., 2017). Moreover, the manufacturing process is completed 
sooner when compared to hard metal milling (Krug et al., 2015; 
Park et al., 2016; Kim et al., 2017). Following the milling 
process, the PSA frameworks are sintered to full density under 
argon protective gas atmosphere, and this sintering process 
results in an approximately 10% to 11% contraction within the 
structure, which is similar to sintering process of pre-sintered 
zirconia restorations (Stawarczyk et al., 2014; Park et al., 2016; 
Kim et al., 2017; Pasali et al., 2018). Soft metal alloys may be 
considered as cost-efficient for metal-ceramic restorations; 

however, only Co-Cr soft metal alloys are available in the 
market. Therefore, they are not indicated for fabricating 
custom implant abutments and bar structures because of that 
titanium is the first option for custom solutions in implant-
supported metal frameworks (Lambert et al., 2017). 

Yet, subtractive manufacturing is a wasteful process 
because the amount of removed material is more than that used 
in the final metal product. Moreover, the subtractive milling 
technologies are not efficient in contouring of undercuts and 
complex internal geometries due to limited access of the 
milling tools associated with the size of milling burs and the 
working axis of the milling machines (Van Noort, 2012; 
Revilla-León and Özcan, 2017). Material waste and missing 
details associated with milling process can be minimized by 
using additive manufacturing methods (Van Noort, 2012). 

3. Additive metal manufacturing technologies 
The American Society for Testing Materials (ASTM) defines 
the additive manufacturing as the process of joining materials 
to make parts from 3D model data, usually layer upon layer 
(Van Noort, 2012). Unlike subtractive manufacturing, additive 
manufacturing strategies eliminate the waste of raw material 
and provides fabrication of actual parts, which have complex 
structural geometries (Sun and Zhang, 2012; Van Noort, 2012; 
Alghazzawi, 2016; Revilla-León and Özcan, 2017). Several 
additive manufacturing systems are used in dental applications; 
of these, laser sintering technologies stand out for metal 
manufacturing (Sun and Zhang, 2012; Van Noort, 2012; 
Revilla-León and Özcan, 2017). In the laser sintering system, 
the CAD data is segmented to multiple layers at micron level, 
and each layer is fabricated by using a high-power laser source 
that transmits the laser beams to the powdered metal particles 
on the surface layer and hence fuses them together. This 
process continues layer by layer until the fabrication of metal 
frameworks is completed (Santos et al., 2006; Sun and Zhang, 
2012).  

Laser sintering machines, which are used for dental 
applications, can be classified according to their melting 
method as follows: (1) direct metal laser sintering (DMLS), (2) 
direct metal laser melting (DMLM). DMLS is based on partial 
melting of metal particles, whereas DMLM is based on 
complete melting of metal particles (Ekren et al., 2018; Ucar 
and Ekren, 2018; Kaleli et al., 2019a; Kaleli et al., 2019b; 
Kaleli and Ural, 2020). The final product reaches higher 
density when the process is based on complete melting (Santos 
et al., 2006; Ekren et al., 2018; Kaleli and Ural, 2020). 
Regardless of the melting strategies, all metal frameworks are 
subjected to additional heat treatment in normalization 
furnaces, which is defined as annealing, after the fabrication 
process is completed (Revilla-León and Özcan, 2017; Tulga, 
2018). This post-processing procedure provides improved 
ductility, relief from internal stresses, structural homogeneity. 
Although the duration and temperature range of the annealing 
process varies depending on the sintering parameters, alloy 
powder, and laser sintering machines (Tulga, 2018), a common 
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point for all annealing programs is that the process should be 
conducted under protective gas atmosphere to decrease the 
interparticle distance and bilayer thickness (Ayyıldız et al., 
2013; Tulga, 2018).  

The laser sintering is conducted under control of several 
processing parameters, which affect the mechanical properties 
of final product. One of the important parameters is the layer 
thickness of sintering process (Kaleli et al., 2019a; Kaleli et al., 
2019b; Kaleli and Ural, 2020). The laser sintering systems used 
in metal manufacturing generally work with the principle of 
powder-bed fusion. In powder-bed fusion system, the 
powdered metal particles are swept onto the build platform by 
the rake, which is a metal, ceramic, or polymer-coated bar. 
After the laser beam wave passed, the building platform is 
lowered, and a new layer is swept onto the build platform. This 
processing parameter simply determines how much metal 
powder will be swept onto the build platform between each 
laser wave (Sames et al., 2016). The layer thickness directly 
affects the manufacturing time. The duration of the laser 
sintering process considerably decreases when the layer 
thickness is increased (Sames et al., 2016); however, this 
brings up a new challenge. When the layer thickness exceeds a 
certain threshold, which is higher than the penetration depth of 
laser source, the “balling effect” may occur.  This phenomenon 
is defined as “porosity” or “delamination” that causes a poor 
interlayer bond between the fresh powder and previously 
sintered layer (Gu and Shen, 2009).  As for dental applications, 
the laser sintering process is conducted approximately with a 
layer thickness of 20 μm (Koutsoukis et al., 2015), and this 
cannot be further decreased because of that setting the layer 
thickness lower than 20 μm increases the porosity within the 
structure (Mazzoli, 2013). Another important processing 
parameter is the laser scanning speed, which is mostly under 
the operator’s control (Kaleli and Ural, 2020). Increasing the 
laser scanning speed decreases the manufacturing time 
(Senthilkumaran et al., 2009); however, the linear energy 
density of the laser input decreases as well, and this results in 
a balling effect and transverse shrinkage distortion in the 
interparticle zone (Wang et al., 2007; Zhang et al., 2012). On 
the other hand, if the laser scanning speed decreases too much, 
the high energy of the laser input may cause rapid evaporation 
of the raw metal particles (Lu et al., 2017). Dental laboratories 
have their own manufacturing considerations, which are 
mostly based on cost and manufacturing time. Nevertheless, 
the best manufacturing strategy is to follow the manufacturer’s 
guidelines. 

The laser sintering is a cost-efficient and rapid 
manufacturing method for dental laboratories. Yet, one of the 
important disadvantages of this system is the support removal 
followed by finishing procedures. The laser sintered metal 
frameworks are fabricated on lattice support structures (Fig. 2), 
which prevents metal frameworks from deformation caused by 
gravity or growth stress (Sames et al., 2016). 

 
    Fig. 2. Laser-sintered metal framework on lattice supports 

After the fabrication and subsequent annealing processes, 
the supports are removed by using tungsten carbide burs. 
However, the computer-aided manufacturing continues with 
conventional manual manufacturing. Moreover, the raw metal 
powder undergoes rapid melting and then annealing, and these 
thermal processes may affect the adaptation of metal 
frameworks. Furthermore, the laser sintering systems are 
unable to create smooth or planar frameworks like milling 
technologies (Fig. 3). Therefore, laser sintering systems are not 
preferred particularly in fabrication of full-arch implant-
supported frameworks or custom implant-supported solutions 
(Ciocca et al., 2019). 

 
Fig. 3. Metal frameworks fabricated with different Computer-aided 
manufacturing technologies: hard metal milling (a), soft metal milling 
(b) and direct metal laser melting (c) 

Recently, a new manufacturing solution, which is called 
hybrid manufacturing, has been proposed to fabricate implant-
supported metal frameworks. In the hybrid manufacturing 
system, the main part of the metal framework is fabricated by 
using laser sintering machine, and the following finishing 
process is completed by 3D processing manufacturing 
machines using milling to refine the over-contoured areas. This 
new manufacturing strategy promises to combine the 
advantages of both laser sintering and milling technologies 
(Ciocca et al., 2019). 

4. Conclusion 
The clinicians should consider advantages and disadvantages 
of both subtractive and additive manufacturing methods, and 
they should select the manufacturing method according to the 
cases. Laser sintering technologies offer economical solutions 
when compared to milling technologies. Nevertheless, milling 
systems are more preferable in custom implant solutions. 
Using only one manufacturing system may not be efficient for 
all cases. 
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