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Featured Application: This article will help to find main points to be considered while applying
selective laser melting technology in dentistry.

Abstract: Metal additive manufacturing (AM), especially selective laser melting (SLM), has been
receiving particular attention because metallic functional structures with complicated configurations
can be effectively fabricated using the technique. However, there still exist some future challenges
for the fabrication of high-quality SLM products for dental applications. First, the surface quality
of SLM products should be further improved by standardizing the laser process parameters or by
appropriately post-treating the surface. Second, it should be guaranteed that dental SLM restorations
have good dimensional accuracy and, in particular, a good marginal fit. Third, a definitive standard
regarding building and scanning strategies, which affect the anisotropy, should be established to
optimize the mechanical properties and fatigue resistance of SLM dental structures. Fourth, the SLM
substructure’s bonding and support to veneering ceramic should be further studied to facilitate
the use of esthetic dental restorations. Finally, the biocompatibility of SLM dental alloys should be
carefully examined and improved to minimize the potential release of toxic metal ions from the alloys.
Future research of SLM should focus on solving the above challenges, as well as on fabricating dental
structures with “controlled” porosity.
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Additive manufacturing (AM), also known as three-dimensional (3D) printing or rapid
prototyping, is the process of joining materials to make 3D objects from digital data, usually layer upon
layer [1,2]. Metal AM, especially selective laser melting (SLM), has been receiving particular attention
because metallic functional structures with complicated configurations in various industrial, medical,
and dental sectors can now be fabricated using this technique [1–3]. However, due to the complex
nature of metal AM, there still exist many challenges for the successful fabrication of high-quality
metallic products with favorable microstructures and properties [3]. In particular, several challenges
need to be solved in order to apply the SLM technology widely in dental applications, replacing
conventional techniques such as casting [1].

It has been known that the SLM technique can produce 3D objects with minimal pre-processing
and/or post-processing requirements [3]. In reality, however, the supporting structure created in
the manufacturing stage must be manually removed after the final 3D product is completed [2,4].
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In addition, low surface quality (such as cracking, delamination, and swelling) is one of the major
drawbacks encountered in the SLM process [5]. Hong et al. [6] demonstrated that three laser process
parameters (laser power, scan rate, and scan-line spacing) directly influenced the surface roughness of
an SLM cobalt–chromium (Co–Cr) dental alloy. Yasa et al. [5] suggested “laser re-melting,” in which,
after scanning a layer and melting the powder, the same slice is re-scanned before adding a new layer.
Laser re-melting can also be applied to only the last layer of the SLM part to enhance the surface
quality [5]. However, it is still questionable whether this technique can be applied to SLM-processed
dental prostheses in general, because it may alter the dimension of the products.

SLM-fabricated fixed partial dentures have good dimensional accuracy and, in particular, a
good marginal fit to minimize plaque accumulation and to reduce the chance of recurrent caries
and periodontal disease (Figure 1) [1,7]. However, the dimensional accuracy of the final 3D product
can be significantly jeopardized by many factors, including thermal distortion due to continuous
melting and resolidification during the SLM process [6]. Kim et al. [7] reported that SLM-fabricated
Co–Cr alloy copings showed significantly larger marginal discrepancies than cast ones. In addition,
Kocaağaoğlu et al. [8] showed a significantly increased marginal discrepancy after the application of
veneering ceramic in the Co–Cr alloy copings produced by SLM (Figure 1). Therefore, at present,
it cannot be ensured that dental SLM restorations have a good marginal fit both before and after
ceramic veneering. Meanwhile, Kruth et al. [9] proposed a method of reducing the layer thickness
or increasing the sloping angle during the SLM process to improve the accuracy of the final SLM
framework. In addition, Yang et al. [10] suggested the use of a compound scanning method with
different spot compensations to fabricate a more accurate SLM structure. Thus, the strategies for
guaranteeing an accurate fit of SLM objects should be researched further.
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For dental applications, SLM-fabricated restorations should retain sufficient mechanical properties
and fatigue resistance, which are directly affected by the alloy microstructures [1,11,12]. Even a little
residual porosity in the SLM parts may be problematic for some applications where high strength
and fatigue resistance are necessary [5]. During the SLM process, therefore, various factors such as
applied process parameters and cooling cycles should be optimized carefully, depending on the alloy
powder materials used (e.g., type and size distribution) [2,6,13]. In particular, the anisotropy of the
mechanical properties is a unique characteristic of SLM builds (Figure 2) [11,12,14–17]. The tensile
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properties of SLM parts fabricated in different building directions depend on the metallurgical bonding
between two neighbor melt tracks or layers. When an SLM structure is being built, “layer-layer”
and “track-track” molten pool boundaries (MPBs) are generated by multi-layer and multi-track
melt pool overlapping, respectively (Figure 2) [16,18]. When the structure is built vertically (90◦)
or horizontally (0◦), the loading direction caused by an occlusal force would act on the track-track
MPB surface or on the layer-layer MPB surface, respectively. When the part is built diagonally (45◦),
the oriented MPBs are discontinuous not only on the x-y plane but also along the z axis, producing
complex loads acting simultaneously along both the layer-layer and track-track MPB surfaces [15,18].
Thus, the differences in MPB formation can eventually influence the mechanical properties of the
processed SLM structure. Kajima et al. [12] reported that SLM-produced structures exhibit significant
anisotropy in their fatigue strength as well. Therefore, when a metallic dental structure is fabricated
via SLM, the building direction is a primary factor to be considered during the designing process.
In addition, it should be noted that the microstructural anisotropy of the SLM part is also caused by
the local heat transfer condition, which can be determined by the mean of the scanning strategy [16].
At present, however, there is no definite standard or consensus on how dental SLM prostheses should
be designed when considering the anisotropy issue, which mainly depends on the building and
scanning strategies. Moreover, the dominant factor affecting the fatigue strength of SLM builds
still remains unidentified [12]. Although the mechanical anisotropy of SLM structures have been
extensively researched, most of those studies were performed using “tensile” tests [11,15,17]. Tests for
evaluating the mechanical and fatigue behaviors of SLM products for dental applications should be
accompanied with “bending” tests, which simulate a long dental bridge under occlusal load. Future
research should also include studies on the effects of post-processing heat treatment of as-built SLM
products for relieving the residual stress and for improving the mechanical properties and fatigue
resistance [13,17]. At present, when an SLM part is applied as a dental prosthesis, it should be tested
to find whether the alloy satisfies the requirements specified by ISO 22674 in terms of mechanical
properties [19].
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It should also be noted that most dental metallic restorations produced by SLM need to be
veneered with ceramic (porcelain) to match the color of the tooth for improved esthetic results [1].
The fracture of ceramic veneers is a common clinical problem that causes the premature failure of fixed
partial dentures [8]. Therefore, a high bond strength between ceramic and metal in a ceramic-metal
restoration is directly associated with the long-term clinical success of the restoration [1]. Ren et al. [20]
and Li et al. [21] reported a favorable porcelain adherence of SLM-produced alloys in comparison
with cast alloys. Recently, Kaleli et al. [22] demonstrated that Co–Cr dental alloy fabricated via SLM
had significantly higher bond strength than cast alloy. In metal-ceramic restorations, another frequent
reason for porcelain fracture is the lack of rigidity and the distortion of the metal substructure [23].
Therefore, mechanical anisotropy should also be taken into consideration when a metal substructure
for a metal-ceramic restoration is built. As stated previously, a possible change in the marginal fit of
metal-ceramic restorations during the application of veneering ceramic onto an SLM substructure
needs to be researched further by carefully examining the dimension and microstructure during the
firing procedures [8].

At present, the SLM alloys most used for dental applications are Co–Cr and titanium (Ti) alloys [2].
Dental alloys used in the oral environment should have a lower release of metallic ions, which may
lead to adverse tissue reactions and/or hypersensitivity, to reduce risks to patient health [1,24]. For
SLM alloys, therefore, a biocompatibility issue can be raised due to their potential release of toxic
metal ions. Titanium-6 aluminum-4 vanadium (Ti-6Al-4V) alloy fabricated by SLM is suitable for
implant applications owing to its favorable biocompatibility [2,25]. Xin et al. [24] reported that Co–Cr
alloy fabricated with SLM showed a lower release of toxic Co ions than cast alloy. In their study [24],
the SLM consisted of a homogeneous and compact structure, unlike the cast Co–Cr alloy that had
a heterogeneous structure. Similarly, SLM Ni–Cr alloy may exhibit enhanced biocompatibility in
comparison with cast Ni–Cr alloy, possibly by improving the microstructure and, as a result, reducing
the release of toxic and allergic Ni ions [2]. This requires in vitro and in vivo investigations in future.

As described above, SLM is a complicated metallurgical process, and many factors during the
process are related to the final quality of the SLM products. SLM technology has great potential
to replace existing dental manufacturing techniques such as casting and milling, for fabricating
metallic structures of fixed and removable partial dentures [1]. SLM may also be suitable for
printing fully dense customized Ti dental implants with high strength [26], and even for fabricating
metallic porous structures with “controlled” porosity and varying designs (e.g., dental implants
and scaffolds) [2,27,28]. In dentistry, future research of SLM should focus on overcoming the above
challenges in the fabrication of “dense” metallic restorations, and on fabricating optimally “porous”
structures. Moreover, the quality control of the metal powder, improvement and optimization of the
processes and systems, and establishment of evaluation methods for the products should be prioritized.
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