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1.  Introduction

With recent advances in 3D printer technology, selective laser 
sintering (SLS) has undergone rapid development, including the 
application to produce metal frameworks for removable partial 
dentures (RPD)[1–3]. Cobalt chromium (Co-Cr) alloys fabricated by 
SLS have excellent mechanical properties and fine homogeneous 
structures without precipitates, compared to those made by con-
ventional casting or milling using computer numerical control (CNC) 
methods[4]. Clasps made by milling can prevent pattern deformation 
and casting shrinkage compared to conventional casting methods; 
however, they have limited fabrication accuracy owing to changes in 
the thickness of the burs used for cutting[5]. SLS has better fabrica-
tion accuracy, fatigue resistance, and mechanical properties[6]. This 
alloy has also been reported to have the mechanical properties of 
high tensile strength, yield strength, and elongation, which ensures a 
rigid metal framework and prevents the reduction in retention force 
caused by the permanent deformation of a clasp[7]. The occurrence 

of voids has been identified as a drawback of the casting method. 
However, voids can be minimized in SLS using localized heating and 
rapid solidification[8].

Unlike conventional sheet metal processing and machining, SLS 
technology enables adding complex shapes and inner structures to 
metals in the industrial field[9–12] for producing precision parts for 
aircraft and automobiles[13,14]. SLS directly molds an object from 
3D CAD data; therefore, the inner structures of objects can be made 
hollow or mesh-type, reducing their weight. Furthermore, as SLS 
enables one-piece molding of complicated structures, it improves 
the strength of the connector region compared to the parts manu-
factured separately and then assembles by welding.

The inner lattice structures were added to the stem of an 
artificial femoral joint to obtain optimal mechanical properties 
similar to those of cortical bone in orthopedics. Consequently, the 
elastic modulus was successfully reduced to one-fifth of that of 
conventional implants[15]. SLS technology enables the addition of 
inner structures, unlike conventional processes, leading to localized 
changes in mechanical properties.

The required mechanical properties differ based on the metal 
framework components of RPD. For example, components such as 
the clasp, which uses undercuts, require elasticity[16–20], but the 
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central part of the framework, such as the major connector, requires 
rigidity in a one-piece framework[18,21–24]. Mechanical properties 
required are adjusted by changing the width and thickness of the 
components in the conventional manufacturing method. The clasp 
requires a certain amount of elasticity. However, if an error occurs, 
harmful stress is produced on the abutment tooth during denture 
placement and removal[25]. Additionally, if a large connector lacks 
rigidity, uneven pressure is placed on the basal seat mucosa, increas-
ing the risk of abutment tooth loss[24,26–28]. If the elastic modulus 
is controlled by the application of optimal micro-properties to the 
inner structure, elastic and rigid properties can be provided within 
a single framework. In implant-assisted RPDs (IARPD), the elastic 
modulus can be reduced by providing inner structures in the clasp 
arm and major connector that incorporate stress-breaking mecha-
nisms. The pressure difference in the displacement of implants, abut-
ment teeth, and the residual mucous membrane was appropriately 
managed by incorporating stress-breaking mechanisms in the major 
connector, which prevents overload on the implant body and local 
stress concentration in the framework. This method may lead to the 
possible manufacturing of RPDs where optimum elastic modulus 
can be achieved for each component instead of a uniform design. 
The retentive force, modeling accuracy, and fitting accuracy of clasps 
and frameworks made using SLS have been verified[29–31]; however, 
the mechanical properties of the inner structures remain unclarified.

This study investigates the effects of hollow structures, added 
by SLS, on the mechanical properties of Co-Cr alloys to provide an 
optimal structural property to the RPD framework components. 
The null hypothesis was as follows: the mechanical properties of the 
Co-Cr alloy were not affected by the addition of highly anisotropic 
structures inside the model shaped by SLS.

2.  Materials and Methods

2.1.  Specimen production

The test specimens were dumbbell-shaped cylinders consisting 
of holding and parallel sections. The outer shape was designed us-
ing 3D data design software (Geomagic Free Form,3D SYSTEMS, OR, 
USA) (outer shape stereolithography (STL) data). The size was based 
on ISO 22674:2016[32]. Each specimen was 59.0 mm long, and in 
the parallel section, the diameter and length were 3.0 mm and 18.0 
mm, respectively (Fig. 1). The specimens were produced via casting 
(Cast), milling (Mill), or SLS. The SLS specimens were either solid 
(SLS-solid) or hollow inner structures (SLS-hollow). Table 1 lists the 
materials used for each specimen and their elemental compositions. 
A wax disc (WAX DISKα, YAMAHACHI DENTAL MFG.CO., Aichi, Japan) 
was cut-processed from outer shape STL data using a cutting ma-
chine (DWX-51D, DGSHAPE Corporate, Shizuoka, Japan) to produce 
patterns for the cast specimens. The pattern was invested using a 
phosphate-bonded investment material (Remaexakt, Dentaurum 

GmbH & Co., Ispringen, Germany). Co-Cr alloy for casting (Remanium 
GM 800+, Dentaurum GmbH & Co., KG) and casting machine (Denko 
Auto sensor-MD-201 type, DKK Co., Ltd., Tokyo, Japan) were used to 
produce the specimen.

Co-Cr alloy discs (KM-Cobalt Chrome CAD, KYOCERA Corpora-
tion, Kyoto, Japan) were milled from the outer shape STL data using a 
cutting machine (RPX500DSC, Roeders GmbH, Soltau, Germany) for 
Mill specimens. The processing conditions were as follows: spindle 
speed of 8500–25000 rpm, feed rate of 1300–2000mm/min, and a 
cutting depth of 0.05 to 0.30 mm.

SLS-solid specimens were additively manufactured using an 
SLS machine (EOSINT M270, EOS, Krailling, Germany) and Co-Cr alloy 
powder (SP2, EOS, Krailling, Germany). The laser power was 195.0 W, 
scan speed was 1200 mm/s, laser spot diameter was 0.1 mm, layering 
thickness was 0.02 mm, and modeling angle was 45.

SLS-hollow specimens were modeled using the 3D data design 
software (NETFABB, Autodesk, CA, USA). Hollow 0.25 mm hexagonal 
columns of 18.0 mm length along the parallel sections of the speci-
men were added as inner structures (Fig. 1). The hollow structure 
was determined by calculating the metal surface area required to 
achieve the same level of strength based on the percentage reduc-
tion in strength of specimens with internal mesh structures in the 
pilot study compared to that of solid specimens in tensile tests. The 
Co-Cr alloy powder, sintering machine, and molding parameters 

Fig. 1.  (a) The schematic diagram and dimensions of specimen, (b) The de-
sign data of inner structure of SLS-hollow type specimen

Table 1.  Manufacturing methods, brand names, manufactures, and elemental compositions of the four Co-Cr alloys tested

Manufacturing 
Method

Brand Name Manufacturer Elemental Composition(wt%)*

Co Cr W Mo Si Fe Mn N C

Cast Remanium GM 800+ Dentaurum, Germany 58.3 32 1.5 6.5 1 N/A <1.0 <1.0 <1.0

Mill KM-Cobalt Chrome CAD KYOCERA, Japan 61 28 8.5 N/A ≤4.0 N/A ≤4.0 ≤4.0 N/A

SLS-solid
SP2 EOS, Germany 65.8 25.7 5.9 5.6 1.2 ≤0.5 ≤0.1 N/A N/A

SLS-hollow
* Provided by manufacturers. N/A: not available.
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were the same as those used in SLS-solid. The specimens were mod-
eled with residual powder in the hollow structure.

The same heat treatment was performed on SLS-solid and SLS-
hollow as a finishing treatment. The temperature was raised from 
room temperature to 450 °C at 7.5 °C /min and held for 45 min and 
raised to 750 °C at 7.5 °C/min, held for 60 min, and then cooled in 
the furnace in an argon gas atmosphere after heat treatment. Subse-
quently, the support was removed. The specimens were sandblasted 
using Al2O3 powder (sand beads AW-S, ODEC, Osaka, Japan) under 
0.75 MPa air-abrasion pressure with the metal surface processing 
machine (SAND BLAST FORTE, ODEC, Osaka, Japan).

The number of test specimens was 14 for each of the four 
groups, according to the ISO 22674 and the error permitted when 
shaping hollow structures.

2.2.  Micro-CT observations of inner structures

The inner structures of specimens were observed using a micro-
computed tomography (micro-CT) (XT H225 ST; Nikon, Tokyo, Japan). 
The imaging conditions were as follows. A voltage of 225 kV and a 
current of 155 µA. The images were analyzed using CT data analysis 
software (VG STUDIO, VOLUME GRAPHICS GmbH, Heidelberg, Ger-
many) and an image processing software (ImageJ, National Institutes 
of Health, MD, USA)[33–35].

2.3.  Measurement of mass and volume

The mass of specimens before the tensile test was measured 
using an electronic balance (HR-202i; A & D Company Limited, Tokyo, 
Japan). The volume was measured using a graduated cylinder (TPX 
(R); Sanplatec Corporation, Tokyo, Japan).

2.4.  Measurement of mechanical property values

Tensile tests were performed at a 1.5 mm/min crosshead speed 
using a universal material testing machine (Autograph AG-20kNIS, 
Shimadzu, Kyoto, Japan) to measure mechanical properties. A load 
cell 20kN (SFL-20kNAG, Shimadzu, Kyoto, Japan) was to acquire the 
load signal, and the frequency was set to 50 Hz. The strain values 
were recorded using a video non-contact elongation meter (TRviewX 
500D, Shimadzu, Kyoto, Japan). Tensile test results were used to 
calculate the elastic modulus, maximum tensile strength, 0.2% proof 
stress, and elongation.

2.5.  Scanning electron microscopy (SEM) observations of microstruc-
tures

The fractured surfaces after testing were observed using an SEM 
(SU6600, Hitachi High Technologies Corporation, Tokyo, Japan). The 
acceleration voltage was set at 40 kV, and the measurement magni-
fication was set at 1000×.

2.6.  Statistical analysis

The mass, volume, and mechanical property values were statisti-
cally compared among the four groups: Cast, Mill, SLS-solid, and SLS-
hollow. The Kruskal-Wallis test was performed. The Steel-Dwass test 
was used as the multiple comparison method because the Shapiro-
Wilk test confirmed that the present study data did not follow the 
normal distribution. The significance level was set at 0.05. IBM SPSS 

Statistics version 21 (IBM, Armonk, NY, USA) was used for the Shapiro-
Wilk and Kruskal-Wallis tests. The Statcel 4 software (OMS publishing 
Inc., Saitama, Japan) was used for the Steel-Dwass test.

3.  Results

3.1.  Micro-CT observations of inner structures

Figure 2 shows a micro-CT image of specimens before tensile 
testing. Approximately, 10 voids with both width and height of 0.5 
mm were observed at the boundary between the holding and paral-
lel parts of cast specimens. No apparent voids were observed inside 
the Mill, SLS-solid, and SLS-hollow specimens. An inner hexagonal 
hollow structure was formed in SLS-hollow specimens with gray 
residual powder in it.

3.2.  Mass/volume

Table 2 presents the median mass, volume, and interquartile 
range of the specimens of each group. The median mass was the 
largest in Mill (10.80 g), followed by Cast (10.15 g), SLS-solid (10.00 g), 
and SLS-hollow (9.90 g). Statistically significant differences were ob-
served between all conditions except for Cast and SLS-solid (P <0.01, 
P <0.05) (Fig. 3). For median volumes, Cast (1.30 cm3) and Mill (1.30 
cm3) as well as SLS-solid (1.20 cm3) and SLS-hollow (1.20 cm3) had the 
same values. The theoretical volume of SLS-hollow is 1.23 cm3. There 
was a statistically significant difference between the SLS-solid and 
SLS-hollow for the cast as well as between SLS-solid and SLS-hollow 
for Mill (P <0.01) (Fig. 4).

3.3.  Mechanical properties

Table 3 lists the mechanical properties of the Co-Cr alloy 
specimens in the four groups. Figure 5 shows the stress-strain curve 
obtained from the tensile test. The median elastic modulus was the 
largest in Cast (180.9 GPa), followed by SLS-solid (178.2 GPa), Mill 
(163.4 GPa), and SLS-hollow (152.1 GPa) materials. No significant dif-
ferences between conditions (P = 0.300) were observed (Fig. 6).

The median ultimate tensile strength was the highest in the 
order of SLS-solid (1355.5 MPa), Mill (1100.1 MPa), SLS-hollow (1083.5 
MPa), and Cast (876.8 MPa). Statistically significant differences were 
observed between all groups except between Mill and SLS-hollow (P 
<0.01) (Fig. 7). The median 0.2% proof stress was largest in the SLS-
solid (1204.7 MPa), followed by SLS-hollow (976.6 MPa), Cast (691.1 

Fig. 2.  Micro-CT image of specimens before tensile-test. Voids were ob-
served only in the Cast specimens. The yellow arrows represent voids.
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MPa), and Mill (538.1 MPa). Statistically significant differences were 
observed between all groups (P <0.01) (Fig. 8).

The median elongation was highest in Mill (35.2%), followed by 
SLS-solid (4.1%). SLS-hollow (3.7%), and Cast (2.5%). Statistically sig-
nificant differences were found between Cast and SLS-solid, as well 
as between Mill and the other three groups (P <0.01, P <0.05) (Fig. 9).

ISO 22674: 2016 (Dentistry—Metallic Materials for Fixed and 

Removable Restorations and Appliances) specifies the standard of 
mechanical properties of Type 5 materials with an elastic modulus 
of at least 150 GPa and a 0.2% proof stress of at least 500 MPa, and 
elongation of at least 2%[32]. In this study, these criteria were met in 
all four groups.

Fig. 3.  Comparison of mass between Cast, Mill, SLS-solid, and SLS-hollow. 
Statistically significant differences were observed between all conditions ex-
cept Cast and SLS-solid (P<0.01, P<0.05).

Fig. 4.  Comparison of volume between Cast, Mill, SLS-solid, and SLS-hollow. 
There was a statistically significant difference between the SLS-solid and SLS-
hollow for Cast, SLS-solid, and SLS-hollow for Mill (P<0.01).

Table 3.  Mechanical properties of Cast, Mill, selective laser sintering (SLS)-
solid, and SLS-hollow specimens after tensile testing. Each value is expressed 
as a median (interquartile range).

Elastic modulus 
(GPa)

Ultimate tensile 
strength (MPa)

0.2% Proof 
stress (MPa)

Elongation 
(%)

Cast 180.9 (60.5) 876.8 (122.3) 691.1 (104.2) 2.5 (2.8)

Mill 163.4 (83.6) 1100.1 (56.0) 538.1 (44.8) 35.2 (7.7)

SLS-solid 178.2 (60.9) 1355.5 (31.4) 1204.7 (65.1) 4.1 (0.8)

SLS-hollow 152.1 (41.4) 1083.5 (39.1) 976.6 (71.2) 3.7 (1.2)

Fig. 5.  Typical stress-strain curves of Cast, Mill, SLS-solid, and SLS-hollow

Table 2.  Mass and volume of Cast, Mill, selective laser sintering (SLS)-solid, 
and SLS-hollow specimens. Each value is expressed as the median (interquar-
tile range).

Mass (g) Volume (cm3)

Cast 10.15 (0.20) 1.30 (0.05)

Mill 10.80 (0.50) 1.30 (0.01)

SLS-solid 10.00 (0.10) 1.20 (0.01)

SLS-hollow 9.90 (0.10) 1.20 (0.00)

Fig. 6.  Comparison of elastic modulus between Cast, Mill, SLS-solid, and 
SLS-hollow. No significant difference was observed between all the condi-
tions (P=0.300).
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3.4.  SEM observations of microstructures

Figure 10 shows SEM images of the fracture surfaces of the 
specimens after the tensile test. The fracture occurred along the 
border between the holding and parallel part where voids were ob-
served in the micro-CT image of the Cast, middle of the parallel part 
for the Mill, and near the holding part of the parallel part on the ten-
sile side for SLS-solid and SLS-hollow. The Cast specimens exhibited 
a relatively smooth fracture surface dotted with small voids, which 
are believed to be casting defects and wavy surfaces with cleavage 
(Fig. 10, cast). The Mill specimens showed a fracture surface with 
minor irregularities and fine dimples (Fig. 10; Mill). Smooth fracture 
surface and a cross-section fractured in a particular direction owing 
to the build-up of layers during the additive manufacturing and tear 
ridges were observed (Fig. 10; SLS-solid and SLS-hollow) for both 
SLS-solid and SLS-hollow. In addition to the characteristics observed 
in SLS-solid, crystal images of powder that was trapped and molded 
within the hollow structure may have fused during the SLS process 
with residual powder, which might have flowed out at the time of 
fracture, were observed in the SLS-hollow.

4.  Discussion

In this study, tensile tests were performed to verify whether the 
specimens with internal structure met the criteria for use as dental 
metals. Previous similar studies also used tensile tests to examine the 
mechanical properties of specimens produced by different fabrica-
tion methods. The SLS-hollow specimens with the hollow structures 
met the ISO standard 22674, suggesting that SLS technology is pos-
sible for clinical application.

There were no significant differences among the elastic modu-
lus of the four groups. However, SLS-hollow had the smallest value, 
suggesting that the elastic modulus decreased with the addition of 
hollow structures.

The ultimate tensile strength and 0.2% proof stress values of 
SLS-solid were higher than those of the Cast and Mill, suggesting 

Fig. 7.  Comparison of ultimate tensile strength between Cast, Mill, SLS-solid, 
and SLS-hollow. Statistically significant differences were observed between 
all groups except between Mill and SLS-hollow (P<0.01).

Fig. 8.  Comparison of 0.2% Proof stress between Cast, Mill, SLS-solid, and 
SLS-hollow. Statistically significant differences were observed between all 
groups (P<0.01).

Fig. 9.  Comparison of elongation between Cast, Mill, SLS-solid, and SLS-
hollow. Statistically significant differences were found between Cast and 
SLS-solid as well as between Mill and the other three groups (P<0.01, 
P<0.05).

Fig. 10.  SEM images of fracture surfaces of tensile-tested Cast, Mill, SLS-sol-
id, and SLS-hollow specimens at 1000× magnification
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that the SLS specimens had excellent mechanical strength and proof 
stress. When the SLS-hollow was compared to Cast and Mill, the ulti-
mate tensile strength was close to that of Mill, but 0.2% proof stress 
was higher than that of Mill. However, these values were not as high 
as those of the SLS-solid, suggesting that SLS-hollow could achieve a 
certain mechanical strength and proof stress, although it is not equal 
to that of the SLS-solid. Residual powder in the material may have 
sustained the mechanical properties of the SLS-hollow even with the 
addition of hollow structures[36]. Further research is required on the 
effects of the residual powder on the mechanical properties of SLS 
specimens.

SLS-hollow and the SLS-solid displayed similar elongation and 
indicated no significant difference. Therefore, the presence or ab-
sence of hollow structures did not affect their ductility.

Although the chemical compositions of the Co-Cr alloys in the 
four groups were slightly different, as shown in Table 1, it was as-
sumed that there was no effect on the mechanical properties[37].

Consequently, the null hypothesis that the mechanical proper-
ties of Co-Cr alloys remain unaffected by the addition of highly 
anisotropic structures inside the model shaped by SLS was partially 
rejected.

Voids and inner structures are believed to be significantly 
involved in the mechanical properties of the fabricated specimens. 
Voids are a significant disadvantage to the casting method. Dur-
ing a typical casting process, liquid metal is injected into the mold 
solidified from the outer surface. However, voids are formed owing 
to the shrinkage caused by the cooling and solidification of liquid 
metal[38,39]. Micro-computed tomography images before the ten-
sile test and the fracture surfaces after the test showed non-uniform 
surfaces with voids in the Cast specimens. According to Mori et al., 
Casting Co-Cr alloys have low strength and ductility owing to their 
coarse microstructures and casting defects[40–42]. Voids, caused by 
shrinkage cavities, were found mainly at the boundary between the 
holding and parallel parts, where the diameter changed significantly 
from 3 to 6 mm[43]. Mill, SLS-solid, and SLS-hollow showed homo-
geneous and dense structures without voids. Specimens were cut 
from a metal disc for milling; therefore, the presence or absence of 
voids depends on the initial quality of the disc[44]. However, disc 
manufacturing is industrially controlled, and defects are rare. In SLS, 
the formation of defects and voids is minimized by rapid heating 
and cooling of the Co-Cr alloy powder[45]. The fracture site of the 
specimen in the tensile test was observed during void development 
in the Cast. The diameters of parallel sections of the specimens in 
each group were Cast (3.10 mm), Mill (3.10 mm), SLS-solid (3.02 mm), 
and SLS-hollow (3.01 mm). The diameters were measured at three 
points on the parallel sections in preliminary experiments; however, 
no clear relationship between the fracture site and the diameter of 
the specimen was obtained.

The SLS-solid showed a high ultimate tensile strength and 0.2% 
proof stress. The SLS method produces smaller crystal grains than 
casting[46]. The refined grains of the crystals contribute to excellent 
mechanical strength and proof stress[47,48]. The mechanical proper-
ties deteriorated due to the segregation of dendrite in Cast. However, 
the rapid solidification most likely increased the dissolution limit of 
solute elements, thus reducing the segregation of dendrites in SLS-
solid[48].

The differences in structure inside the specimens were also 
observed from the SEM image of the fracture surface. The fracture 
surfaces of the Cast specimens showed cleavage and voids, which 
indicated typical brittle fracture behavior with poor ductility. The 
fracture surface of Mill specimens showed fibrous fracture surfaces 
and dimples, suggesting ductile fracture occurred due to the propa-
gation of cracks from shearing and tearing.

The fracture surfaces of the SLS-solid and SLS-hollow were 
dense with no voids. In addition, some tearing ridges were observed, 
suggesting brittle fracture with plastic deformation.

Therefore, adding hollow structures similar to SLS-hollow could 
benefit an RPD framework due to its high strength and optimum 
structural properties. Furthermore, no voids were found in SLS 
specimens; therefore, specimens with consistent qualities would be 
provided compared to conventional casting. In addition, SLS-hollow 
showed a significantly smaller mass than all other groups, suggest-
ing that the addition of inner structures is a possible way to reduce 
the weight of the framework.

The limitation of this study is that the residual powder in the 
inner hollow structures is not removed. Therefore, it is necessary to 
add holes to the SLS-hollow model to remove the residual powder 
before measuring the mechanical properties in the future. Fur-
thermore, it is necessary to explore more patterns in the future to 
investigate the relationship between the elastic modulus and inner 
structures in SLS models as only one type of hollow structure is used 
in this study. Additionally, mechanical properties were investigated 
using specimens of the same external dimensions for all four groups. 
Further investigations should be performed on specimens with the 
same amount of metal because the amount of metal in the cross-
section of the SLS-hollow specimen changes with the addition of the 
hollow structure compared to the other conditions.

5.  Conclusions

The following conclusions were obtained after examining the 
effects of the hollow structure added by SLS on the mechanical 
properties of Co-Cr alloys:

∙ SLS-hollow specimens met the ISO 22674 standard for dental 
metals.

∙ By adding a hollow structure, the elastic modulus decreased, 
whereas the mechanical strength and proof stress remained 
high in SLS specimens.

∙ No voids were observed in the SLS specimens even with the 
addition of hollow structures.

∙ This study suggests that RPD frameworks with high strength 
and optimal structural properties may be made through SLS.
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