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Effect of finish line design and metal alloy on the marginal
and internal gaps of selective laser melting printed copings
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ABSTRACT
Statement of problem. Selective laser melting (SLM) technology has been introduced for printing
metal dental restorations from Co-Cr base alloys or Au-Pt high noble alloys. However, information
regarding the fit of restorations fabricated by using this technique is limited.

Purpose. The purpose of this in vitro study was to determine the effect of 3 different finish line
designs on the marginal and internal gaps of metal copings made from a base (Co-Cr), high noble
(Au-Pd-Ag), and noble alloy (Co-Pd) by using the SLM technology.

Material and methods. Three Ivorine right maxillary central incisors were prepared with a
chamfer, deep chamfer, or shoulder finish line. The preparations were scanned by using a TRIOS
scanner, and a total of 90 dies were printed using DPR 10 Resin (30×3 finish line designs). Ten SLM
copings were fabricated for each margin design and metal alloy combination for a total of 90
copings (10×3 finish line designs×3 alloys). Copings were cemented onto dies using an
autopolymerizing composite-resin luting material. All coping-die assemblies were sectioned
buccolingually by using a low-speed diamond saw, and images were obtained by using an
inverted bright field metallurgical microscope at ×100 magnification. Marginal and internal
gaps were measured at 5 locations: buccal margin, midfacial, incisal, midlingual, and lingual
margin. After gap measurements, representative specimens were embedded in
autopolymerizing resin and prepared for metallographic examination. A 2-way multivariate
analysis of variance (MANOVA) was conducted to determine the overall significance, followed
by ANOVA for each dependent variable (a=.05).

Results. The results indicated that alloy type and finish line had a significant influence on marginal
gap of copings (P<.001). Relative to the internal gap, alloy type had a significant effect (P<.001), but
the type of finish line had no statistically significant influence (P=.337). No statistically significant
interactions occurred. Base alloys were printed with almost no observable porosity, whereas noble
and high noble alloys exhibited hot tears and porosity.

Conclusions. Thefinish line type did not influence the internal gap between copings and dies,
whereas the alloy type influenced the marginal gap between copings and dies. SLM-fabricated
Co-Cr copings on teeth prepared with a deep chamfer finish line demonstrated the lowest
marginal gap. (J Prosthet Dent 2019;122:143-51)
Many computer-aided design and
computer-aided manufacturing
(CAD-CAM) workflows are
available for the production of
dental restorations,1-3 most based
on a subtractive manufacturing
or milling process.4 Alternatively,
the selective laser melting
(SLM) technology is an additive
process and has been increas-
ingly used for fabrication of
printed metal dental restora-
tions.4 The principle that SLM
systems operate upon is that a
standard tessellation language
(STL) file is created and subse-
quently divided into multiple
layers using a slicer program.5

The slicer program converts
the STL file into G-code, which
can control automated ma-
chines such as an SLM printer.5

SLM printers have 3 basic
components, a movable build
platform, a powerful laser, and
a powder bed.5 The laser forms
a part by localized melting of
the powder, and as each layer is
completed, a piston raises the
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Clinical Implications
Selective laser meltingefabricated Co-Cr copings
can be recommended for complete-metal single
crown restorations.
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build platform and a new powder layer is added.5 The
process is repeated 1 layer at a time until the part is
completed.5

Properties of metal alloy sintering powders such as
composition, melting temperature, particle size distribu-
tion, laser beam absorption and reflection coefficients,
and thermal conductivity are important considerations
for ensuring the desired results.6,7 For example, the
average powder particle size could affect mechanical
properties and sintering kinetics during solidification.6,8,9

Printer settings, such as scanning speed, holding time,
temperature of the preheated bed, and thickness of each
layer, have been reported to affect the strength, density,
and quality of the finished parts.2,3,6,10 One important
goal of all SLM workflows is to minimize thermal
distortion, which can be controlled by properly selecting
the preheated bed temperature.11 In dentistry, SLM has
been used to fabricate metal crown copings from Co-Cr
or Au-Pt alloys.12,13 While early SLM systems depos-
ited layers approximately 30 to 50 mm thick per pass,14

progressive development of the process has led to
better results, and several studies have reported
layer thicknesses of approximately 20 mm for dental
applications.15-18

The gap between a tooth and the restoration has been
difficult to describe and measure; furthermore, no stan-
dardized tooth replica has been recommended for use in
research.19-26 The marginal design, die spacing, and
porcelain application may affect the gap27-35 and
confound the assessment of a technique or material.35,36

Marginal configuration or integrity is frequently studied
with the premise that it may contribute to the develop-
ment of secondary caries, prosthesis loosening, and
eventual clinical failure.37-45 Marginal fit has been
defined as the gap between the prepared tooth and the
intaglio surface of the restoration.46 It can also be defined
as the linear distance between the finish line of the
preparation and the margin of the restoration.44 Holmes
et al47 defined the internal gap as a perpendicular mea-
surement from the internal surface of the casting to the
axial wall of the preparation. Studies have examined the
fit of copings formed by using the SLM technology;
however, to the authors’ knowledge, no study has used a
standardized finish line to assess fit.7,13,48-50

The purpose of this in vitro study was to determine
the effect of 3 different finish line designs on the mar-
ginal and internal gaps of metal copings made from high
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noble, noble, and base alloys by using the SLM tech-
nology. Two null hypotheses were considered: finish line
designs will have no effect on the marginal accuracy or
internal gap of SLM restorations, and the composition of
the metal alloy will have no effect on the marginal ac-
curacy or internal gap of SLM restorations.
MATERIAL AND METHODS

Three right maxillary central incisor teeth (Ivorine T1560;
Columbia Dentoform Corp) were prepared by the first
author using a diamond rotary instrument (Brasseler
USA). Each tooth received a different marginal finish
line: shoulder margin (S) with a 90-degree axiogingival
internal line angle; deep chamfer margin (DC); or
chamfer margin (C). Tooth preparations included the
following features: 2.0-mm incisal reduction for all 3
groups; 1.5-mm axial reduction for the S and DC groups
and 1.0 mm for the C group; 1.0-mm marginal width for
the S and DC groups and 0.5 mm for the C group; and
12-degree total occlusal convergence for all groups. A
laboratory polyvinyl siloxane impression material (Ex-
press putty; 3M ESPE) was used to make an index of the
unprepared Ivorine teeth (Fig. 1A) and to standardize
reduction for each preparation (Fig. 1B). Twelve degrees
of total occlusal convergence was rendered by preparing
the typodont tooth in a dental surveyor (J.M. Ney Co)
(Fig. 2).

Before scanning the prepared Ivorine teeth, they
were attached to an acrylic resin base (GC America).
Tooth preparations and their base were scanned by
using a chairside scanner (TRIOS; 3Shape), and STL
files were used to print 30 identical dies for each finish
line (DPR 10 Resin; Carbon3D). The 3Shape CAD
design system was used to identify the margin location
and to design copings. A uniform die spacer thickness
(25 mm) was used for each CAD design. SLM copings
of approximately 0.3 mm in thickness were printed
(Concept Laser Mlab) from a base alloy (B), a high
noble alloy (HN), and a noble alloy (N) (Table 1). Ten
specimens per finish line and alloy were produced for a
total of 90 specimens (10×3 finish line designs×3
alloys).

After printing, the fit of the copings was visually
evaluated by using a light microscope at ×12.5 magnifi-
cation (Stereo Star Zoom; American Optical). Simulating
actual laboratory procedures, internal adjustments were
made as necessary to fit the coping on the respective die;
adjustments were minimal and infrequent. Copings and
dies were assembled using an autopolymerizing
composite-resin cement (Panavia 21 EX; Kuraray Nor-
itake Dental Inc) according to the manufacturer’s in-
structions. After cement application, the copings were
completely seated on the die. The coping-die assemblies
were placed under a 49-N deadweight for 3 minutes.
Al Maaz et al



Figure 1. A, Polyvinyl siloxane putty index for preparation of maxillary central incisor. B, Polyvinyl siloxane putty index placed onto prepared right
maxillary central incisor.

Figure 2. Rotary cutting instrument placed in dental surveyor and held
perpendicular to long axis of tooth.

Table 1. Composition of alloys used

Name of Alloy Composition, Wt.%

SLM Base* Co 61, Cr 25, Mo 6, W 5, Si<1, Fe<1, Mn<1

SLM High Noble (Euro SLM)* Au 40, Pd 39.9, Ag 10, In 10, Ru<1

SLM Noble 25* Co 42.75, Pd 25, Cr 20, Mo 12, B<1

SLM, selective laser melting. *Argen Manufacturing System, Argen Corporation.
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After 3 minutes, the specimens were placed into a 37 �C
incubator (Isotemp Incubator 655D; Fisher Scientific) for
an additional 3 minutes. All specimens were stored under
ambient conditions until sectioning.

Each specimen was sectioned buccolingually by us-
ing a low-speed saw (IsoMet Low Speed Saw; Buehler
Ltd) and a 127×0.4-mm diamond wafering blade
(Buehler IsoMet; Buehler Ltd) with copious water. Two
specimens were produced from each coping-die as-
sembly (Fig. 3A). After sectioning, each specimen was
notched on the cameo surface by using a round tung-
sten carbide bur (0.010 mm; Brasseler USA) to assist
with specimen orientation at high magnification
(Fig. 3B). Marginal and internal gaps between the
coping-die assemblies were measured at 5 locations
(Fig. 4) by using an inverted bright field metallurgical
microscope at ×100 magnification (LECO/Olympus) and
a measuring software program (SPOT Software 5.2;
SPOT Imaging Solutions). Three measurements were
made per location (1-5) and coping-die assembly half,
for a total of 30 measurements per coping-die assembly
(2 coping-die assembly halves×3 measurements×5 lo-
cations) (Fig. 5).

Representative specimens were embedded in auto-
polymerizing resin (SamplKwick Fast Cure Acrylic Kit;
Buehler Ltd). Grinding and polishing were accomplished
with a metallographic polisher (Buehler Ltd) and
increasingly finer silicon carbide abrasive disks with
ample water coolant (180-1000 CarbiMet Abrasive Discs;
Buehler Ltd). Final polish was achieved by using a sus-
pension of 1.0-mm, followed by 0.3- and 0.05-mm,
aluminum oxide (Aluminum Oxide Abrasive Powders;
Buehler Ltd) and a fine polishing cloth (MicroCloth;
Buehler Ltd). After polishing, the specimens were etched
with HCl (38%) and HNO3 (70%) in a 3:1 ratio, rinsed
with water, followed by ethanol, and blow dried. Base
and HN alloy specimens were etched for 1 minute and N
Al Maaz et al
for 40 seconds. The specimens were viewed by using a
metallurgical microscope at ×5, ×10, and ×20
magnifications.

Means and standard deviations under different con-
ditions were compared to test the null hypotheses. The
Box test and Levene’s test were performed to verify an
assumption of equal variances. Material and type of
finish line were used as independent variables, and in-
ternal and marginal gaps were used as dependent vari-
ables. A 2-way multivariate analysis of variance
(MANOVA) was conducted to determine the overall
significance, followed by ANOVA for each dependent
variable (a=.05). The Tukey honestly significant differ-
ence was used for post hoc comparison (a=.05). All
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 3. A, Coping-die assembly sectioned in half. B, Sectioned specimen exhibiting notches.

Figure 4. Diagram of measurement locations for margin and internal
gaps.

Figure 5. Base alloy; internal gap measurements, midfacial, deep
chamfer finish line. Original magnification ×15.
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statistical analyses were performed by using a statistical
software program (IBM SPSS Statistics, v24; IBM Corp).

RESULTS

Of the means of the internal fit of the DC finish line
groups, group B showed the greatest internal gap when
compared with the other 2 finish line groups (120 mm).
The N group with C finish line had the greatest internal
gap (94 mm) when compared with the DC or S groups.
For the HN group, the internal gap was greatest with the
DC finish line (159 mm) when compared with C or S.
Regarding marginal gap, the mean difference of the B
THE JOURNAL OF PROSTHETIC DENTISTRY
group with C finish line showed the largest gap (35 mm)
compared with the DC (20 mm) or S finish line (34 mm)
groups. The mean difference of the N group with C finish
line showed the largest gap (59 mm) compared with DC
(35 mm) or S finish line (44 mm). In the HN group, again
the C finish line exhibited the greatest gap (59 mm) when
compared with the other 2 finish line groups (Table 2).

Multiple comparisons between materials using the
Tukey test revealed significant differences among the 3
metal alloys (Table 2) (P<.001). Regarding internal gap,
the highest mean difference was found in the HN group
(153 mm), followed by the B group (120 mm). The least
mean difference was noted in the N group (89 mm). All
groups demonstrated significant differences (P<.001)
(Table 3). Considering marginal gap, significant differ-
ences were found between the B and N groups (P<.001)
Al Maaz et al



Table 2.Means of internal and marginal gaps (mm) of materials with
finish lines

Gap Material
Finish
Line Mean

Standard
Deviation N

Internal gap Base alloy Deep chamfer 123.3 20.5 10

Chamfer 122.5 9.8 10

Shoulder 113.9 8.7 10

Total 119.9 14.2 30

Noble alloy Deep chamfer 87.8 13.3 10

Chamfer 93.5 16.2 10

Shoulder 87.2 13.3 10

Total 89.5 14.1 30

High noble alloy Deep chamfer 158.7 19.2 10

Chamfer 149.5 8.8 10

Shoulder 151.3 23.6 10

Total 153.2 18.1 30

Total Deep chamfer 123.2 34.2 30

Chamfer 121.8 26.0 30

Shoulder 117.5 31.1 30

Total 120.9 30.4 90

Marginal gap Base alloy Deep chamfer 19.8 12.1 10

Chamfer 34.9 10.6 10

Shoulder 33.6 10.3 10

Total 29.4 12.7 30

Noble alloy Deep chamfer 34.5 12.4 10

Chamfer 58.5 11.0 10

Shoulder 43.7 11.6 10

Total 45.6 15.1 30

High noble alloy Deep chamfer 32.3 12.8 10

Chamfer 51.5 15.6 10

Shoulder 46.1 9.3 10

Total 43.3 14.9 30

Total Deep chamfer 28.9 13.7 30

Chamfer 48.3 15.8 30

Shoulder 41.1 11.5 30

Total 39.4 15.8 90
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and between the B and HN groups (P<.001), but not
between N and HN groups (P=.737) (Table 3). For in-
ternal fit and finish line, no significant differences were
found between the DC and C groups (P=.936), between
the DC and S groups (P=.333), or between the S and C
groups (P=.531). The results showed a significant differ-
ence between the DC finish line group and the C and S
finish line groups (P<.001). No significant difference was
found between the C and S finish line groups (P=.056).

As shown in Figure 6A, internal fit exhibited the
greatest gap in the DC finish line within the HN alloy
group. The smallest gaps were noted in the S finish line
with the N alloy group. As shown in Figure 6B, marginal
fit showed the highest gap between the C finish line with
the N alloy group. The smallest gaps were observed
between the DC finish line in the B alloy group.

Figures 7-9 reveal the microstructure of SLM metal
alloys after grinding, polishing, and acid etching. All 3
alloys exhibited a markedly different appearance. The B
alloy appeared dense (Fig. 7A) and possessed clearly
Al Maaz et al
visible melt pools (Fig. 7B). Noble alloys also displayed
melt pools but more porosity and hot tears than either
the B or HN alloy (Fig. 8). High noble alloys had fewer
distinct melt pools and low porosity but exhibited some
hot tears in the copings (Fig. 9).
DISCUSSION

The purpose of this in vitro study was to evaluate the
effect of 3 different finish line designs and 3 different
alloys on the marginal and internal gaps of SLM-printed
copings. The first null hypothesis was rejected as statis-
tically significant results were found among the 3 finish
line groups. Therefore, the type of finish line design had a
direct effect on observed marginal gaps between the
coping-die assemblies. However, no statistical difference
was found for internal gap relative to the different finish
lines used (P>.05). The second null hypothesis was also
rejected as statistical differences were found between the
type of alloy and the marginal and internal gaps of the
SLM-fabricated copings (P>.05).

Terminology varies when defining the word “fit” as it
applies to recording the gap measurements of dental
restorations. Holmes et al47 took a critical approach to
this problem and proposed multiple gap definitions ac-
cording to differences in contour between the crown and
tooth margin. In addition, multiple techniques have been
suggested for measuring the marginal and internal gaps
of restorations: direct viewing, cross-sectional, impres-
sion technique, dental explorer tip, and visual examina-
tion.21 However, in clinical practice, it has been difficult
to describe a gap using a definition.19 These are some of
the reasons why outcomes differ between investigators
when they measure gaps associated with crown and
tooth margins. Similar to previous work, this study used
the cross-sectional method, which permitted a precise
evaluation of fit and a comparison of different margin
designs.21,45

Previous investigations used metal, acrylic resin, or
natural teeth as dies to measure the marginal gaps be-
tween crowns and preparations22-26; however, in this
study, the dies were printed from DPR 10 Resin (Car-
bon3D). Some advantages of printed dies are that they
may be standardized and can be printed as many times
as necessary from a single STL file.

Die spacing methods and seating pressure can influ-
ence the fit of restorations.27,28 Therefore, die spacer was
not manually applied onto the surface of the Ivorine
tooth preparations before scanning, rather it was speci-
fied during the design process by using a CAD software
program. The advantage of software was that it elimi-
nated any differences that may have resulted from
applying die spacer by hand.

Well-fitted metal copings may not accurately fit a die
after porcelain application.29 Anusavice and Carroll30
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 6. A, Estimated marginal means of internal gap. B, Estimated
marginal means of marginal gap.

Table 3.Multiple comparisons between materials by post hoc tests

Internal gap Base alloy Noble alloy 30.4* 4.0 <.001

High noble alloy -33.3 4.0 <.001

Noble alloy Base alloy -30.4 4.0 <.001

High noble alloy -63.7 4.0 <.001

High noble alloy Base alloy 33.3* 4.0 <.001

Noble alloy 63.7* 4.0 <.001

Marginal gap Base alloy Noble alloy -16.1 3.1 <.001

High noble alloy -13.9 3.1 <.001

Noble alloy Base alloy 16.1* 3.1 <.001

High noble alloy 2.3 3.1 .737

High noble alloy Base alloy 13.9* 3.1 <.001

Noble alloy -2.3 3.1 .737

*P value�.05.
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reported that most dimensional changes occurred during
the oxidation cycle. Results showed that porcelain firing
cycles had a small effect, but grinding and airborne-
particle abrasion were primarily responsible for
observed changes. In their respective studies, Campbell
et al34 and Gemalmaz and Alkumru35 reported that
marginal gaps increased significantly after ceramic
application. However, several studies reported no sig-
nificant differences in marginal gaps after ceramic
application.21,31,32 Similar to the study by Sulaiman et al36

and Beschnidt and Strub,37 to maintain focus on the
marginal and internal fit of SLM-fabricated copings with
their die, the present study measured coping-die as-
semblies without porcelain veneering.

In a clinical study by McLean and von Fraunhofer,46

1000 restorations were followed over a 5-year period,
and it was concluded that a marginal gap less than 120
mm was clinically acceptable. Although statistically sig-
nificant differences in marginal fit occurred between
different types of finish lines and alloys used in the
present study (from 20 mm to 59 mm), all results were
found to be clinically acceptable.

Quante et al12 investigated the marginal and internal
fit of noble and base alloys fabricated by using laser
melting technology and found no significant differences
in the marginal and internal gaps of the 2 types of alloys
studied. The results of the study by Quante et al12 are in
contrast with those of the present study, where it was
found that alloy type did have a significant effect on the
marginal and internal gaps of the SLM-printed copings.
There are several reasons why reported outcomes may
differ. First, metal powders with dissimilar compositions
or particle size distributions affect powder flowability in
an SLM process and may affect the density or quality of
the part.6 Second, variations in laser energy or diameter,
layer thickness, and scanning rate can also affect part
density and quality.6 In both the Quante el al12 study and
the present work, details of the SLM manufacturing
process are unknown; therefore, a comparison of
methods is impossible. Finally, the present study used a
THE JOURNAL OF PROSTHETIC DENTISTRY
different procedure for determining gaps compared with
Quante et al,12 which may result in differences that are
inherent to the method.

During manufacture, the laser must ensure each new
layer of powder is melted sufficiently to wet and join with
the previous layer. That is one reason for the appearance
of melt pools in the metallographic images. Although
each metal alloy generally displayed melt pools, they
were easiest to observe in the B alloy. Moreover, the B
alloy displayed almost no porosity, either between layers
or within the powder beads used to form the coping
(Fig. 7). However, the N alloy exhibited numerous large
pores and hot tears that, in some instances, appeared to
extend through the cross section of the coping (Fig. 8).
While the HN alloy generally exhibited smaller and fewer
pores than the N alloy, several hot tears were observed
(Fig. 9A). In addition, melt pools in the HN alloy
appeared nonexistent in some locations (Fig. 9B).
Al Maaz et al



Figure 9. A, High noble alloy metal margin, original magnification ×5. B, High noble metal alloy apex of crown, original magnification ×20. HT, hot tear.

Figure 8. A, Noble metal alloy margin, original magnification ×5. B, Noble metal alloy axial wall, original magnification ×10. HT, hot tear; P, pore.

Figure 7. A, Base alloy margin, original magnification ×5. B, Base alloy axial wall, original magnification ×20.

August 2019 149
In this study, SLM technology was less able to
reproduce chamfer finish line preparations than heavy
chamfer or shoulder finish line preparations with the
alloys used. The marginal fit of the B copings with a deep
chamfer finish line had the best marginal fit (8 mm to 32
Al Maaz et al
mm). This outcome leads the investigators to propose that
Co-Cr alloy crowns made by using the SLM technology
could be an inexpensive alternative to noble alloy SLM
restorations. The surface roughness of SLM-fabricated
devices can be affected by the laser energy or scanning
THE JOURNAL OF PROSTHETIC DENTISTRY



150 Volume 122 Issue 2
rate used during manufacture.6 A roughened surface may
be advantageous compared with conventional castings
because it could improve the mechanical bond between
the metal and ceramic on the cameo surface or to the
luting material on the intaglio surface. However, surface
roughness that is too great can trap air or debris, which
manifests as porosity in the fired metal-ceramic
restoration.

Limitations of this in vitro study include that gaps
were not assessed intraorally and that errors in the
fabrication and handling of dies were presumed to be
negligible. Another limitation of the study was that
copings were fabricated by using SLM only; therefore,
the influence of porcelain firing on the marginal and
internal fit of the crowns was not evaluated. The copings
fabricated in this study were not subjected to mechanical
cycling or thermocycling. In clinical situations, thermo-
cycling or mechanical cycling may be important factors
that affect the long-term success of restorations. Future
research directions with SLM-printed metal copings
could include flexural strength analysis, corrosion
behavior, or porcelain-metal bond strength.

CONCLUSIONS

Within the limitations of this in vitro study, the following
conclusions were drawn:

1. A CAD-CAM fabrication process resulted in the fit
of SLM-fabricated metal copings within preestab-
lished, clinically acceptable ranges.

2. Alloys used in this study influenced the marginal
gap of SLM-fabricated metal copings.

3. Finish line designs did not significantly influence the
internal gap between coping and dies, whereas the
alloy type did.

4. SLM-fabricated copings made with a base alloy
(Co-Cr) and a deep chamfer finish line demon-
strated the lowest marginal gap when compared
with the other groups.

5. Marginal gap was influenced by the type of finish
line; deep chamfer finish lines were more accurate
than the marginal gaps associated with a chamfer or
shoulder finish line.
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