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Abstract: Selective laser melting (SLM), used to fabricate metallic objects with high geometrical
complexity, is currently of increasing interest to the fields of medicine and dentistry. SLM-fabricated
products should have highly smooth surfaces to minimize the use of post-processing procedures
such as finishing and polishing. This study investigated the effect of various laser process parameters
(laser power, scan rate, and scan-line spacing) on the surface roughness of a Co-Cr dental alloy that
was three-dimensionally (3D) constructed via SLM. Initially, a single-line formation test was used
to determine the optimal laser power (200 W) and scan rate (128.6 mm/s) that resulted in beads
with an optimal profile. During subsequent multi-layer formation tests, the 3D Co—Cr body with the
smoothest surface was produced using a scan-line spacing of 100 um. The findings of this study show
that laser process parameters have crucial effects on the surface quality of SLM-fabricated Co—Cr
dental alloys.
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1. Introduction

Selective laser sintering (SLS), a rapid prototyping and manufacturing technology, was developed
in the late 1980s and has been widely employed to produce products from almost any type of
material [1]. However, a different power binding mechanism from that of the SLS is necessary
to fabricate objects with high density [1,2]. Selective laser melting (SLM) can be used to produce
products with near full density, preferably with minimal or no post-processing requirements [1].
The SLM technique is currently widely applied for the fabrication of various high-quality metallic
devices for medical and dental applications.

During the SLM process, the alloy powders are completely melted by a laser, and subsequently
undergo rapid solidification. Therefore, this process can be used to produce objects of high geometrical
complexity [3]. During fabrication, a high power laser beam is directed on an alloy bed and
programmed to fuse particles according to a computer-assisted design (CAD) file [4]. This consequently
generates a thin metal layer [4]. The apposition of subsequent layers results in the production of the
desired three-dimensional (3D) form [4]. Therefore, using this technique, it is possible to fabricate
medical and dental metallic devices of different shapes and sizes, directly from a CAD model [4].

However, the surface quality and mechanical properties of such SLM-fabricated metallic products
may vary depending on the laser process parameters used [5-7]. Laser power, scan rate, and scan-line
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spacing, which directly affect the melting behavior of the metallic powders, are the common process
parameters adjusted to optimize the process [5,6,8]. The laser beam melts the material along a
specific line of powder particles, thereby forming a molten pool, which acquires the shape of a
circular or segmental cylinder under the effect of surface tension [9]. The fragmentation of the
remelted line is known as the balling effect, and is a well-known drawback of SLM [5,9]. The balling
phenomenon renders it difficult to stack the subsequent layers, and occasionally causes failure during
3D printing. Therefore, the laser process parameters should be carefully controlled to successfully
fabricate high-quality medical and dental metallic devices with appropriate surface roughness to
eliminate post-processing procedures such as extensive finishing or polishing [10,11]. However, the
relatively high surface roughness of SLM products is a significant drawback [10].

Recently, Pupo et al. [12] studied the influence of various process parameters on the surface
quality of a Co—Cr alloy produced by SLM. However, the results of the study were derived using a
two-dimensional (2D) single-line formation test. Therefore, such evaluations should be extended to
include multi-layer formation tests to determine how various processing parameters affect the surface
roughness of 3D-printed Co—Cr alloy products produced by SLM.

Therefore, the purpose of this laboratory study was to investigate the effect of three laser process
parameters, namely laser power, scan rate, and scan-line spacing, on the surface roughness of an
SLM-fabricated Co—Cr alloy used for dental applications, using both single-line formation (2D) and
multi-layer formation (3D) tests.

2. Materials and Methods

2.1. Materials Used and Processing

A commercially available Co—Cr dental alloy (Starbond Cos Powder, Scheftner GmbH, Mainz,
Germany), with a composition of Co 56 wt %, Cr 25 wt %, tungsten 9.5 wt %, and molybdenum
3.5 wt %, was used. The average particle size of the alloy was less than 40 pm. AISI H13 tool steels
(Orvar® Supreme, Uddeholm, Dublin, Ireland) were used as substrates.

An SLM machine (PNUME, Busan, Korea) was used for the tests; within the machine, an ytterbium
fiber laser beam (IPG YL-200) with a spot size and maximum power of 0.08 mm and 200 W, respectively,
was operated under a nitrogen gas (flow rate = 5 L/min) atmosphere. During the SLM process, a Co—Cr
powder layer was deposited onto the substrate. The laser beam scanned the powder bed and melted
the powder. The melted metal immediately solidified, forming a 2D solid substrate region with a
thickness of 50 um on top of the substrate (single-line formation). The stage was subsequently lowered,
and the next layer of powder was deposited. Successive scans were performed, with the stage lowered
each time, until the desired 3D structure was formed (multi-layer formation).

2.2. Single-Line Formation Test

To determine the optimal laser power and scan rate, a single-line formation test was performed,
as shown in Figure 1. The Co—Cr alloy powders were homogeneously applied onto the substrate
using the powder application system; subsequently, each length (7.0 mm) of powder was selectively
irradiated with the laser. The laser powers used were 100, 150, and 200 W, and the scanning rate
ranged from 3.66 to 300 mm/s. The energy density was calculated using the following equation [9]:

Energy density (J/mm) = P/v 1

where P is the laser power (W), and v is the scanning rate (mm/s).
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Figure 1. Schematic illustration of the single-line formation test.

To establish the optimal process parameters, an objective function (F) was determined [12,13].
This considers the relationship between the melting zone area (A1) and the penetration zone (Ajy),
as follows:

F=A1/A; @)

where
A= (W1 +W3/2) x Hy 3)

in which Hy and Wy are the height and width, respectively, of the upper part of the line. W3 represents
the length of the lower part of the trapezium that is circumscribed to the line. A, can be determined by

A2=H2 X W2/2 (4)

where H, and W, are the penetration zone areas, where remelting occurs. Finally, F can be calculated
using the following equation:
F=[(W1+W3) x Hi]l/Hz x W ©)

2.3. Multi-Layer Formation Test

To determine the optimal scan-line spacing, a multi-layer formation test (Figure 2) was performed.
The powder layering was repeated 10 times to obtain a 3D object, using the optimal laser power and
scan rate that had been determined using the single-line formation test. The scan-line spacing was set
as 20, 60, 100, 150, and 200 um. The powder was deposited within an area measuring 5 mm x 5 mm.
The powder layer thickness was 50 um. Each layer was built with the laser scanning along a specific
direction to reduce anisotropy [14]. Layer-by-layer the scanning direction was rotated by 90° with
respect to the previous one. The effect of the scan-line spacing on the shape of the deposited layer was
determined using the overlap ratio, as follows [15]:

Overlap ratio (%) = (1 — scan-line spacing (um)/deposited width (um)) x 100 6)

The surfaces were examined by scanning electron microscopy (SEM, JSM-6700F, Jeol, Tokyo,
Japan). In addition, the 3D-surface profiles were obtained using phase-shift interferometry (Biolin
Scientific Oy, Espoo, Finland). The average surface roughness, R,, was determined from the images.
The Gaussian cutoff was 80 um. The R, of each specimen was recorded using the average value of
five readings.
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Figure 2. Schematic illustration of the multi-layer formation test.

3. Results and Discussion

3.1. Single-Line Formation Test

To fabricate defect-free SLM products, it is important to initially optimize the laser power and scan
rate [16]. Figure 3 shows the results of the single-line formation test, which was performed to determine
the two process parameters. Under all the applied laser powers and scan rates, three different line
patterns could be observed, along with no melting [17]. The three different patterns can be described
as follows: Single fused lines with significantly coarsened balling (type 1), single fused lines that are
smooth and continuous (type 2), and single lines with a small amount of balling and /or discontinuous
partial melting (type 3). These three different line patterns can be explained based on the energy
density of the laser beam supplied to the metal powders [16].

The energy density describes the laser energy applied to the powders (Equation (1)). The range of
energy densities is shown in Figure 4. When the energy density of the applied laser is sufficient to
melt the powder, the melting zone enlarges, and the temperature in the vicinity of the melted zone
remains high [17]. However, when the energy density of the applied laser is insufficient to fully melt
the metal powder, unmelted powder remains on the layer, forming defects, because the temperature of
the melting zone is insufficient.

In this study, perfect bonding between the powders and the substrate was achieved when the
energy density was 1.4-5.1 J/mm (type 2, Figure 3). Under this condition, it seems that a sufficient
amount of liquid, with a reasonable stability, was formed; after solidification, this yielded continuous
and smooth melted lines without the occurrence of balling. In contrast, when the energy density
was lower than 1.3 J/mm, there was insufficient energy supplied to the powders, which caused poor
adhesion between the powders and substrate (type 3, Figure 3). When the surface energy was reduced,
the melt became highly instable; this resulted in the production of rough lines consisting of a number
of small balls and /or partial melting on their surfaces.

However, the line formation was also compromised when the energy density was excessive
(type 1, Figure 3) [13,17]. When the energy density was greater than 6.6 ]/mm, a single fused line with
significantly coarsened balling was observed (Figure 3). This balling phenomenon indicates that the
melted powder grains stick together due to the surface tension force, forming a series of spheres, when
the energy density is high [16,17]. Such high energy densities can be generally considered to be due to
the high laser power and slow scan rate.
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Figure 3. Photograph (a) and map (b) showing the single-line formation test results. The beads
obtained under six different conditions (F (objective function) = 1-5, and 8), which resulted in the
production of continuous and smooth lines (type 2), were further examined to determine the optimal
process conditions (laser power and scan rate).
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Figure 4. Energy density ranges under various laser powers and scan rates (see Figure 3).

In addition, as shown in Figure 5, the optimal laser power and scan rate were determined using the
single-line formation test, based on the objective function, F [12]. The beads produced on the substrate
should form a stable line, where the melted zone and substrate are highly stable. Depending on the
laser power and scan rate applied, F values between 1 and 8 could be determined (Equations (1)—(5)).
When the F values increase, the average angle increases. The two angles («x; and oy, Figure 5) indicate
the line symmetry, which is a favorable characteristic for the overlapping of the lines. When F = 1-3,
the melting zone was unstable because of the shallow penetration depth (low H, value), which was
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probably due to the overly high scanning rate. When the F value increases, the H; value increases
but the H; value decreases. In a fixed laser power (F = 1-4), the width and depth of the melting zone
were reduced at faster scan rates. This may have been due to the Marangoni convection in the melted
pool [18,19]. The degree of convection is related to the total amount of energy supplied to the powder
layer [20]. The flow of the molten metal is caused by local differences in the surface tension on the
liquid surface, which is affected by the differences in temperature between different regions of the
melt pool [19]. The final shape and size of the solidified bead is determined by those of the melting
pool [19]. Therefore, a small bead is created when the scan rate is fast and the laser power is low. When
the laser power was set as 100 and 150 W (F = 5 and 8), the melting zone was unstable. When the laser
power and scan rate were 200 W and 128.6 mm /s, respectively (F = 4), an optimal bead profile, with
optimal height, depth, and width, was formed. According to Sing et al. [2], laser power and laser scan
rate also affect the powder adhesion thickness. This was not investigated in this single-line formation
test but would be worth further investigation.

200 W, 191.6 mm/s 200 W, 174.3 mm/s 200 W, 155.3 mm/s

¥
e Y ) 3

100 W, 29.6 mm/s

200 W, 128.6 mm/s 150 W, 101.6 mm/s
Figure 5. Various bead shapes produced during the single-line formation test under six different

conditions (F = 1-5, and 8) (see Figure 3). When the laser power and scan rate were 200 W and
128.6 mm /s, respectively (F = 4, see 2.2 to read the symbols), an optimal bead shape was achieved.

3.2. Multi-Layer Formation Test

As shown in Section 3.1, the optimal laser power and scan rate (200 W and 128.6 mm/s,
respectively) were determined through the single-line formation test (Figure 5). These values were
used during the multi-layer formation test to fabricate 3D-printed Co-Cr alloy products.

Figure 6 shows the surfaces of the 3D-printed bodies in accordance with the scan-line spacing
used. In general, the overhang areas have a higher maximum temperature, a higher tensile stress, and
a larger distortion than the areas above a solid substrate [21]. In addition, a higher energy density
input (a lower scan rate or a higher beam current) may cause severe curling at the overhang area [21].
Prominent overhang area formation when the scan-line spacing values were 60 and 20 pm indicates
that a high energy density input was supplied to the bodies because of the high overlap ratios.



Appl. Sci. 2016, 6, 401 70f 10

Scan-line Top SEM Optical Topography Topography
view surface image image 2D 3D

spacing Overlap ratio (%)

200 pm //_W\

150 ym

100 um

60 um

20 ym N W? N\

Figure 6. Photograph and map showing the multi-layer formation test results. The scanning electron
microscopy (SEM) surface images are also shown (100x, scale bar = 100 um). The optical and
topography (2D and 3D) images are obtained from the phase-shift interferometry. Optimal melting
was achieved when the scan-line spacing was 100 um.

As also shown in Figure 6, the overlap ratio tends to decrease as the scan-line spacing increases
(Equation (6)) [22]. Considering the various scan-line spacing values used, the surface shape of the
melted powder was classified into three different groups according to the overlap ratio, as follows [12]:
(1) a clear mesh-structured surface at small overlap ratios (24% and 43%); (2) a flat and smooth surface
by optimal overlapping (62%); and (3) excessive overlapping of the lines of the melted material (77%
and 92%) with occurrence of swelling [23]. When the overlap ratios were 24% and 43%, the SEM image
showed rough surfaces with many small melt balls [23]. In contrast, when the overlap ratios were
excessively high (77% and 92%), swelling, which is the rise of solid material above the plane of powder
distribution and melting, was prominent on the SEM surface images [23]. When the overlap ratio
was 62%, the SEM image revealed uniform-shaped lines. Although a slight melt ball formation was
also detected on the surface, this does not seem to have an obvious detriment to SLM quality [24].
In the present multi-layer formation test, therefore, the most stable deposition was achieved when the
scan-line spacing was 100 um; as a result, the overlap ratio was 62%.

Figure 7 shows the R, values according to the scan-line spacing values and overlap ratios.
When the scan-line spacing was 200 and 150 um, the surfaces were uneven and had higher R, values
(6.2 and 4.1 um, respectively); this was probably due to small overlap ratios and the occurrence of the
non-connected line formation (Figure 6). When scan-line spacing values of 60 and 20 um were used,
the 3D-printed bodies had rough surfaces (R, = 3.3 and 3.9 um, respectively); this was probably due to
the excessive melting, swelling, and excessive overlap ratios. The smoothest surface (R, = 1.8 um) was
obtained when the scan-line spacing was 100 pm (overlap ratio = 62%). These findings suggest that



Appl. Sci. 2016, 6, 401 8 0f 10

use of the optimal scan-line spacing results in an overlap ratio that is slightly more than 50%, which
enhances the surface quality of the 3D-printed Co—Cr alloy products.

Qverlap ratio (%)

24 43 62 77 92
8 T T T T
7 r —=®— Scan-line spacing
6 | —&— Overlap ratio
Bl
S AT
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200 150 100 60 20
Scan-line spacing (um)

Figure 7. R, as a function of the scan-line spacing and overlap ratio.

It should be noted that the results of the multi-layer formation test (Figures 6 and 7) were derived
from the simplified experimental design (in particular, the number of deposited layers). Therefore,
investigations involving simulations that are closer to the actual cases in dentistry are required to
determine the effect of laser process parameters on the surface quality of the SLM-fabricated Co—-Cr
dental alloys. Recently, Kruth et al. [11,25] suggested that surface remelting is a simple and effective
method for bringing about a significant improvement in the surface roughness of SLM products.
This technique may also be applicable to Co-Cr dental alloys produced by SLM, and this possibility
needs to be investigated. The careful selection of processing parameters is also important to minimize
pore formation and to improve the mechanical properties of an SLM object [6,8,26,27]. This is beyond
the scope of this study but would be a valuable next step to validate our findings on a larger scale.

4. Conclusions

By reducing the laser power and increasing the scan rate during a single-line formation test,
melting with balling was avoided. The alloys did not melt completely unless the laser output and scan
rate were set at specific levels. In the case of the multi-layer formation test, the smoothest surface was
achieved when a scan-line spacing of 100 pm was used. It was confirmed that the laser power, scan
rate, and scan-line spacing are key factors for determining the surface quality of Co-Cr dental alloys
produced by SLM. The production of 3D-printed metallic products with smooth surfaces would help
to minimize the amount of post-processing required, such as finishing and polishing.
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