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Abstract: Improving the surface roughness quality of 3D printed components, especially metallic
ones, which are fabricated from the selective laser melting (SLM) method, has drawn enormous
attention from the research community. It should be noted that various studies on this topic have
reported that precise surface roughness results can be obtained with various techniques that are in-
deed not cost-effective. Differing itself from these studies, this manuscript investigates an economical
solution for fabricating and surface treating SLM components. Specifically, the inspected specimens
were printed with recycled 316L stainless steel powder and treated solely with two abrasive surface
finishing methods. In the manuscript, two scanning strategies namely meander and stripes, and
three types of surfaces were investigated. Subsequently, their 2D and 3D surface roughness results
were elaborated. After the proposed herein abrasive treatment, 3D surface roughness arithmetical
mean height of a surface (Sa) value of 0.9 um can be achieved.

Keywords: selective laser melting (SLM); surface roughness; abrasive surface finishing; stainless
steel; 316L; recycled powder

1. Introduction

3D printing technology has enabled designers to fabricate parts that are functional,
lighter, and remarkably more complex from various materials [1-3]. Remarkably, for
metallic parts fabricated with the selective laser melting (SLM) method, the mechanical
properties are higher in comparison with traditionally produced ones [4,5]. Specifically,
for SLM technology, it has been advanced so that it can operate with several common
alloys utilized in the aerospace, biomedical, and automotive industries [6-9]. Nevertheless,
an obvious drawback of 3D printed parts, in general, and SLM parts, in particular, is the
large surface roughness caused by the nature of the fabricating process as investigated
in [10-13]. Specifically, the surface roughness of SLM parts is mainly influenced by different
factors, such as the laser power, laser speed, scanning strategies, position and direction
of the parts in the building chamber, direction and flow rate of the inert gas flow, and
powder characteristics [8,14-16]. The arithmetic mean high of a line (Ra) of SLM parts
could range from 5 up to 50 pm, and is primarily found below 20 pm as in [11,17,18].
Subsequently, without undergoing any post surface finishing, the SLM parts cannot satisfy
the requirements of Ra being below 0.8 pm as for machine components and below 1 um as
for dental implants [19].

To achieve the desired surface roughness, as previously mentioned, SLM parts must
then undergo the traditional computer numerical control (CNC) machining process [20].
The two fabricating processes indeed have been combined into a so-called hybrid additive-
subtractive manufacturing (HASM) process, where adding and subtracting material from a
fabricated component are realized simultaneously in one machine [21,22]. However, due to
the restriction of the tool path when finish machining a 3D printed part, several alternative
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post-processes have been investigated, such as blasting, grinding, laser /electromechanical
polishing, shot/ultrasonic peening, etc., as summarized in [23]. Among the most effective
techniques is the surface mechanical attrition treatment (SMAT), investigated in [23], where
the surfaces of the SLM part were bombarded with steel balls vibrating at 40 Hz in 10 min
to reduce the Ra from 15 to 1.8 pm, and longer SMAT time can deliver surface roughness
below 0.5 um. Besides, in [24], ultrasonic peening reduces the Ra from 10.6 to 1.3 um.
Utilizing the dry mechanical-electrochemical polishing (DMECP) technique, [25] led to
reducing the Ra to the lowest 0.75 um. Last but not least, in [19], laser polishing was
reported to deliver Sa, the 3D extension of Ra, below 0.51 um.

There have been several studies on different surface treating methods on SLM parts
printed from various materials such as steel, titanium, Inconel, and their alloys, etc. Never-
theless, these aforementioned techniques and material usage require heavy investment in
the facilities, which may not be applicable for a majority of entities. Thus, in this case study,
SLM stainless steel 316L specimens fabricated with recycled powder were examined. They
were treated solely with the mechanical abrasive finishing methods aiming at finding a
more affordable solution as an alternative for the aforementioned surface treating methods.
Specifically, a combination of blasting and tumbling was investigated in this manuscript.
In blasting, surface imperfections are removed by streamlines of media being shot directly
to the surface of the components [26]. Additionally, in tumbling, components are tumbled
in different solid media added for deburring, surface smoothing, degreasing, increasing
corrosion resistance with the help of chemical (tumbling compound), etc. [27]. Specifically,
in this manuscript, the as-built parts underwent sand or steel-ball blasting, then tumbled
in three different media being ceramic, plastic, and porcelain, for different pre-specified
durations. A special geometry was proposed to fully capture the quality of surfaces of the
parts facing four different directions on the rectangular build plate. The surface roughness
results and the total duration of each treatment combination were evaluated and compared
to find the best combination yielding the smallest surface roughness.

2. Experimental Procedure
2.1. Specimen Design

As aforementioned, a special design was proposed to study the surface quality, as
shown below in Figure 1:

20

‘ =
Figure 1. Geometry under study.

The four faces of the design were marked with symbols A, B, C, D for classification.
Besides, to assess the “staircase” effect caused by the angled geometry, which is critical
to the surface roughness of 3D printed specimens, [19], the inverted truncated pyramid
feature was introduced at the bottom of the design. The specimens were printed with
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two different scanning strategies, namely meander and stripes. There were in total 16
specimens divided into two packs with regard to the scanning strategies.

2.2. Recycled Powder Characteristics

The machine AM400 from Renishaw with 400 W optical system (pulsed laser) and
beam diameter of 70 um was deployed to print the specimens with recycled stainless
steel 316 L powder. The scanning electron microscopy (SEM) image and the average size
distribution of the utilized 316 L recycled powder are shown in Figures 2 and 3 below. The
characteristics of virgin, recycled, and waste stainless steel 316 L powder were discussed in
detail in [15].
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Figure 2. SEM image of the 316 L recycled powder in use.
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Figure 3. Average size distribution of the 316 L recycled powder in use.
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2.3. Machine Setup and Important Notes

The Renishaw company offers two default sets of printing parameters, with laser
power of 200 and 400 W. According to our findings, parts fabricated with the default set
with laser power of 200 W have better overall mechanical properties [28]. The scanning
parameters of this set are listed below in Table 1.

Table 1. Fabrication parameters.

Parameter Value
Laser power 200 W
Hatch spacing 0.11 mm
Scan speed 650 mm/s
Preheat temperature Ambient
Layer thickness 50 um
Increment rotation angle 67°

From Table 1, it can be observed that a parameter, namely increment rotation angle,
was set to 67°. With this setup, the coordinate system of each layer is rotated by 67° to
ensure that the inside area of the fabricated parts is filled with printed material as much
as possible. However, if the rotation point is fixed, the resulting parts would be hollow
in the middle. Thus, additional setup to randomize the rotation point for every layer is
needed. This principle is explained in Figure 4 below. Notably, the below figure utilizes
straight scanned tracks for better illustration, but is applicable as well for meander and
stripes strategies.

Rotation about a fixed point
Rotation about randomized points

Figure 4. Stacked layers with a fixed rotation point and randomized rotation points.

Additionally, two functions, namely Upskin and Downskin, available in Renishaw
machine, were utilized to remelt the exposed surfaces, hiding the scan track patterns, subse-
quently, improving the smoothness of the specimens. The Upskin effect is illustrated below
in Figure 5. It is worth mentioning that the exposed surfaces inherit the pattern of stacked
layers, which is depicted in Figure 4, and Figure 5 is simplified for clearer illustration.

The “staircase” effect and the Upskin-treated surfaces are further elaborated on in
Figure 6. Remarkably, Figure 6 is valid as well for upside-down direction, as in the case
of Downskin function. Differences in Downskin situation lie in the presence of support
structures utilized for overhang details.
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Stripes

Figure 5. Scan track patterns on the exposed surfaces produced with meander and stripes scanning
strategies before and after Upskin treatment.

t: treated with Upskin

tiitt
ftrett
1t

Build plate

Figure 6. Layers of exposed surfaces treated with Upskin.

2.4. 2D and 3D Surface Roughness Measurement

After fabrication, the as-built specimens were first sandblasted utilizing Cabinet
Sandblaster 350 L XH-SBC 350 with either 5170 steel medium (grain size from 355 to
425 pm) or F-24 aluminum oxide medium (grain size from 710 to 850 pm) for a recorded
duration of 50 s. Subsequently, the specimens were feedforwarded to the tumbler OTEC
CF1 x 32EL for surface finishing within 120, 180, and 240 min, with one of three media being
ceramic (DZS 10/10, Otec company, Pforzheim, Germany), plastic (XS 12K, Wather Trowal
company, Germany), porcelain (P 2/5 Otec company), and a chemical compound (KFL,
Walther Trowal company). The total surface treatment durations of different specimens
were recorded.

Eventually, Mitutoyo SJ-210 was employed to measure the 2D surface roughness of
nine surfaces (eight sides and one top). Special stands, which were printed from polyethy-
lene terephthalate glycol (PETG) with fused deposition modeling (FDM) technology, were
deployed to position the inspected surfaces perpendicular to the measuring needle tip.
The needle tip was chosen according to the standard DIN EN ISO 3274 dimensioning of
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2 um/60°. The instrument was calibrated so that it can deliver up to 0.001 pm accuracy.
Each surface was measured five times, and the mean value of the arithmetical mean high
of a line (Ra) and the mean maximum peak to valley of five consecutive sampling lengths
of a line (Rz) were then calculated to minimize the measurement error. The projections
of the planes of symmetry on the surfaces of the specimen, as can be seen in Figure 1,
were used as measuring lines. Because the specimens were printed layer by layer from the
truncated bottom to the top, these measuring lines can capture the best the layer nature of
the surfaces.

Subsequently, one post-treated specimen with the best 2D roughness from each scan-
ning strategy pack was selected together with their as-built counterparts for 3D surface
roughness assessment using the optical microscope Alicona InfiniteFocus 5G (IF Mea-
sureSuite, Alicona ImagingGmbH, Raaba/Graz, Austria). The inspected surfaces were
oriented perpendicularly to the microscope axis utilizing as well the designed stands. For
3D roughness measurement, CSN EN ISO 25,178 -2/-3 standards were followed. The focus
variation method was described in the CSN EN ISO 25,178 -606 standard. Due to the nature
of the optical microscope, the Sa and Sz, which are 3D extensions of Ra and Rz to surfaces,
were measured once.

The 2D and 3D surface roughness were calculated according to the CSN EN ISO
4287 /4288 standards. Additionally, the normal and macrostructure images of the specimens
were presented for a better understanding of the characteristics of the SLM 316L surfaces.

3. Results and Discussion
3.1. 2D Surface Roughness
3.1.1. Average of All Surfaces

This section presents the results of the 2D surface roughness being Ra and Rz. In Table 2
below, different combinations of time and treatments were recorded for two different scanning
strategies being meander and stripes. It is worth mentioning that the surface roughness
results of all nine sides of the specimens were averaged and rounded to the nearest tenth
for generality.

Table 2. Matrix of scanning strategies, treatment time, and corresponding 2D surface roughness results.

Sandblastin Tumblin, Roughness
Scanning Strategy & & Tf)tal &
. Corundum Steel Ceramic Plastic Porcelain Time Ra Rz
Specimen No.
. 50 50 120 180 240 120 120 .

Meander  Stripes s] Is] [min] [min] [min] [min] [min] [min] [um] [um]
1 X 0 11.0 56.6
2 X X 1 6.6 37.0
3 X X X 2 49 25.1
4 X X X X 360 35 20.5
5 X X X X 420 22 15.1
6 X X X X 480 1.8 13.4
7 X X X X X 481 1.2 9.4
8 X X X X X X 482 1.7 10.4
1 X 0 9.5 479
2 X X 1 6.4 35.6
3 X X X 2 3.7 20.6
4 X X X X 360 29 17.2
5 X X X X 420 1.8 12.5
6 X X X X 480 1.7 12.5
7 X X X X X 481 1.7 12.3
8 X X X X X X 482 0.5 44

In Table 2, the specimens can be grouped according to their numbering as follows:
as-built (1), sandblasted (2, 3), tumbled (4, 5, 6), combined (7, 8). The sandblasting process
took 50 s with two different media being corundum (aluminum oxide) and steel. The
tumbling process with plastic, porcelain took 120 min, and with ceramic, 120, 180, 240 min.
The total time was recorded and rounded up to min. Averages of surface roughness values
for all the sides, Ra and Rz, were calculated. First and foremost, it can be observed that the
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Ra values of as-built specimens no. 1 lie within the regular aforementioned range, below
20 pm.

For meander no. 3, after 2 min of sandblasting, Rz was reduced 56% (from 56.6 to
25.1 pm) and Ra 55% (from 11.0 to 4.9 pm). On the other hand, tumbling meander no. 4,
which took considerably more time, produced a better roughness reduction of 64% for Rz
(from 56.6 to 20.5 pm) and 68% for Ra (from 11.0 to 3.5 pm). Additionally, the roughness
value decreased moderately as the time for tumbling with ceramic increased from 120 to
240 min. Last but not least, the two best results are from the combined process. Remarkably,
the roughness values for meander no. 8 are slightly higher than those of meander no. 7.
This can be due to the imperfection of the manual sandblasting and tumbling process.
Eventually, the best result was meander no. 7 with an 83% reduction in Rz (from 56.6 to
9.4 um) and an 89% reduction in Ra (from 11.0 to 1.2 um).

As for the stripes strategy, the surface roughness values of as-built stripes no. 1 are
slightly lower than those of the meander. Similarly, 2 min of sandblasting vastly reduced
the surface roughness of the stripes no. 3, a 57% reduction of Rz (from 47.9 to 20.6 um)
and a 61% reduction of Ra (from 9.5 to 3.7 um). Solely tumbled stripes no. 4 had a better
reduction of roughness, 64% for Rz (from 47.9 to 17.2 pm) and 69% for Ra (from 9.5 to
2.9 um). However, as the tumbling time increased, it can be observed that there was a slight
to no decrease in surface roughness. Subsequently, the best result was stripes no. 8 with
91% reduction in Rz (from 47.9 to 4.4 um) and 95% reduction in Ra (from 9.5 to 0.5 pm).

3.1.2. Grouped Surfaces

For further inspection into the characteristics of each type of surface, the results
were divided into three groups being the vertical sides noted with A, B, C, D (Ra, Rz),
the angled sides right below A, B, C, D (RaZk, RzZk), and the top side (RaTop, RzTop).
These roughness values were averaged and reported separately according to the scanning
strategies in the following Figures 7 and 8, corresponding to the data in Tables 3 and 4.

2D surface roughness, Ra, meander 2D surface roughness, Rz, meander
25.0 100.0
20.0 80.0
'€ 15.0 'E 600
= mRa = Rz
& 10.0 & 400

wul
o

y “‘ i‘l iil hidhod il s o ‘Il | iil IL ii. winl. e

Specimen no. Specimen no.

o

(@) (b)

Figure 7. 2D surface roughness results grouped according to the types of surfaces for the meander strategy: (a) Ra, (b) Rz.
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Figure 8. 2D surface roughness results grouped according to the types of surfaces for the stripes strategy: (a) Ra, (b) Rz.

Table 3. 2D surface roughness results, grouped according to the types of surfaces for the meander strategy.

Meander 1 2 3 4 5 6 7 8
Ra [pum] 11.0+1.8 6.6 £ 0.6 39+04 1.9+ 0.6 13+12 1.0+£03 0.7£03 05+02
RaZk [um] 185+1.8 140+ 1.6 6.0+ 2.6 54+12 33+£20 29+£1.2 1.8+1.2 31+£27
RaTop [um] 11.1 5.6 4.0 25 1.7 1.0 1.2 0.9
Rz [pum] 56.6 =9.0 370+24 21.5£28 121 £3.0 86+£72 74+24 56 £19 41+16
Rzzk [pum] 832+1.1 38.0 £ 6.7 30.0 £12.5 314 £82 23.1+134 215+ 83 135+7.6 17.5+10.3
RzTop [um] 413 19.2 19.8 11.0 9.1 52 79 71
Table 4. 2D surface roughness results, grouped according to the types of surfaces for the stripes strategy.
Stripes 1 2 3 4 5 6 7 8
Ra [um] 95+14 6.4 £ 0.6 30=£03 1.5+04 09+02 1.0+£0.2 0.7£02 04+01
RaZk [pm] 185+ 19 141+ 0.7 44+13 48+12 29+£20 24 £05 27%038 0.6+03
RaTop [um] 10.9 7.0 3.7 1.2 1.1 1.5 22 1.2
Rz [um] 479 £7.0 35.6 £3.5 181+£25 103 £29 74+1.1 79+£22 54£20 30£11
RzZk [pum] 832+12 67.7 =13.4 23.2+6.2 26.8 = 8.2 192 +£115 184+ 21 18.7£59 48126
RzTop [um] 40.9 24.0 19.8 6.1 6.2 7.1 14.0 8.7

One of the obvious traits from the two figures is that the surface roughness of the angled
sides (RaZk, RzZk), in as-built specimens no. 1, is almost double the other two (Ra, Rz and
RaTop, RzTop). This is because of the “staircase” effect caused by one layer not being wholly
supported by preceding layers. In contrast, as the vertical sides and the top side are built with
layers that are fully supported, their surface roughness is remarkably better.

Additionally, as previously drawn, 2 min of sandblasting can significantly reduce
the surface roughness from specimens no. 1 to specimens no. 3. Nevertheless, for better
surface finishing, tumbling, or a combination of the two processes should be employed at
the cost of treatment time. Specifically, Ra value below 1 um can already be achieved from
specimens no. 6 for meander and specimen no. 5 for stripes.

3.2. 3D Surface Roughness

From the above results, the best post-treated specimens together with their as-built
counterparts of the two types of scanning strategy were selected for 3D surface roughness
evaluation. Subsequently, there were four specimens in total being meander no. 1 and 7,
and stripes no. 1 and no. 8. The 3D surface roughness values of those specimens, Sa and
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Sz, were averaged and rounded to the nearest tenth, as can be observed in Figure 9 and
Table 5.

3D surface roughness, Sa 3D surface roughness, Sz
50.0 400.0
400 3000
€ 30.0 m meander no. 1 S W meander no. 1
= = 200.0
o 20.0 M meander no. 7 N ® meander no. 7
(V2] w
100.0
10.0 0 I I M stripes no. 1 I I I M stripes no. 1
0.0 - stripes no. 8 0.0 stripes no. 8
SaTop Sz SzZk SzTop
Surface type Surface type
(a) (b)

Figure 9. As-built and best 3D surface roughness results grouped according to the types of surfaces for the meander and

stripes strategy: (a) Sa, (b) Sz.

Table 5. As-built and best 3D surface roughness results, grouped according to the types of surfaces
for the meander and stripes strategy.

Scanning SaZk SaTop SzZk SzTop
Strategy No. Sa[um] [um] [um] Sz [um] [um] [um]
Meand 1 14.1 32.1 10.9 134.6 225.6 153.8
eander 7 0.9 6.7 1.6 68.4 98.4 62.0
Strives 1 14.9 46,5 134 284.6 361.0 123.6
P 8 0.9 37 1.0 448 87.8 67.5

First of all, it should be noted that the 3D scanned surface results are many-fold higher
than the 2D ones. This is due to the fact that 2D scanning is constraint by the height of
the scanning tip and scan tracks, thus, fails to thoroughly capture the naturally irregular
topographies of the SLM surfaces [14]. In general, at their as-built condition, the meander
strategy delivered parts with better surface roughness, meander no. 1 versus stripes no.
1. The angled surfaces had the worst roughness values, as aforementioned. Besides, the
roughness values were remarkably reduced after the abrasive finishing process and for the
vertical side, Sa was recorded to be reduced by at least 93%, to below 1 pm (0.9 um) for
both meander and stripes. The characteristics of different surface types are depicted in the
next subsection.

3.3. Macrostructure

The 3D surface roughness results of the four specimens above can be seen in the macro
scale in the below pictures. Take into account that for each measurement, an appropriate
height scale was selected to better visualize the maximum height and depth of the surface
irregularities.

From Figures 10 and 11 below, it can be observed that the surfaces of the SLM parts are
characterized by droplets of melted metallic powder. It can be noticed that in Figure 11(al),
there is a spherical metallic droplet standing out from the others. The reason for this is
that the used recycled powder contains unfiltered longitudinally sintered powder particles,
as described in [15]. Those pre-melted pieces are accumulated with droplets in this run,
subsequently forming the spherical outlier. Besides, the ones with the worst roughness are
the angled sides, Figure 10(a2) and Figure 11(a2), with the presence of several peaks and
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valleys. As aforementioned, thanks to the Upskin function, the top sides as the as-built

condition, Figure 10(a3) and Figure 11(a3), appear to be the smoothest.
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Figure 10. 3D surface roughness with the meander strategy of: (a) as-built, (b) best post-treated. From top to bottom: 1.

vertical, 2. angled, and 3. top faces.
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Figure 11. 3D surface roughness with stripes strategy of: (a) as-built, (b) best post-treated. From top to bottom: 1. vertical, 2.
angled, and 3. top faces.

One of the obvious traits for post-treated surfaces is the disappearance of the peaks,
while valleys remain, which is due to the nature of the abrasive process. After the elimina-
tion of the peaks, the depth of the valleys of the angled sides is revealed and is the most
severe in comparison with the two other types of surfaces, proving the significant impact
of the “staircase” effect on the SLM 316L parts. It is worth noting that the machine built-in
functions, such as Upskin and Downskin, can help to improve significantly the surface
roughness of the exposed surfaces, which can be obviously observed on the top sides,
Figure 10(a3) and Figure 11(a3). Additionally, post-processing can significantly reduce the
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waviness of these as-built top sides, from Figure 10(a3-b3) and Figure 11(a3-b3). In general,
the peaks and the waviness of the as-built surfaces undergoing the proposed treatment
process were notably reduced. Especially for the vertical sides of both scanning strategies,
the roughness reduction of Sa down to 0.9 um was recorded.

3.4. Real Scale Pictures

The reader can refer to Figure 12 below to observe the differences between the as-built
specimen and the specimen with the best post-treated 3D surface roughness. It should be
noted that only the two specimens from the meander pack were presented. This is because
the differences in appearance between them and their stripes counterparts are not visible
to the naked eye. Besides, the specimens were numbered differently in this manuscript for
better analysis and classification.

(a) (b)

Figure 12. As-built and best post-treated specimens from the meander pack. Metallic parts are the 316L specimens, and
red parts are the stands fabricated from PETG using FDM technology: (a) as-built (meander no. 1), (b) best post-treated

(meander no. 7).

After the proposed post-treatment, it is obvious that the surfaces became considerably
smoother, and all the edges were deburred. According to Table 5, Sa value of down to
0.9 um can be obtained on A, B, C, D surfaces.

4. Conclusions

To conclude, in the manner of printing materials and facility investment, this manuscript
combined two different abrasive surface finishing methods to deliver a cost-effective
method to treat the surfaces of SLM 316L parts fabricated from recycled powder. From
the obtained results, the characteristics of three different types of surfaces were revealed.
The averaged Ra values of as-built specimens fall within the common range of SLM parts
as aforementioned in the Introduction, Ra below 20 pm for both meander and stripes.
Despite being limited by the height of the scanning tip and the scan tracks, 2D rough-
ness measurement can be utilized for initial screening to choose the best specimens for
further time-consuming 3D assessment. From the evaluation, it is obvious that the two
best post-treated specimens are meander no. 7 and stripes no. 8. Remarkably, after the
proposed abrasive surface treatment, 3D surface roughness Sa and Sz can be reduced
significantly, and Sa value of the vertical side surfaces down to 0.9 um can be obtained.
Future studies will combine our findings about the effect of different scanning parameter
sets on the surface roughness [29], how effective the hot isostatic pressing is in reducing
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the porosity [30], together with post-treatments to optimize not only the surface roughness
but also the porosity level and the mechanical properties of the SLM 316L parts. All of
these will be realized keeping in mind the cost-effectiveness of the treatment processes.
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