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Abstract

Increasingly, the fabrication of steel components is being done via 3D metal printing. One of the most
commonly utilized reliable and precise methods is called selective laser melting (SLM), and it involves the
use of metallic powder as the material that is fed into the laser. One of the famous problems that SLM
technicians face is the roughness of the printed parts. The goal of this paper is to study the effect of
tumbling on the M300 maraging steel, which was produced by using a Renishaw AM500 3D SLM printer.
An examination of a procedure that is both cost-effective and efficient for manufacturing and surface
treatment is carried out within the scope of this research. The post-processing was investigated in depth,
which resulted in 2D surface roughness Ra = 0.39 ym and 3D surface roughness Sa = 0.4 ym. The
topography and morphology of the specimens were checked. Additionally, the surface wettability was
tested, and it was seen to display wetting behavior, the improvement in surface wettability caused a better

surface energy.
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1 INTRODUCTION

Designers can now produce practical, lighter, and
considerably more sophisticated items from a variety of
materials owing to 3D printing technology [Srivastava et al,
2023, Marsalek et al. 2020]. Metal components
produced by selective laser melting (SLM) exhibited
superior mechanical properties compared to those
manufactured using traditional techniques [Bochnia et al.
2023, Liverani et al. 2017]. The aerospace, healthcare, and
automotive industries use certain common alloys, and SLM
technology has been specifically designed to work with
these alloys. [Yakout et al. 2019, Chen et al. 2018,
Mohammadian et al. 2018]. However, as mentioned in
references [Strano et al. 2013, Wang et al. 2016, Leary et
al. 2017, Liverani et al. 2022] one major drawback of 3D-
printed objects, especially Selective Laser Melting (SLM)
components, is the significant surface roughness resulting
from the printing process. The location and orientation of
the build chamber, the direction and rate of the inert gas
stream, the characteristics of the powder, and the power
and speed of the laser significantly affect the surface
roughness of products created by selective laser melting
(SLM) [Olakanmi 2013, Dedeakayogullar et al. 2022,
Brytan et al. 2022, Mesicek et al. 2021, Mechali, et al.
2024]. The arithmetical mean height (Ra) for SLM
components typically falls between 5 and 50 ym, with most

instances being below 20 ym as referenced in [Vayssette
et al. 2018, Townsend et al. 2016, Kaynak et al. 2018].

In order to get the needed surface roughness, small-scale
manufacturing (SLM) components are required to go
through the conventional computer numerical control
(CNC) machining process. These two production
techniques are merged into a hybrid additive-subtractive
manufacturing  (HASM) process, which involves
simultaneously adding and subtracting material from a
fabricated component using a single machine. [Mesicek et
al. 2021, Du et al. 2016, Li et al. 2018]. Several post-
processing techniques, including blasting, grinding,
shot/ultrasonic peening, laser/electromechanical polishing,
and others, have been investigated. Surface mechanical
attrition treatment (SMAT) is a very efficient technique. The
study conducted in [Sun et al. 2019] examined the surfaces
of the selective laser melting (SLM) system portion, which
were exposed to steel balls vibrating at a frequency of 40
Hz for a period of 10 minutes. This treatment resulted in a
reduction of the surface roughness (Ra) from 15 to 1.8 ym.
Increasing the duration of SMAT may lead to achieving a
surface roughness of less than 0.5 pm. Using dry
mechanical-electrochemical polishing (DMECP) in the [Bai
et al. 2020] process resulted in decreasing the Ra to 0.75
pm.
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In this study, to find a better post-processing method for
reducing the roughness, we have tried tumbling.
Specimens were created from M300 maraging steel powder
by using the SLM Renishaw AM500 3D printer. The
specimens were tumbled in three mediums, which are
ceramic, plastic, and porcelain, for 180 minutes and 360
minutes, respectively. Following that, 2D and 3D roughness
measurements were evaluated. After that, we evaluated the
topography, morphology, and surface wettability of the
printed samples.

2 MATERIAL AND METHOD
2.1 Powder characteristics

Carpenter Technology Corporation supplied the first M300
maraging steel powder. The manufacturer's provided
chemical composition was verified using dispersive X-ray
spectroscopy (EDS), as shown in Table 1. Minor
discrepancies are noted, but due to the accuracy of both
approaches, it is almost impossible to detect any variation
from the expected composition.

Tab.1 : Chemical composition of the M300 maraging steel (Wt %).

Element Ni Co Mo Ti Si Fe
Manufacturer 17-19 7-10 4.50-5.20 0.30-1.20 0.08 Bal
EDS analysis 17.20 9.04 413 0.78 0.22 67.65
2.2 SLM and printing parameters
An SLM Renishaw AM500 3D printer, which is situated in  than 1000 parts per million.

Wotton-under-Edge, United Kingdom, was used in order to
construct the samples. A laser that has a maximum power
rating of 500 W is included in the machinery that makes up
the printer. A purity level of 5.0 was achieved by the inert
gas that was used, which was argon. 70 meters was the
new focal size that was modified. For the purpose of
preventing powder oxidation during the setup process and
due to the ineffectiveness of the inert gas in removing metal
vapors during the printing process, the chamber was
continually purged of air and kept at a level that was lower

QuantAM software, version 5.0.0.135, developed by
Renishaw and Wotton under Edge in the United Kingdom,
was used to set up the system. The samples were printed
directly onto the substrate, the scanning strategy was
meander as shown in Figure 1.b and there were need for
support materials in building as shown in Figure 1.a. Three
samples of dimension 43X10X3mm were printed in one
build, as shown in Figure 1.c. The printing characteristics
are resumed in table 2.

Tab.2 : Fabrication conditions for an SLM 3D printer.

Parameter Value
The power of lasers 200w
The strategy of printing Meander
Hatch spacing 0.11 mm
The speed of scanning 650 mm/s
Preheating temperature Ambient
Layer thickness 50 ym
Samples
Supports
@ (b) (©)

Fig. 1 : Schematic diagram showing the buildup of samples by SLM (a) SLM build (b) scanning strategy (c) sample
characteristics.
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2.3 Tumbling, measurements of surface roughness in
2D and 3D, and images of topography and
morphology

After the manufacturing process, the specimens underwent
tumbling using the OTEC CF1 32EL tumbler. The device
was set to revolve at a velocity of 250 revolutions per
minute. The tumbling process used three different
materials: ceramic (DZS 10/10, Otec business, Pforzheim,
Germany), plastic (XS 12K, Wather Trowal company,
Germany), and porcelain (P 2/5, Otec company). Sample 1
was in its original state, whereas Sample 2 underwent a 60-
minute tumbling procedure utilizing several types of
tumbling material. The third and final sample underwent two
full cycles in each tumbling medium, as shown in Table 3.
Following that, the Alicona InfiniteFocus 5G optical
microscope (IF MeasureSuite, Alicona Imaging GmbH,
Raaba/Graz, Austria) was used to assess the 2D and 3D
roughness of the surface as well as the topography images.
Each sample surface of the three printed samples has been

measured three times, and we have taken the mean value
from each measurement with its standard derivation. Each
sample had a scanned area of 7.3mm x 7.3mm. On the
scanned sample, three areas measuring 2.5mm by 2.5mm
were evaluated. For 2D roughness, the measured length
was In = 13 mm, and there were 3 measurements per
sample. A cut-off filter was used according to the standard,
i.e., for Ra 0.1 to 2 ym, a 0.8 mm filter was used. For Ra
values of 2—10 pm, a 2.5 mm filter was used. Sample scan
values were 20x lens was used. The lens can scan a
surface with roughness: minimum measurable roughness
(Ra) - 0.15um and minimum measurable roughness (Sa) -
0.075um, scanning distance: in horizontal  was
0.438pumand in vertical 0.438pum, quality: lateral uncertainty
X, y: 0.022pum.

Subsequently, a scanning electron microscope (SEM) was
used to capture images of the surface microstructure's
morphology.

Tab.3 : tumbling time of the M300 maraging steel samples.

Tumbling mediums and time Total time
of tumbling
Ceramic Plastic Porcelain
Sample 60 120 60 120 60 120 (min)
number
(min) | (min) | (min) | (Min) | (min) | (min)
1 0
2 + + + 180
3 + + + 360

2.4 Surface wettability

The sample's wettability was assessed using the sessile
drop technique. The surface contact angle was measured
using the SEE system, and the free surface energy was
determined using Advex Instrument software. Two
microliter drops of double-distilled water were adhered to
the surface under examination. The contact angle 6 was
measured by the tangent to the drop profile at the point
where the three phases (liquid, solid, and gas) meet on the
sample surface [Hlinka et al. 2020]. The free surface energy
of the solid sample is calculated using Young’s Equation
(1), with yS, ySL, and yL denoting the interfacial tensions
per unit length of the solid-vapor, solid-liquid, and liquid-
vapor contact lines, respectively [Hlinka et al. 2020].

ysv -ysl = ylv cos 6 (1)

3 Results and discussion

3.1 2D, 3D surfaces roughness

The 2D surface roughness values are reported in Table 4,
which shows these roughness levels as averages of as built
and tumbling samples. It was found that the as-constructed
sample has the mean value of the arithmetical means
height Ra=5.60 pym, this value is inside the roughness field
of the 3D printed samples (from 5 ym to 20 ym) as specified
in [Mesicek et al. 2021] here we can conclude that M300
maraging steel has an ideal roughness for as built sample ,

and after 180 minutes of tumbling in three mediums, there
was an improvement in the value of Ra, specifically by 89%
(from 5.60 uym to 0.58 um) and Rz, namely by 90% (from
38.24 ym to 5.93 pm), rather than Rt by 69% (from 51.37
pum to 16.18 pm). It was observed that increasing the time
of tumbling in the sample by 360 minutes improved the 2D
surface results by 93% (from 5.60 pm to 0.39 um), Rz by
90% (from 38.24 ym to 3.92 ym), and Rt by 89% (from
51.37 ym to 5.54 pym). Further measurements of the 2D
surface roughness showed an improvement in the value
with increasing the time of tumbling. The overall surface
roughness of specimens in their as built may be significantly
reduced by the use of tumbling finishing. As it mentioned in
[Mechali, et al. 2024] this occurs as a result of the
tremendous amount of centrifugal force that is generated in
high-energy systems as a result of the mixing of the
compounds, which ultimately results in the smoothing out
of the roughness in the printed specimens. Due to the fact
that it is able to effectively avoid impacts and the damage
that would otherwise be caused to the surfaces of the
components, this option is considered to be safer.

The measurements of the 3D surface roughness values
that are This parameter is an extension of the 2D surface
roughness parameters, which were calculated as an
average and adjusted to the nearest tenth, as shown in
Table 5. In general, the tumbling method provided
components with improved surface finishing. The
roughness levels significantly decreased after the tumbling
procedure. After 360 minutes of tumbling, Sa and Sq were
confirmed to have decreased by at least 93% and 91%,
respectively, to below 0.8 ym (0.4 ym, 0.73um) after 360
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minutes of tumbling simultaneously, Sz was lowered by
78% (24.97um). Subsequent 3D tests showed an improved
value after 360 minutes of tumbling this time consider as an
appropriate time for tumbling for the M300 maraging steel
which gives a high grade of the surface roughness. Analysis
of the data revealed an inverse relationship between the
duration of tumbling and the roughness values in both 2D
and 3D, with every increasing of the time of tumbling the

surface roughness decreased and become smoother. The
2D and 3D measurement values revealed a significant
impact of tumbling on the SLM maraging steel printed
samples. However, they were unable to provide a thorough
understanding of the influence of tumbling on the surface.
Consequently, we proceeded to analyze the topography
photos of the samples in the next section.

Tab 4. 2D, surface roughness results after tumbling.

Sample with 180

Sample with 360

Parameter Unit As built sample minutes of minutes of
tumbling tumbling
Ra pum 5.60 £ 0.30 0.58 £ 0.025 0.39£0.019
Rq pum 7.40 £ 0.926 1.22+0.24 0.77 £ 0.032
Rt pum 51.37 £6.65 16.18 + 3.68 5.54 +0.19
Rz pum 38.24 £ 3.82 5.93+1.43 3.92+0.16
Rmax pum 51.37 £9.33 16.18 £ 3.7 5.54 £ 0.19
Rp pm 29.28 £2.14 2.48 +0.93 0.93+0.44
Rv um 22.09 +£4.57 13.69 £ 2.74 4.61+0.24
Rc um 25.27 £ 3.46 11.25+£6.49 3.61 £0.053
Rsm mm 376.06 + 227.66 625.71 + 361.25 689.13 + 397.27
Rsk 0.51 £0.09 -5.84 +1.42 -2.94 +0.54
Rku 4.30+0.82 56.10 £ 25.32 13.76 £ 2.16
Rdq 0.40 £ 0.04 0.05£0.012 0.03+£0.00
Rt/Rz 1.34£0.15 2.72+0.28 1.41 £0.00
L mm 7.21 +£0.06 7.17 £0.009 7.16 £0.02
Lc um 2.5+00 800 + 00 800 + 00
Tab 5. 3D, surface roughness results after tumbling.
Sample with 180 Sample with 360
Parameter Unit As built sample minutes of minutes of
tumbling tumbling
Sa pm 5.74+0.13 1.29+0.33 0.40 £ 0.03
Sq pm 7.94 £0.20 1.93+£0.32 0.73+0.05
Sp um 73.0+5.17 5.37 £ 1.22 10.25+3.72
Sv pm 37.77 £5.81 41.71 £8.08 14.72 £ 1.07
Sz um 110.83 +1.78 47.08 £9.30 24.97 + 3.68
S10z um 91.46 +3.14 36.89 +7.49 19.71 £ 2.59
Ssk 0.90 £ 0.04 -3.51+£0.86 -4.92 +0.33
Sku 7.2+0.63 39.56 + 1.03 45.55 +4.45
Sdq 0.68 + 0.06 0.06 £ 0.00 0.04 £ 0.00
Sdr % 16.85 +2.64 0.19+£0.01 0.08 £ 0.01
FLTt um 110.83 +1.78 47.08 £9.30 24.97 + 3.86
Lc mm 25+00 0.8+00 0.8+ 00

3.2 3D surface topography images

In order to establish a clearer correlation between surface
roughness and postprocessing, we captured three-
dimensional photographs of each specimen, as seen in
Figure 2. A suitable height scale was used for each
measurement to enhance the visibility of the surface faults'
maximum height and depth. The surface was leveled after
scanning, and the images are raw without a filter. This is
because the Lambda c (cut-off) filter is applied only when

the roughness is measured afterwards. The 3D topography’
photos depict the characteristics of the samples in their
original state. The spatter phenomenon during printing has
resulted in numerous peaks in Figure 2.a, which exhibits
significant roughness. The maximum peak height within the
selected area of sample Sp is measured at 73.06 ym, as
shown in Table 5. During the 3D printing process, the
evaporation led to the formation of multiple pores, referred
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to as valleys. Consequently, the maximum depth of these
valleys within the selected area is measured at Sv = 37.77
um (table5). The combined effect of the peaks and valleys
results in a maximum height of Sz = 110.83 um (tableb).
Upon tumbling in each medium for a duration of 60 minutes,
specimen 2 exhibited a significant reduction in roughness,
as seen in Figure 2.b. This reduction resulted in a minimal

number of peaks, finally leading to an improved peak-to
-valley ratio of Sz = 33.49 pm (table5). One might infer that
the integration of the three media resulted in the formation

(@) (b)

of a seamless surface. Furthermore, it was seen that the
process of tumbling resulted in the formation of a new
bottom layer, as shown in Figure 2.c. The depth of the holes
was decreased as a result of this new layer, which resulted
in improved surface roughness and a surface that was
much buried. The suggested treatment technique resulted
in a significant reduction in the peaks and valleys of the as-
built surfaces that were being transformed. In the process
of recording, the roughness reduction of Sz was found to be
24 .97 ym (tableb).

)

Fig.2: surface topography improvement with tumbling (a) as built (b) specimen with 180 minute of tumbling (c) specimen
with 360 minutes of tumbling.

3.3 Morphology of the tumbled samples

The mechanical properties of metal components vary
significantly based on their microstructure, which includes
aspects such as phase type, grain size and shape, dendritic
structure, and element segregation. Scanning electron
micrographs provide evidence of a tumbling method for
each sample and highlight the differences in the scanned
surfaces depending on the technology used to tumble the
components. Figure 3 provides optical microscope images
depicting the microstructure of SLM components after
completion of finish machining at different feed rates. The
photographs illustrate the samples subjected to centrifugal
tumbling and vibratory tumbling. The scale of the pictures
was 500 ym, 100 ym, and 20 ym, respectively. The items
shown are presented in Figure 3.1. With respect to the as-
built specimens, we noted the presence of dislodged
particles (Fig 3.1.a), particles that were only partly melted
(Fig. 3.1.b), fractures (Fig. 3.1.c), melt satellites (Fig. 3.1.c).
and pores (Figure 3.1.c). These faults arose from the
physical phenomena inherent in the printing process.

After being tumbled for a length of 180 minutes, the surface
of the specimen, as seen in figure 3.2, shows a noticeable
decrease or smoothing of the roughness peaks. As a result,

the surface seems far more even, but some of the original
depressions still remain. Nevertheless, after undergoing a
180-minute tumbling process in different mediums, certain
remains satellites and melt powder persisted on the
surface, as seen in figure 3.2.c. we can conclude here that
tumbling M 300 maraging steel in the three mediums for 60
minutes each is not enough to have a proper surface.
Figure 3.3 illustrates that a significant proportion of remain
satellites were eliminated when subjected to a 360-minute
tumbling sample. Furthermore, a substantial segment of the
valley had a reduction in Sv, specifically to a value of 14.725
um, as shown in Table 5, which consequently led to a more
polished and lustrous surface. This concerns the impact of
tumbling duration on the surface. The topmost layer of the
surface was removed, and a new layer of surface was
created, this new layer created as reason of deleting the top
layer, the interaction between the medium and the samples,
leading to a reduction in the indentations as shown in table
5 the peak to the valley Sz reduced from 110.83 um to 24.97
um. Nevertheless, a full tumbling of 360 minutes is often
accepted as an appropriate time for eliminating the
spherical particle.
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Fig. 3: surface microstructure morphology tumbling (1) as built (2) specimen with 180 minute of tumbling (3) specimen
with 360 minutes of tumbling.

3.4 Surface wettability

Table 6 offers a presentation of the average findings of this
test together with their respective standard deviations.
Images that are representative of droplets on surfaces that
have been examined are seen in Figure 4.a (the sample as
it was produced) and Figure 4.b (the sample that was
tumbled 360 minutes). In comparison to the as-built sample,
which has the same surface character, the tumbled sample

exhibits a surface wettability property that is much greater.
A different value of surface energy was also produced as a
consequence of this, where the surface energy increased
with a decrease in the contact angle. Both the as built and
post-processed samples have wetting behavior where the
contact angle is under 90.

Tab.6: Values of contact angle and calculated surface energy for as built sample and tumbled sample.

Specimen Contact Angle (°) Surface Energy Wetting Behavior
(mJ.m-2)
As built sample 72.27 +6.88 40.33 Wetting
Tumbled sample 57.85+4.27 45.29 Wetting

(a)

(b)

Fig. 4: contact angles with centrifugal tumbling (a) as built specimen (b) post treated specimen
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4 CONCLUSION

The goal of this study was to investigate the effect of
tumbling on the virgin M300 maraging steel 3D printed parts
using SLM. In terms of roughness as well as topography,
morphology, and surface wettability, the results of this study
can be summarized as follows:

e 2D and 3D roughness measurements showed that
tumbling improved the 2D roughness parameters
untii Ra = 0.39 ym, Rz = 3.92 ym, and 3D
parameters Sa = 0.40 ym and Sz = 24.97 ym. In
addition, it was found that the as-constructed
sample has the mean value of the arithmetical
means height Ra = 5.60 ym, this value in the
internal of the average SLM printed roughness
(from 5 ym to 20 pm) as it was mentioned in
previous studies.

e 3D topography pictures demonstrated that
tumbling effectively eliminated peaks up to Sp =
10.25 pm, eliminating peaks reduced valleys to Sp
=14.72 ym, resulting in a total peak in valley Sz =
24.97 uym.,

e Scanning electron microscopy (SEM) images
demonstrate the effect of tumbling on the surface,
effectively eliminating partial melts powder, melt
satellites, melt powder remains, cracks, while also
reducing the size of the pores and valleys.

e Measurements of the contact angles showed that
the SLM-printed sample has a wetting behavior
(contact angle wunder 90); however, post-
processing improved the surface wettability of the
M300-printed material, which led to an
improvement in surface energy.

With these results, we conclude that tumbling is highly
recommended for post-processing applications of M300
maraging steel in aerospace, medical instruments, the
automotive industry, and general industry in order to reduce
the roughness.
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