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Abstract 

As the process parameters in the LPBF-process influence the microstructure, density and hardness of 
the produced parts, their influence on the milling process is suspected. For this reason the new maraging 
tool steel alloy Specialis® has been investigated on its machinability depending on the built parameters. 
The influence of the energy density, laser power and scan speed in the LPBF-process on the milling 
process Specialis® is examined. During the milling process the process forces are measured as well as 
the obtained surface roughness. The results confirm the importance of adjusting the process parameters 
in the LPBF-process to the finishing process. 
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1 INTRODUCTION 

In tool manufacturing the additive manufacturing processes 
are getting more and more important as additive 
manufacturing allows the design and production of inner 
cooling channels and more complex and individual 
geometries. Due to the tolerances that can be achieved by 
metal additive manufacturing a finishing process is often 
needed to gain the necessary workpiece quality. 

[Götze et al. 2018] and [Neuenfeldt et al. 2020] compared 
the cutting process of conventional and additively 
manufactured 316L, IN718 and Ti-6Al-4V. This parts were 
manufactured by Laser Powder Bed Fusion (LPBF) and 
machined in parallel and perpendicular to the build-up 
direction. Their studies showed a difference in the 
measured cutting forces, temperatures and obtained 
surface roughness between the conventionally produced 
parts and the additively manufactured parts for an 
orthogonal cutting process. The influence of the anisotropy 
of additive manufactured Ti-6Al-4V parts has also been 
investigated by [Lizzul et al. 2021]. The influence of the 
orientation of the part during slot milling has been 
investigated through the examination of the obtained 
surface. The different orientations lead to a comparable 
surface roughness Sa and a difference in the skewness 
Ssk. 

In additive manufacturing the milling process is a commonly 
used finishing process. As shown previously for the 
orthogonal cutting process, milling of conventionally and 
additively manufactured parts leads to different surface 
roughness and process forces. [Milton et al. 2016] 
compared face milling of conventionally and additively 

manufactured Ti-6Al-4V parts. The additively manufactured 
parts showed higher process forces. 

[Fortunato et al. 2018] investigated the influence of heat 
treatment on the process forces and surface roughness of 
LPBF maraging steel parts. The surface roughness of 
solution annealed parts and solution annealed and aged 
parts was Sa = 8 µm lower after the milling process than the 
surface roughness of the as-built parts. The solution 
annealed and aged parts showed higher process forces 
than the as-built parts and the solution annealed parts, 
because the aging process leads to a higher hardness of 
the parts. According to [Heisel et al. 2014] and 
[Montevecchi et al. 2016] the microstructure and the 
surface roughness of a part has a high impact on the 
machinability. As the microstructure and the surface 
roughness of additively manufactured parts depends on the 
process parameters during manufacturing, these influences 
should be taken into account while investigating the 
machinability of new materials in LPBF. 

The influence of the process parameters in the LPBF-
process is object of many research works. By increasing the 
energy density during the LPBF process of a maraging 
steel, the hardness of the part increases and the surface 
roughness decreases [Casalino et al. 2015]. Here the 
energy density is based on the laser power, the scan speed 
and the hatch distance. [Graf et al. 2021] showed the 
influence of those parameters on the microstructure and the 
density of Specialis® SLM-Alloy 2 parts and [Agapovichev 
et al. 2018] showed the influence of the laser power, scan 
speed and hatch distance on the hardness and tensile 
strength of 150Cr14 LPBF-parts. These works show that  
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Tab. 1: Chemical composition of the maraging tool steel Specialis® SLM-Alloy 2 

Elements Fe C Ni Co Mo V Ti Al 

wt% Balance < 0.1 < 25 < 20 < 8 < 5 < 3 < 1 

the process parameters of the LPBF process have a 
significant influence on the microstructure. 

[Lizzul et al. 2020] showed the influence of the scan 
strategy on the surface integrity of machined Ti-6Al-4V 
LPBF-parts by comparing a stripe and island based scan 
strategy. In this work the LPBF microstructure has been 
influenced by the scan strategy which mostly influenced the 
machined surface roughness. 

In this paper the influence of the LPBF parts on the finishing 
process of a maraging tool steel is investigated. The 
influence of the energy density, the laser power and the 
scan speed on the milling process of Specialis® SLM-
Alloy 2 is shown by measuring the process forces and the 
surface roughness. 

2 MATERIALS AND METHODS OF RESEARCH 

2.1 Specimen preparation 

The investigated material is a maraging tool steel specially 
designed for an enhanced processability in LPBF machines 
by SpecMaterials. The chemical composition of 
Specialis® SLM-Alloy 2 is shown in ‘Tab. 1’. 

To determine the LPBF process parameters for each test 
specimen a variation based on the volume energy density 
EV by [Meiners 1999] is undertaken: 

𝐸𝑉 =  
𝑃𝐿

𝑣𝑆∗ℎ𝑆∗𝑙𝑆
      (1) 

The volume energy density depends on the laser power PL, 
the scan speed vS, the hatch distance hS and the layer 
thickness lS. According to [Graf et al. 2021] the laser power 
and the scan speed have the biggest impact on the 
microstructure and the density of Specialis® SLM-Alloy 2 
parts. The milling test specimens have been manufactured 
with various values of laser power and scan speed ‘Tab. 2’, 
leading to different volume energy densities. The variation 
was made around the standard process parameters ‘Tab. 
2, A’ developed by [Graf et al. 2021] and is based on a CCD 
experimental plan. 

The test specimen were produced by selective laser melting 
on a SLM 280 HL Twin (400 W) by SLM Solutions Group 
AG with 200°C build plate preheating using the stripes 
scanning strategy and a constant layer thickness of 
lS = 30 µm as well as a constant hatch distance of 
hS = 0,12 mm.  

The test specimen geometry is shown in ‘Fig. 1’. To 
compare different thicknesses of parts the test specimen is 
divided in three parts ‘Fig. 1 a)’. On each part of the test 
specimen circumferential milling can be investigated with 
one path as shown ‘Fig. 1 b)’. For each process parameter 
set five test specimen were manufactured. 

The test specimen were manufactured twice. Half of the test 
specimen were aged at 495°C for 8h in a protective argon 
atmosphere. 

Tab. 2: LPBF process parameters 

 

Volume 
energy 

density EV 

in J/mm³ 

Laser 
power PL 

in W 

Scan speed vs 

in mm/s 

A 69,44 200 800 

B 134,32 250 517 

C 92,59 200 600 

D 138,89 300 600 

E 62,50 180 800 

F 86,81 250 800 

G 111,11 320 800 

H 55,56 200 1000 

I 83,33 300 1000 

J 64,12 250 1083 

 

Fig. 1: Test specimen geometry 

2.2 Milling test set up 

For the milling tests, two cutting speeds and two feed rates 
as well as a constant radial depth of cut ae = 0,05 mm and 
a constant axial depth of cut ap = 0,1 mm were selected 
based on the recommendation of the tool manufacturer for 
a finishing process. The parameter sets for the milling tests 
are shown in ‘Tab. 3’. 

Tab. 3: Milling parameters 

Cutting speed in m/min Feed in mm/teeth 

80 0,022 

80 0,032 

120 0,022 

120 0,032 

 

The milling tests were carried out on a 3-axis Heller MC16 
machine with RF100H end mills from Gühring with a 
diameter of 10 mm. The specimens were mounted directly 
on a force measurement platform, as shown in ‘Fig. 2’. 
During the milling process, the process forces were 
recorded in the three spatial directions using a Kistler force 
measurement platform. To evaluate the measured data for 
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the process forces, an area of use is defined. The area of 
use describes 80 % of the collected data in order to cut off 
the signals measured during the entry and the exit of the 
end mill. These area of use is then calculated to one 
revolution of the end mill so that a mean value of the force 
can be calculated for the period where the end mill is in 
contact with the part. 

 

Fig. 2: Experimental set up with force measurements 

Three circumferential cuts were made for each specimen 
and stair tread in order to compare the three milling 
positions. Here, the lower stair tread is directly at the 
clamping, while the upper stair tread protrudes furthest from 
the clamping ‘Fig. 2’. Every cuts were performed with new 
end mills to avoid an influence of the tool wear on the results 
of the experiments shown. 

The measurements of the surface roughness were made 
after the milling process using a confocal microscope 
system µsurf Custom (NanoFocus AG). 

The porosity of each specimen and stair tread has been 
measured by analyzing micrographs on three different 
sections. 

To analyze the microstructure of the test specimen were 
etched with natal. 

3 RESULTS AND DISCUSSION 

First the results of the circumferential cut are discussed and 
the influence of the LPBF process parameters such as the 
energy density, the laser power and the scan speed are 
shown on the feed force, the cutting force and the surface 
roughness Sa. Each investigated point was measured three 
times. In the following figures the calculated mean value 
and the standard deviation is shown. 

3.1 Comparison of the top and bottom part of the test 
specimen 

The top and the bottom stair tread is compared as they 
represent the extrema of the investigated geometry. 

‘Fig. 3’ shows that the thickness of the part and the 
protruding of the machined surface has no significant 
influence on the feed force. Both process forces are mostly 
in the same range for the top and the bottom stair tread of 
the part. The roughness at the top shows slightly lower 
values for all values of the energy density. Moreover, the 
roughness standard deviation is increased at the highest 
value of the laser power PL for a constant scan speed vs. 
This can be seen for every process parameter set. The 
surface at the bottom part of the test specimen shows a 

Fig. 3: Process forces a) and b), surface roughness c) and density d) for cutting speeds from 80 to 120 m/min and feed 
rates from 0,022 to 0,032 mm/teeth depending on the energy density of the top and bottom stairs of the test specimen. 
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higher standard deviation as the top part. This is due to a 
higher porosity in this part of the test specimen. ‘Fig. 3’ 
shows that the lower process forces for the test specimen 
produced with an energy density EV = 134,32 J/mm³ and 
EV = 138,89 J/mm³ is due to a higher porosity in the parts. 

The pores appearing for the parts with an energy density 
EV = 134,32 J/mm³ (Parameter B) are gas pores due to the 
high energy density ‘Fig. 4’. The micrographs of the aged 
specimen in ‘Fig. 4’ show a regular microstructure for every 
level of energy density (low EV = 55,56 J/mm³, medium 
EV = 92,59 J/mm³ or high EV = 134,32 J/mm³). For an 
energy density EV = 134,32 J/mm³ (Parameter B) a 
difference between the top part and the bottom part of the 
test specimen can be seen. The top stair tread shows more 
gas pores and a higher porosity than the bottom stair tread. 
This is due to the thinner surface scanned during the LPBF-
process which leads to a lower cooling time between the 
layers in the process and results in a higher energy induced 
in the part. 

In the following the results of the top stair tread of the test 
specimen are shown and discussed in detail. 

3.2 Influence of the energy density 

At first the microstructure, the feed and cutting force and the 
surface roughness of the top stair tread of the test specimen 
are compared depending on the energy density used during 
the LPBF-process. The energy density expresses the 
amount of energy induced in the part during the LPBF-
process. 

Microstructure 

‘Fig. 4’ shows the microstructure of the aged test specimen 
for a low EV = 55,56 J/mm³, medium EV = 92,59 J/mm³ or 
high EV = 134,32 J/mm³ energy density. Comparing the test 
specimen with the low energy density EV = 55,56 J/mm³ 
(Parameter H) to the high energy density 
EV = 134,32 J/mm³ (Parameter B) a difference in the pore 
geometry can be observed. Parameter H shows lack of 
fusion pores. These pores have a long and thin geometry. 
It is assumed that a low energy density leads to lack of 
fusion pores as the energy given into the powder bed is too 

low to remelt the underlying layer. A high energy density 
leads to fusion pores or gas pores as the energy in the melt 
pool is too high and the emerging gas stays in the melt pool 
(Parameter B). 

The parameter C which represents a middle level of energy 
density shows some gas and some lack of fusion pores but 
has aver all a high density as shown in ‘Fig. 3’. 

Process forces 

‘Fig. 5 a) and b)’ shows a correlation between the energy 
density and the process forces. The highest process forces 
are measured during machining of parts processed with a 
volume energy density of 75 and 100 J/mm³. A higher 
porosity after the LPBF-process leads to lower process 
forces during machining of those parts. 

‘Fig. 5’ shows that the feed force of the as-built and aged 
test specimen are in a similar range, whereas the cutting 
forces for the aged test specimen are higher than for the as-
built parts. This increase in the cutting force is probably due 
to an increase of hardness in the test specimen. [Graf et al. 
2021] showed that the Specialis® SLM-Alloy 2 parts 
increase about 12 to 27 HRC in hardness with the heat 
treatment. 

Surface roughness 

The surface roughness of the as-built and aged parts is in 
a similar range. For the as-built parts the lowest surface 
roughness can be achieved with an energy density between 
75 and 100 J/mm³ ‘Fig. 5’. As for the cutting forces it is 
assumed that a low energy density leads to lack of fusion 
pores and a high energy density leads to gas pores. A 
higher porosity after the LPBF-process leads to a higher 
surface roughness after machining those parts. At a volume 
energy density EV = 92,59 J/mm³, the lowest roughness is 
present for the parameter C. 

As discussed before, except for the parts with the highest 
volume energy density the cutting forces of all the parts 
follow a curve with the maximum for an energy density 
between 75 and 100 J/mm³ ‘Fig. 5 a)’. This correlates with 
the obtained surface roughness after milling. It is assumed  

Fig. 4: Microstructure of the aged test specimen with a magnification of 100 of the top stair tread a) to c) and bottom stair 
tread d) to f) of a low energy density EV = 55,56 J/mm³ a) and d); a middle energy density EV = 92,59 J/mm³ b) and e); a 

high energy density EV = 134,32 J/mm³ c) and f) 
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Fig. 5: Process forces a) and b) and surface roughness c) 
of the top stair tread of the test specimen for cutting 

speeds from 80 to 120 m/min and feed rates from 0,022 to 
0,032 mm/teeth depending on the energy density for as-

built and aged parts. 

that parts with a lower porosity induce higher process forces 
and lead to a lower surface roughness. 

For a better understanding of the different process forces 
and surface roughness obtained a closer look to the 
isolated LPBF parameters laser power and scan speed is 
needed. 

3.3 Influence of the laser power 

In the following the results from the top stair tread of the as-
built and aged test specimen are shown depending on the 
laser power. The results for a constant scan speed 
vS = 800 mm/s ‘Fig. 6’ are further discussed. 

Cutting force 

The cutting force during milling of the as-built parts shows 
different correlations with the laser power depending on the 
cutting force and the feed rate ‘Fig. 6 a)’. 

A high feed rate leads to higher cutting forces over all the 
investigated cutting speeds ‘Fig. 6 a)’ and ‘Fig. 6 b)’. 

For the as-built parts cutting forces during milling with a 
cutting speed vc = 120 m/min are higher than at a cutting 
speed vc = 80 m/min. As expected milling with the highest 
cutting speed and feed rate shows the highest cutting force 
‘Fig. 6 a)’. For the as-built parts a bigger influence of the 
milling parameters than of the LPBF parameters on the 
cutting force can be assumed. 

Considering the aged parts the cutting force is the highest 
for a middle laser power (PL = 250W) and the lowest for 
high and low laser power ‘Fig. 6 b)’. The same correlations 
can be done with the density of maraging tool steels. It is 
assumed that the parts produced with a low and high laser 
power have a higher porosity that leads to lower cutting 
forces. Except the cutting forces measured at a cutting 
speed of vc = 120 m/min and a feed rate of fz = 0,032 µm all 
the milling parameter sets show the same correlation 
between the cutting force and the laser power. For those 
parameter sets the highest cutting force at PL = 250 W is 
10 N higher than the lowest. ‘Fig. 6 b)’ also shows that 
0,01 mm higher feed rates lead to 10 N higher cutting 
forces. 

With increasing feed rate, the forces also increase, whereby 
the cutting speed has no great influence. 

Especially at low laser power, a force peak appears with 
very strong cutting parameters ‘Fig. 6 b)’. It is supposed that 
the force peak is due to non-melted powder. The median 
particle size of the powder is d50 = 33,0 µm for a particle 
size distribution from 14,6 µm to 51,9 µm [Graf et al. 2021]. 
The feed rate corresponds to the particle diameter and very 
hard particles could break out of the base material. The 
tendency to increasing forces can also be seen at a cutting 
speed vc = 80 m/min the same feed rate fz = 0,032 µm. 

Surface roughness 

In ‘Fig. 6 c)’ the standard variation of the surface roughness 
of the part produced with a laser power PL = 180 W and 
finished with a cutting speed vc = 80 m/min and a feed rate 
fz = 0,022 µm is very high compared to the others. This 
could be because of the higher porosity in the part due to 
low laser power. It is assumed that the low cutting speed 
and feed rate cannot change the topography of the surface 
significantly. For cutting speeds vc = 80 m/min a laser 
power around 200 W leads to the lowest surface 
roughness. Laser power should not be less than 200 W, 
otherwise the surface roughness will increase, probably 
due to more pores in the part. 

Except for the parameter set with a cutting speed 
vc = 80 m/min and a feed rate fz = 0,022 µm, the surface 
roughness is the highest for the parts produced with a 
middle laser power PL = 250 W. At a cutting speed 
vc = 80 m/min and a feed rate fz = 0,022 µm the surface 
roughness is at the lowest for a middle laser power 
PL = 250 W ‘Fig. 6 d)’. 
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Fig. 6: Cutting force (a) and b)) and surface roughness (c) and d)) of the top stair tread of the as-built (a) and c)) and 
aged (b) and d)) test specimen depending on the laser power at a scan speed vS = 800 mm/s. 

3.4 Influence of the scan speed 

In the following the results from the top stair tread of the as-
built and aged test specimen are shown depending on the 
scan speed. The results for a constant laser power 
PL = 200 W ‘Fig. 7’ are further discussed. 

Cutting force 

At vs = 1000 mm/s the standard deviations for all cutting 
speeds and feed rates are the highest ‘Fig. 7 a)’ and ‘Fig. 7 
b)’. A high scan speed leads to higher porosity in the part 
[Graf et al. 2021]. Due to the higher speed of the laser spot 
less energy can be induced into the powder bed and lack of 
fusion pores can occur. Lack of fusion pores are usually 
bigger than gas pores and could have an influence on the 
cutting forces, so that the cutting force is significantly lower 
when a lack of fusion pore is on the machine surface. 

The influence of the scan speed on the cutting force is not 
as pronounced as for the laser power. Nevertheless, higher 
scan speeds lead to higher cutting forces but the correlation 
is not the same for every milling parameter set. The 
parameter sets with a feed rate fz = 0,022 µm show 
opposite correlations for the aged parts. For a low cutting 
speed, the highest cutting force is at a middle scan speed 
vS = 800 mm/s ‘Fig. 7 b)’. 

Comparing as-built and aged parts, the effects remain 
similar. However, the different milling strategies are 
significantly further apart at very high and very low scan 
speeds. A low scan speed should be selected in order to 
keep the forces low. 

Surface roughness 

The surface roughness of the as-built parts is increasing by 
Sa = 0,1 µm with the scan speed ‘Fig. 7 c)’. The surface 
roughness of the parts is mostly higher for parts processed 
at a higher feed rate. 

In ‘Fig. 7 c)’ higher scan speeds lead to a higher surface 
roughness for parts machined with a higher feed rate. Parts 
machined with a lower feed rate show a minimum at a scan 
speed of vs = 800 mm/s. Considering a cutting speed 
vc  = 80 m/min and a feed rate fz = 0,032 mm the lowest 
surface roughness appears at a scan speed vs = 600 mm/s. 
The scan speed must be reduced with increasing feed rate 
to achieve minimum surface roughness. 

As for the as-built parts the surface roughness of the heat 
treated parts increases with an increasing scan speed ‘Fig. 
7 d)’. When exceeding a critical cutting speed to feed rate 
ratio at very low scan speeds, the process forces increase 
and this also tends to lead to a higher surface roughness 
than at low ratios. At a laser power PL = 200 W and a scan 
speed vs = 600 mm/s, the lowest roughness is present for 
the parameter C. 

Comparing ‘Fig. 7 c)’ and ‘Fig. 7 d)’ a correlation between 
the cutting force and the surface roughness can be 
assumed. For this reason the cutting force can be used to 
predict the surface roughness of the part.  
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Fig. 7: Cutting force (a) and b)) and surface roughness (c) and d)) of the top stair tread of the as-built (a) and c)) and 
aged (b) and d)) test specimen depending on the scan speed at a laser power PL = 200 W. 

4 CONCLUSION 

The results of this paper show the influence of the LPBF 
process parameters on the milling process of the new 
maraging tool steel Specialis® SLM-Alloy 2. Therefore, test 
specimen with different volume energy density due to a 
variation of the laser power and the scan speed are 
produced by laser powder bed fusion. The test specimen 
are machined with four different parameter sets based on 
two cutting speeds and two feed rates. Additionally, as-built 
and heat treated parts are compared as maraging tool 
steels commonly need a heat treatment after the LPBF-
process. The cutting forces and surface roughness are 
measured and analyzed. The main conclusions of this 
investigations are: 

1. The cutting forces have a maximum at a middle 
laser power PL = 250 W and a middle volume 
energy density EV between 75 and 100 J/mm³. 

2. The lowest surface roughness occurs at a middle 
volume energy density EV between 75 and 
100 J/mm³. 

3. For the most milling parameter sets the surface 
roughness increases with increasing scan speeds 
for as-built and heat treated parts. 

4. LPBF process parameters that lead to higher 
porosity induce lower cutting forces. 

The results achieved are in line with similar studies in the 
literature concerning the influence of the cutting speed and 

feed force on the process forces and the surface roughness 
of the machined parts. 

The results show that a low cutting speed and a low feed 
rate lead to a high surface quality while machining LPBF 
parts produced with standard LPBF parameters. 

Further investigations on the microstructure and the 
hardness of the parts needs to be done to confirm the 
hypothesis made in this work. 
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