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Abstract 

Compared to conventional manufacturing technologies, additive manufacturing (AM) offers great design freedom, the integration of functions 

into components, new lightweight construction concepts and high material efficiency. This technology is increasingly coming into focus in 

aerospace and turbomachinery engineering, especially the Laser Powder Bed Fusion (LPBF) process. LPBF is already being used for some 

aerospace components that are often subject to high thermal and mechanical loads. Depending on the component geometry, support structures 

are required for additive manufacturing, which then have to be removed, usually by machining. Among others, the use of material with specifically 

induced porosity is suitable as a support structure. This ensures good heat dissipation and thus homogeneous component properties, high retention 

forces and short process times in the LPBF process. However, the machinability of porous, additively manufactured material has hardly been 

researched to date. This paper therefore presents the results of machinability investigations with porous, additively manufactured Inconel 718. 

The investigations included the analysis of active cutting force, cutting tool wear, surface finish and chip geometry in the milling process with 

tungsten carbide cutting tools. It was found that with the porous material, the dominant type of wear is early starting chipping of the cutting tool 

edges. The active force decreases with increasing porosity. Partial smearing of the pores was observed on the milled surfaces. The chips of the 

porous material show a disrupted surface. In future investigations, the aim is to improve the wear behaviour when milling porous Inconel 718. 
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1. Introduction and State of the Art 

Compared to conventional manufacturing technologies, 

additive manufacturing (AM) offers several advantages, such 

as great design freedom, integration of functions into 

components, new lightweight concepts and high material 

efficiency. AM is increasingly coming into focus in aerospace 

and turbomachinery engineering, especially the Laser Powder 

Bed Fusion (LPBF) process. LPBF is already being used for 

some aerospace components that are often subject to high 

thermal and mechanical loads [1]. Depending on the component 

geometry, support structures are required for additive 

manufacturing, which then have to be removed, usually by 

machining. Among others, the use of material with specifically 

induced porosity is suitable as a support structure. In the context 

of this paper, porous material with a relative density ≥ 72 % is 

considered. Compared to conventional AM support structures, 

like block supports, a porous volume support ensures good heat 

dissipation and thus homogeneous component properties, high 

retention forces and short process times in the LPBF process. 

However, the machinability of porous, additively manufactured 

material has hardly been researched to date. Inconel 718 
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(IN718) is the most widely used and most researched material 

among the high-temperature nickel alloys, which are often 

applied for turbomachinery applications. For this reason, this 

paper presents the results of machinability studies in milling 

porous AM IN718 with different relative densities (100 %, 

84 %, 72 %) respectively porosities (0 %, 16 %, 28 %). 

 

According to DIN8580 [2], AM processes are classified as 

primary forming processes since three-dimensional 

components are produced automatically from shapeless or 

shape-neutral starting material. Characteristics are the element- 

or layer-wise build-up from the starting material or the phase 

transition of the material from powdery or liquid to solid as 

differentiation to the material-removing subtractive processes 

[3,4]. LPBF, also known as Selective Laser Melting (SLM), is 

a commonly used AM process with metal powder as feedstock 

and three repetitive steps to manufacture the final shape, or near 

final shape parts. This is accomplished by layer-wise selective 

melting of metal powder with a laser as an energy source [5]. 

The LPBF process can be split up into three steps:  

 

1) Preprocessing: The 3D model of the part is designed and 

sliced in layers of a constant thickness (typically 0.01 – 

0.1 mm) and corresponding scanning vectors are assigned in 

each layer. Additionally, the LPBF machine is prepared by 

installing and aligning a substrate plate. Afterwards, the sieved 

metal powder is filled into the LPBF machine.  

 

2) Processing: The processing itself can be divided into the 

three following sub-steps which are performed for each layer 

until the part is finished: a) Coating an even and homogenous 

layer of metal powder on the substrate or previous layer with 

the recoating system. b) Selective melting and fusion through 

the scanning laser in accordance with the geometric 

information of the specific layer which connects the layer with 

the previous one. c) Lowering the platform by the layer 

thickness. The whole processing is performed in an inert gas 

atmosphere which is circulating through a filter system to 

prevent oxidation of the heated metal [5,6].  

 

3) Postprocessing: After the building process, the remaining 

metal powder is removed from the part, which is afterwards 

detached from the LPBF machine and substrate plate. If 

necessary, support structures are removed, and a surface or heat 

treatment may be performed as well. 

 

The main process parameters of the LPBF control the energy 

input during manufacturing and therefore strongly influence 

the quality of the manufactured part. Especially part density, 

surface condition and dimensional accuracy are influenced by 

the energy input and therefore by the LPBF process 

parameters: Laser power PL, scanning speed vs, hatch spacing 

Δys and layer thickness Ds. These LPBF process parameters are 

schematically shown in Fig. 1. The scanning speed refers to the 

velocity of the laser beam passing the scanning vectors which 

are defined during slicing. The hatch spacing is the distance 

between two scanning vectors. With increasing layer thickness, 

the number of layers for a part decreases, which increases the 

build-up rate. Regardless, higher layer thicknesses decrease the 

part quality and dimensional accuracy especially in arch-

shaped parts. Furthermore, the preferable energy input depends 

on the processed material as well as on the economic trade-off 

between large build-up rate, part quality and dimensional 

accuracy [5,7,8]. 

 

Fig. 1. Process parameters in LPBF [4,9] 

Support structures required in the LPBF process must be 

removed after the component has been manufactured and heat 

treated. In some cases, manual removal is sufficient, but only if 

the material and the required support structure geometry allow 

it. Additive manufacturing usually cannot achieve the necessary 

dimensional accuracy or surface qualities of demanding 

components, so subtractive finishing is necessary. It therefore 

makes sense to remove the support structures automatically as 

part of the subtractive finishing process.  

 

Milling is a metal-cutting manufacturing process with a 

circular cutting motion of a usually multi-toothed tool to 

produce any workpiece surface. The cutting movement is 

perpendicular or oblique to the tool's axis of rotation [10]. 

Milling is one of the cutting processes that are defined in 

DIN 8589 [11]. In general, cutting processes are divided into 

roughing and finishing. While in the roughing process the aim 

is to achieve the highest possible metal removal rate, the 

finishing process aims to machine the largest possible surface 

area while taking into account the requirements for the surface 

to be produced [12]. The removal of support structures is 

therefore a roughing process, with the aim of removing the 

support structures as quickly or as economically as possible. In 

order to quantitatively evaluate and compare machining 

processes, different machinability criteria exist. Typical 

machinability criteria are the cutting force, the cutting tool life, 

the surface quality or the chip form [10]. An evaluation of the 

surface quality is particularly used for finishing processes but 

may also be interesting for roughing processes for betting 

process understanding. 

 

In this paper, the material Inconel 718 (IN718) is 

investigated. This is a nickel alloy which is used, for example, 

in aircraft turbines or stationary gas turbines. Nickel alloys are 

materials with nickel as the main component alloyed with at 

least one other element. They are characterized by good 

corrosion resistance and/or excellent high-temperature strength 

[10]. IN718 is the most widely used and most researched 

material among the high-temperature nickel alloys due to its 

excellent chemical and physical properties at high 

temperatures. However, the material properties of IN718 also 

result in very poor machinability, particularly due to the 

following characteristics: high strength under elevated 

temperatures, high hardness, high strength of the material, high 

degree of work hardening, poor thermal conductivity and high 

tendency of built-up edge. The dominant wear mechanisms are 

adhesion wear, abrasive wear, diffusion wear, oxidation wear 

and debonding failure [13]. 

Hatch distance 

Laser power Scanning speed

Layer thickness 

AM build direction
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For conventional applications, IN718 is used in the cast or 

wrought stage. In this paper, however, a material manufactured 

additively in the LPBF process is investigated. The material 

properties and also the machinability of AM IN718 differ from 

the conventional material. Generally, the properties of AM 

IN718 strongly depend on the AM technique, the AM process 

parameters and strategy and the heat treatment. However, 

Hosseini et al. [14] were able to extract some general statements 

in their literature review. The hardness and the tensile strength 

of AM IN718 are typically between those of the cast and 

wrought material. AM-induced defects and poor surface quality 

usually lead to lower fatigue performance than wrought IN718 

but some process optimizations show even higher fatigue 

strength. In comparison to the conventional material, AM 

IN718 shows anisotropy in mechanical properties when 

comparing the AM build direction with the other directions. 

Typically, higher elastic modulus and tensile strength, longer 

constant-stress-amplitude fatigue endurance, shorter constant-

strain-amplitude fatigue endurance and shorter creep rupture 

time can be observed perpendicular to the build direction [14]. 

 

The differences between AM and conventional IN718 also 

influence machinability. The AM material shows smaller 

dimension of TiC and NbC carbides compared to the wrought 

material which may lead to reduced abrasive tool wear. The 

anisotropy of material properties leads to anisotropy in 

machining. Thus, the feed direction has a significant influence 

on machinability. Besides, AM IN718 indicates more 

fluctuation of thermo-mechanical loads on the cutting tool so 

cutting tools with higher toughness are beneficial [15]. For 

process design, it must be considered that the optimum process 

parameters may be different for machining AM and 

conventional IN718. A clear tendency regarding tool wear 

cannot be identified, since the properties of AM IN718 depend 

strongly on the individual AM process and heat treatment [16]. 

 

This paper compares the machinability of solid and porous 

AM IN718. Based on the literature, significant differences are 

to be expected. Valdez et al. [17] investigated the properties of 

AM IN718 with induced porosity between 1 and 30 %. Their 

results showed a strong decrease of tensile strength, elongation, 

compressive yield strength and elastic modulus with increasing 

porosity [17]. However, due to the wide range of settings 

possible in the LPBF process, the porosity specification does 

not allow any conclusions to be drawn about the exact structure 

of the AM component, but only indicates the ratio between the 

void and total volume of the component. 

 

Hardly any relevant publications could be found on the 

machinability in macro milling of additively manufactured 

material, comparable to the porous material used in this 

investigation, with specifically induced porosity up to 28 %, 

particularly not for IN718. Some publications deal with the 

influence of the undesired porosity on machining that occurs in 

the LPBF process. Wood et al. [18], for example, investigated 

the turning of porous IN718 produced in the LPBF process, but 

only up to a porosity of 3 %. Kelliger et al. [28] investigated the 

machinability of AM 316L with 3.2 % porosity. However, if 

powder metallurgically (PM) produced material is considered, 

there are several publications on the machinability of porous 

material. In general, sintered porous material exhibits 

significantly poorer machinability compared to the 

corresponding solid material. In addition, lower cutting forces 

but higher tool wear are observed. This is in contrast to the 

general observation for solid materials that tool wear also 

increases with higher cutting forces [19]. 

 

Different theories exist to explain the mechanisms involved 

in the machining of porous material. Tutunea-Fatan et al. [19] 

and Salak et al. [20] point out two contradicting theories in 

particular. The 'interrupted cutting theory' tries to explain the 

increased tool wear with the frequent entry and exit of 

individual cutting edge areas in the porous material and the 

resulting high mechanical alternating load. This is said to cause 

microfractures and also stronger vibrations, which strongly 

accelerate tool wear. The second theory is the ‘deformation 

cutting theory’, which is based on the formation of a work-

hardened layer in the rim zone. This hardened layer is created 

by plastic flow processes in which the material is pressed into 

the pores during the machining process and partially closes 

them. This effect is also called 'porosity closure phenomenon', 

i.e. the smearing of the pores in the surface layer by the 

machining process [19]. According to [19] and [20], the two 

described theories contradict each other in the case where the 

deformation of the porous PM material and the closing of the 

pores cause the cutting tool edge to cut compacted, ‘solid’ 

material and the machinability then depends only on the 

properties of this compacted material. In this case, 

machinability of the porous PM material may be even better. 

Another theory is the ‘thermal conductivity theory’ [20-22]. It 

explains the poor machinability with the thermal conductivity 

which decreases linearly with increasing porosity [23]. As the 

thermal conductivity decreases, less heat can be transferred 

from the cutting zone and, thus, thermal based tool wear effects 

become more severe [22]. 

 

In general, several of the described mechanisms act 

simultaneously and the extent to which they contribute to the 

machinability of the porous material depends very much on the 

application [20]. It is reasonable to assume that the mechanisms 

observed in the machining of porous PM material also apply in 

principle to porous AM material, albeit certainly to different 

extents. In this paper, the results of milling trials with porous 

AM IN718 are presented and subsequently analysed and 

discussed. 

2. AM Inconel 718 with specifically induced porosity 

MetcoAddTM 718C powder from OC Oerlikon Corporation 

AG was used for processing the LPBF samples. The powder 

was produced by vacuum melting and gas atomization under 

argon. The material batch with a particle size D50 of 38.1 μm 

(D10 = 29.9 μm, D90 = 43.4 μm) was characterized by 

spherical particles with isolated satellites. The particles also had 

a high relative density and showed only isolated pores. The 

LPBF samples were manufactured on an EOS M290 system by 

EOS GmbH, with a building chamber building size of 250 x 

250 x 325 mm³. The beam source of the machine is a single-
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mode fibre laser with a wavelength of 1064 nm and a maximum 

power output of 400 W. The scan vectors were rotated by 33.3° 

per layer and a stripe pattern with a stripe width of 5 mm was 

applied. For the validation and characterization of the porous 

structure cuboid samples with dimensions of 10 x 10 x 10 mm³ 

were manufactured. To determine the level and stability of the 

induced porosity the samples were investigated 

metallographically, parallel as well as perpendicular to the 

build direction. The mechanical properties of the structures 

were investigated with tensile tests. Cylindrical rods with a 

diameter of 6 mm and a height of 60 mm were manufactured in 

parallel and perpendicular to AM build direction. The tensile 

tests were conducted by TPW Prüfzentrum GmbH in 

accordance with ISO 6892-1:2009 (B) [24]. The results of the 

tensile strength Rm at room temperature are shown in Table 1. 

 

For the milling trials additionally cuboid samples with the 

dimensions of 40 x 40 x 40 mm³ were manufactured. All 

samples were manufactured on a C45 substrate plate. Process 

parameter sets to achieve the desired relative densities were 

determined in earlier experiments. After metallographic 

analysis, three parameter sets with different achieved relative 

densities were selected for the trials (Table 1).  

Table 1. LPBF process and material properties of the investigated samples 

No. Laser 

power 

[W] 

Scanning 

speed 

[mm/s] 

Hatch 

distance 

[µm] 

Layer 

thickness 

[µm] 

Relative 

density  

[%] 

Tensile 

Strength 

= [MPa] 

Tensile 

Strength 

⊥ [MPa] 

LPBF 

Time 

[%] 

A 285 960 120 40 ≈ 100 1504 1576 100 

B 285 960 200 80 ≈ 84 585 814 30 

C 370 1500 220 80 ≈ 72 291 415 20 

‘=’ : parallel to AM build direction,  ‘⊥’ : perpendicular to AM build direction 

 

Selected micrographs of cross sections are shown in Fig. 2. 

The cross sections are shown perpendicular and parallel to the 

LPBF build direction. The goal was to achieve a uniform 

distributed structure with a low process time which allows the 

use as a support structure. In order to adjust the mechanical 

properties a heat treatment of the produced samples was 

applied. The heat treatment was performed by Oetzbach 

Edelstahl GmbH according to the AMS 5663 standard.  

Fig. 2. Micrographs of material sample cross sections 

3. Experimental Setup and Test Plan 

The experimental setup for the milling trials is shown in 

Fig. 3. The trials were carried out on a Makino D500 five-axis-

milling machine. The cutting tool was clamped in a Regofix 

holder using the HSK63 interface. The test samples with 

dimensions 40 x 40 x 40 mm3 were fixed with the help of a vice. 

The vice was clamped on a Kistler 9255B multi-component 

dynamometer which was mounted on the machine table. 

Fig. 3. Experimental setup for milling trials 

The milling tools were carbide end mills with corner radius 

made by Präwest Präzisionswerkstätten Dr.-Ing. Heinz-Rudolf 

Jung GmbH & Co. KG. The tools with four cutting edges had a 

diameter of D = 8 mm, a corner radius of r = 1.5 mm and a helix 

angle of λ = 38°. The cutting material was uncoated tungsten 

carbide with a cobalt content of 10 % and a grain size of 

0.7 µm. The cutting edges were prepared and showed an 

average cutting edge radius of 9.2 µm. Regarding the workpiece 

material used in the trials all information can be found in 

section 2 of this paper. A partial factorial experimental design 

according to Design of Experiments (DoE) was carried out in 

order to be able to investigate the influence of different 

influencing variables with reduced experimental effort. The 

experimental design carried out is shown in Table 2. 

Table 2. Partial factorial experimental plan for milling trials based on DoE 

Para-

meter 

set 

Cutting speed 

vc [m/min] 

Feed per 

tooth fz 

[mm] 

Width of 

cut ae 

[mm] 

Feed direction in 

relation to AM 

build direction 

1 30 0.03 1 perpendicular 

2 45 0.045 1 perpendicular 

3 30 0.045 1.5 perpendicular 

4 45 0.03 1.5 perpendicular 

5 45 0.03 1 parallel 

6 30 0.045 1 parallel 

7 30 0.03 1.5 parallel 

8 45 0.045 1.5 parallel 

 

This experimental plan was carried out successively for the 

three different relative densities (100 %, 84 %, 72 %). In the 

trials, the workpiece was machined line by line according to the 

specified process parameters. Flood cooling with Blaser Vasco 

7000 was used. An Infinite Focus 5G, which measurement 

method is based on focus variation, and the associated 

EdgeMaster software from Alicona Imaging GmbH were used 

for the three-dimensional analysis of the surfaces. For the 

analysis of tool wear and chip shape, the VHX-6000 digital 

microscope from Keyence Corporation was utilized. 

Workpiece

Cutting tool

Kistler 

dynamometer

Clamping 

system 

(vice)

100 % Rel. Density 84 % Rel. Density 72 % Rel. Density

400 µm 400 µm 400 µm

400 µm 400 µm400 µm

Parallel to AM build direction

Perpendicular to AM build dir.
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4. Results from milling trials 

The results from the milling trials are presented in the 

following subsections. The results are divided according to the 

machinability criteria of tool life respectively tool wear, cutting 

force, surface finish and chip shape. The surface finish is 

actually not a significant criterion for roughing processes but is 

nevertheless considered here in order to record any noticeable 

effects after the porous material has been machined and to be 

able to better investigate the mechanisms involved. 

4.1. Results from tool wear analysis 

Under common cutting conditions cutting tools generally 

reach the end of their service life due to continuously increasing 

wear on the rake and flank faces. Wear is understood to be the 

progressive loss of material from the surface of a solid body, 

caused by mechanical causes. The main mechanisms causing 

tool wear are adhesion, abrasion, tribochemical reactions and 

surface disruption [10]. The cutting tool wear was analysed 

according to ISO 8688-2 [25] at certain feed travels lf by taking 

microscopic images of all four cutting edges at the flank face 

and, for DoE analysis, averaging the four values for every tool.  

 

Fig. 4 shows the microscopic images of the flank faces at 

different feed travels lf for the three material porosities. From 

each of the four cutting edges, the one that was most 

representative for the other cutting edges was selected. For each 

material, the images are of the same cutting edge in different 

wear states. The process parameters are the lowest process 

parameters with the feed direction perpendicular to the AM 

build direction (parameter set 1, see table 2). The 100 % 

material exhibits uniform flank wear without any visible 

chipping. The 84 % and 72 % material, on the other hand, show 

sporadic, early chipping at the cutting edges that turns into a 

uniform chipping with increasing feed travel lf.  

Fig. 4. Tool wear development at parameter set 1 (cf. table 2) 

Fig. 5 shows the wear development at maximum process 

parameters and the feed direction parallel to the AM build 

direction. Even under these process conditions, the 100 % solid 

material exhibits uniform flank wear without visible chipping. 

This type of wear was observed in the investigations of the solid 

material for all parameter variants. It can therefore be 

concluded that the cutting tool and parameters are suitable for 

this AM solid material IN718, as it is the type of wear desired 

in the cutting process.  

Fig. 5. Tool wear development at parameter set 8 (cf. table 2) 

The two porous materials show, starting early, uniform 

chipping on the cutting edges with a tendency to higher, 

localized chipping at the position on the flanks adjacent to the 

work surface during cutting, which is typical for tool wear 

development [25]. This type of wear is not desired in the cutting 

process, since chipping occurs stochastically, and thus a 

prediction of tool life is generally not possible. Chipping 

occurred for the two porous materials for all parameter 

variations, so it can be concluded that the selected combination 

of tool and process parameters are not suitable for reliable 

machining of the porous material. It was noticeable that the 

84 % material showed more severe chipping than the 72 % 

material. 

 

A standardized way to quantify tool wear on the flank face 

is the width of the flank wear land VB [25]. This parameter is 

applicable as long as a continuously increasing flank wear 

without macroscopic chipping is present. However, if 

stochastic cutting edge breakouts dominate the wear pattern, 

VB is no longer applicable. Since at the beginning of the 

investigations mainly flank wear with only very few small 

chipping was present for all three material variations, the 

maximum width of the flank wear land VBmax for lf = 200 mm 

could be evaluated according to DoE. The evaluation provides 

information about the initial wear of the cutting tools. Fig. 6 

shows the main effect diagrams for VBmax after lf = 200 mm. 

Due to the stochastic scattering of the tool wear and also the 

inaccuracies in the manual evaluation of the wear pattern, the 

results may only be evaluated as a rough tendency.  

 

100 % Rel. Density 84 % Rel. Density 72 % Rel. Density

lf = 200 mm lf = 200 mm lf = 200 mm

lf = 800 mm lf = 800 mm lf = 800 mm

lf = 1600 mm lf = 1600 mm lf = 1600 mm

lf = 2800 mm lf = 2800 mm lf = 2800 mm

200 µm200 µm200 µm

200 µm200 µm200 µm

200 µm200 µm200 µm

200 µm200 µm200 µm

100 % Rel. Density 84 % Rel. Density 72 % Rel. Density

lf = 200 mm lf = 200 mm lf = 200 mm

lf = 800 mm lf = 800 mm lf = 800 mm

lf = 1600 mm lf = 1600 mm lf = 1600 mm

lf = 2800 mm lf = 2800 mm lf = 2800 mm

200 µm200 µm200 µm

200 µm200 µm200 µm

200 µm200 µm200 µm

200 µm200 µm200 µm
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It is noticeable that the initial wear is lowest for the 72 % 

material and highest for the 100 % material. The 84 % material 

lies between the two. With regard to parameter variations, the 

trends of the three material variants differ slightly but, as 

mentioned earlier, these results should not be over-interpreted. 

The main finding is that the porous material initially has lower 

flank wear until chipping begins at the cutting edges and 

becomes the dominant wear form. 

Fig. 6. Main effect diagrams for max. flank wear land VBmax 

4.2. Results from cutting force analysis 

The cutting force forms an assessment standard for the 

machinability of a material, since higher forces generally occur 

in materials that are difficult to machine. It is also a basis for 

determining the processes occurring at the location of chip 

formation and for explaining wear mechanisms [10]. According 

to DIN 6584, the cutting force generated during milling can be 

divided into two components, the active force Fa in the working 

plane and the passive force Fp perpendicular to the working 

plane. In this paper, only the active force is used for process 

evaluation, since its components generate the power during 

machining, while the passive force is not involved in this power 

[26]. The cutting force was continuously recorded during the 

trials with the force measuring platform at a sampling rate of 

40 kHz. For evaluation, the signals of the individual, 40 mm 

long tool paths were separated, shortened by 10 % of signal 

length at the front and back and then the mean value was 

calculated. The mean values at certain feed travels lf were then 

used for the DoE analysis. The main effects diagrams for the 

active force after lf = 80 mm, so after only two lines on the 

workpiece, are shown in Fig. 7.  

 

At this point, tool wear was very low, so its influence on the 

results was still negligible. Overall, it can be clearly seen that 

the active force is highest when milling the solid material and 

lowest for the 72 % material. The 84 % material is almost 

midway in between. Regarding the feed per tooth fz and the 

width of cut ae, all three porosities show the same tendency: a 

clear increase in active force with an increase of the process 

parameter. For increasing cutting speed vc the 100 % and 84 % 

materials show a slight decrease of active force, whereas for the 

72 % material the force is slightly increasing. When 

considering the feed direction, all variants exhibit somewhat 

higher active forces parallel to the AM build direction. 

Fig. 7. Main effect diagrams for active force Fa 

Fig. 8 shows the raw signals of the active force for the three 

material variants at a feed travel of lf = 120 mm, i.e. with very 

low wear influence. Each peak is one tooth engagement of the 

milling tool. With increasing porosity, a stronger noise of the 

force signal can also be observed. Individual maximum values 

for the 72 % material are within the maximum force range of 

the 100 % material. However, the average value is significantly 

lower. The signals indicate that with the porous material there 

is a stronger mechanical alternating load, which is likely to 

accelerate tool wear. 

Fig. 8. Raw signal of active force Fa at parameter set 8 (cf. table 2) 

4.3. Results from surface finish analysis 

The analysis of the surface is not the main focus of this 

paper. The surface finish is not as relevant for roughing as it is 

for finishing. Nevertheless, it can contribute to the 

understanding of the process. Images of the milled surfaces, 

taken with the Alicona Infinite Focus 5G, are shown in Fig. 9, 

with the feed direction parallel (upper row) and perpendicular 

(lower row) to the AM build direction.  

 

The porosity for the 84 % and 72 % material is clearly 

visible. While in the parallel direction the pores appear 

randomly distributed, in the perpendicular direction the 
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tendency towards a lattice structure can be seen. Compared to 

the initial state (cf. Fig. 2), the pores are clearly smeared up, 

indicating the presence of the ‘porosity closure phenomenon’. 

Fig. 9. Microscopic images of milled surfaces 

4.4. Results from chip form analysis 

Fig. 10 shows microscope images of representative chips for 

the three material variants at different process parameters. 

While the 100 % material delivers typical comma-shaped chips 

with a ‘closed’ surface, the two porous materials exhibit more 

irregular and disrupted surface structures with perforations. In 

particular, the chips of the 72 % material are heavily pitted. 

Fig. 10. Microscopic images of chips (upper row: parameter set 1, lower row: 

parameter set 8; cf. table 2) 

5. Discussion 

The milling trials with the three different material 

specifications showed some interesting tendencies for the 

described experimental setup. With regard to tool wear, the 

100 % material exhibits uniform flank wear, but the porous 

variants show early starting uniform chipping (Fig. 4 & 5) with 

a tendency to higher, localized chipping at the position on the 

flanks adjacent to the work surface during cutting. It can be 

assumed that the alternating load on the cutting edge leads to 

the chipping and thus the 'interrupted cutting theory' may be 

applicable here. Even though the 'porosity closure phenomenon' 

can be observed in the microscopic images of the surfaces 

(Fig. 9), the pores are partially closed, but far from completely. 

The images of the chips also show a strongly disrupted surface 

(Fig. 10), so that the dominance of the 'deformed cutting theory' 

and thus the cutting of the cutting edge through compacted, 

‘solid’ material seems rather unlikely here. The raw signal of 

the active force supports this hypothesis, since the porous 

material exhibits significantly higher oscillations in the force 

signal during one tooth engagement (Fig. 8) and thus the 

mechanical alternating load is higher. When evaluating the 

initial tool wear after a few tool paths (Fig. 6), it was found that 

initially there is only uniform flank wear for all three material 

variants and that this wear decreases with increasing porosity. 

It is assumed that the flank wear is lower than for the solid 

material due to the lower forces and the lower volume to be 

machined due to the porosity. However, because of the 

described load on the cutting edges in the porous material, 

chipping quickly becomes the dominant type of wear.  

 

The general observation that, when machining porous 

material, the cutting force decreases as the porosity increases, 

but the machinability in terms of tool wear deteriorates [19], 

was also confirmed in these investigations. The lower forces 

result from the lower forming work required to deform the 

porous material, which has significantly lower strength values 

(see Table 2) [21]. Why the 84 % material shows more severe 

chipping than the 72 % material cannot be clearly explained. 

Since the two porous variants are two different materials with 

different LPBF process parameters, it cannot necessarily be 

assumed that there are clear trends with increasing or 

decreasing porosity. Further investigations are necessary to 

explain this observation.  

6. Conclusion and Future Work 

Compared to conventional manufacturing technologies, 

additive manufacturing (AM) offers several advantages. AM is 

increasingly coming into focus in aerospace and 

turbomachinery engineering, in particular the Laser Powder 

Bed Fusion (LPBF) process, also known as Selective Laser 

Melting (SLM). Depending on the component geometry, 

additive manufacturing requires support structures, which then 

usually must be removed by machining. Among others, the use 

of material with specifically induced porosity is suitable as a 

support structure. Compared to conventional support structures, 

a porous volume support ensures good heat dissipation in the 

LPBF process and thus homogeneous component properties, 

high holding forces and short process times. However, the 

machinability of porous, additively manufactured material has 

hardly been researched to date. 

 

Inconel 718 (IN718) is the most widely used and most 

researched material among the high-temperature nickel alloys, 

which are applied in turbomachinery applications, for example. 

For this reason, this paper presents the results of machinability 

studies in milling porous AM IN718 with different relative 

densities (100%, 84%, 72%). The active force, milling tool 

wear, surface finish of the material after milling, and the 

resulting chip shape were investigated. As documented in 

numerous literature sources for machining porous powder 

metallurgy (PM) material, a decrease in cutting force combined 

with a deterioration in machinability in terms of tool wear was 

observed with increasing porosity. While the 100 % relative 

density material exhibited uniform flank wear, the milling of 

the two porous materials was dominated by uniform chipping 

with a tendency to higher, localized chipping at the position on 
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the flanks adjacent to the work surface during cutting. The 

reason for the chipping is seen in the strongly alternating load 

on individual cutting edge areas as they enter and exit the pores. 

This is said to cause microfractures and stronger vibrations, 

which strongly accelerate tool wear.  A comparison of the active 

force curves for the three material variants confirms this 

hypothesis. The higher the porosity, the greater the oscillations 

in the force signal during one tooth engagement. Also 

consistent with the hypothesis, the chips of the porous materials 

have a disrupted structure with perforations.  

 

Evaluating the initial tool wear after a few tool paths, it was 

found that initially there is only uniform flank wear for all three 

material variants and that this wear decreases with increasing 

porosity. It is assumed that the flank wear is lower than for the 

solid material due to the lower forces and the lower volume to 

be machined due to the porosity. However, because of the 

described stress on the cutting edge in the porous material, 

chipping quickly becomes the dominant type of wear. The 84 % 

material showed even more severe chipping than the 72 % 

material. The reason for this must be clarified in future 

investigations but could be due to the individual LPBF process 

parameters of the two materials. 

 

A general recommendation regarding suitable process 

parameters for the machining of the porous AM IN718 cannot 

be made based on the presented results. Chipping was found to 

be the dominant type of wear for all process parameters 

investigated. Due to the stochastic behaviour of chipping, it is 

difficult to make tool life predictions and thus implement safe, 

industrially applicable processes. In future studies, it must be 

investigated whether the machining process can be optimized 

so that predominantly flank wear is present, such as by selecting 

a tougher carbide substrate or an optimized symmetrical or 

asymmetrical preparation of the cutting edge, for example by 

means of brushing [27]. The process vibrations and the 

microstructural properties of the milled rim zone should also be 

studied in more detail in order to better understand the 

mechanisms at work in the process. 
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