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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Powder bed fusion processes based additively manufactured SS 316L components fall short of surface integrity requirements 
needed for optimal functional performance. Hence, machining is required to achieve dimensional accuracy and to enhance surface 
integrity characteristics.  This research is focused on comparing the material removal performance of 316L produced by PBF-LB 
(laser) and PBF-EB (electron beam) in terms of tool wear and surface integrity. The results showed comparable surface topography 
and residual stress profiles. While the hardness profiles revealed work hardening at the surface where PBF-LB specimens being 
more susceptible to work hardening. The investigation also revealed differences in the progress of the tool wear when machining 
specimens produced with either PBF-LB or PBF-EB.  
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1. Introduction 

Additive manufacturing (AM) enables manufacturing of 
complex parts directly from the 3D-CAD design without the 
need of expensive tooling [1]. AM is today used in various 
sectors such as aerospace [2], tooling [3], and energy [4]. 
Powder bed fusion (PBF) processes using either laser (PBF-LB) 
or electron beam (PBF-EB) as energy source are the most 
widely used/accepted technologies in the industry. These 
methods have shown promising results in producing dense parts 
with high accuracy, reproducibility, and good mechanical and 
thermal properties [5-8]. Among steels, much attention has 
been paid to 316L austenitic stainless steel since it is widely 
used for different commercial applications due to its superior 
mechanical properties, excellent corrosion and oxidation 

resistance [5]. Despite significant process optimization efforts, 
316L parts manufactured by PBF-LB and PBF-EB still do not 
meet the surface quality requirements needed for optimal 
functional performance. Typical surface roughness (Ra) values 
for 316L parts produced by PBF-LB and PBF-EB have been 
reported to be ~10 µm [9] and ~30 µm [10], respectively. The 
large difference in the surface roughness as obtained above 
between PBF-LB and PBF-EB is material independent. 
Comparable surface roughness values have been reported for 
Ti6Al4V when comparing PBF-LB and PBF-EB. For the PBF-
LB specimens, Ra of ~8 µm was measured in the build 
direction, whereas for the PBF-EB, Ra of ~23 µm was observed 
[11]. Regardless of the concerned AM-process, printed parts 
typically require post-processing to achieve the desired surface 
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1. Introduction 

Additive manufacturing (AM) enables manufacturing of 
complex parts directly from the 3D-CAD design without the 
need of expensive tooling [1]. AM is today used in various 
sectors such as aerospace [2], tooling [3], and energy [4]. 
Powder bed fusion (PBF) processes using either laser (PBF-LB) 
or electron beam (PBF-EB) as energy source are the most 
widely used/accepted technologies in the industry. These 
methods have shown promising results in producing dense parts 
with high accuracy, reproducibility, and good mechanical and 
thermal properties [5-8]. Among steels, much attention has 
been paid to 316L austenitic stainless steel since it is widely 
used for different commercial applications due to its superior 
mechanical properties, excellent corrosion and oxidation 

resistance [5]. Despite significant process optimization efforts, 
316L parts manufactured by PBF-LB and PBF-EB still do not 
meet the surface quality requirements needed for optimal 
functional performance. Typical surface roughness (Ra) values 
for 316L parts produced by PBF-LB and PBF-EB have been 
reported to be ~10 µm [9] and ~30 µm [10], respectively. The 
large difference in the surface roughness as obtained above 
between PBF-LB and PBF-EB is material independent. 
Comparable surface roughness values have been reported for 
Ti6Al4V when comparing PBF-LB and PBF-EB. For the PBF-
LB specimens, Ra of ~8 µm was measured in the build 
direction, whereas for the PBF-EB, Ra of ~23 µm was observed 
[11]. Regardless of the concerned AM-process, printed parts 
typically require post-processing to achieve the desired surface 
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quality required for functional components. When studying the 
effect of turning, drag finish and vibratory surface finishing on 
316L produced by PBF-LB, it was found that turning results in 
the best surface roughness, ~2 µm [12]. Besides surface 
roughness, sub-surface defects such as pores have a strong 
influence on the mechanical properties and must therefore be 
considered. They can be categorized into i) functional pores, ii) 
microstructural pores, and iii) structural pores [13]. The 
functional and microstructural pores are undesirable and there 
is a need to eliminate them or minimize their presence for 
enhanced performance. This was shown when studying the 
fatigue strength of AM in comparison to wrought stainless 
316L [7]. The fatigue strength of the specimens produced with 
PBF-LB was significantly lower in the as-printed condition 
compared to the wrought ones. However, upon machining 
(turning), the PBF-LB specimens outperformed their wrought 
counterparts. The enhanced fatigue strength was attributed to 
the elimination of surface pores located between the outer 
contour and hatch region. Moreover, the printing strategy also 
plays a crucial role in defining the surface integrity, i.e. printing 
with or without contour strategy. For Ti6Al4V when printing 
without any contour when printing with PBF-EB, the depth of 
cut (ap) should be >1 mm to avoid the near surface pores and 
thus improve the surface quality [14]. However, when applying 
three or five contours, ap of 0.25 mm was enough to avoid 
surface and near surface defects. Despite the extensive research 
in AM, knowledge of the machinability of AM materials is 
limited, which hinders a faster adoption of AM. Clearly, 
optimization of both the printing and post- processing is needed 
for achieving long service life and best surface quality at 
minimum cost. The research presented here focused on 
comparing the surface integrity such as surface topography, 
residual stresses, surface deformation, and hardness for 
specimens produced with PBF-LB and PBF-EB.  

2. Experimental procedure 

2.1 Precursor powders  

The material for the PBF-EB process was a gas-atomized 
316L stainless steel powder with nearly spherical particles 
ranging in size from 53 to 150 µm (Carpenter powder products 
AB, Torshälla, Sweden). The powder used for this study was 
recycled and was previously reported in Ref. [6]. The precursor 
material for the PBF-LB process was gas-atomized SS316L 
powder with nearly spherical particles ranging in size from 15 
to 45 µm (HC Starck). In case of the PBF-LB process 
(according to the recommendation from the machine 
manufacturer), the powder was dried at 60 °C for 24 h and 
sieved prior to loading into the machine. The chemical 
composition of the powders used for both processes is given in 
Table 1. 

 
Table 1. Chemical composition of the precursor powders. All values are given 
in wt.% unless another unit is given. 

Element Cr Ni Mo Mn Si C Fe O 

PBF-EB 17.6 12.3 2.46 1.7 0.5 0.013 Bal. 145 
ppm 

PBF-LB 17.8 13.8 2.7 1.5 <0.1 - Bal.  

2.2 Additive manufacturing  

The SLM 125 HL system that was used for the PBF-LB 
specimens, was equipped with a 400 W YAG-fiber laser (spot 
size 65 µm). During printing using the stripe pattern, the build 
plate was heated to 100 °C, and argon 4.8 was used as 
protective atmosphere. In each layer, first the contour was 
printed followed by the core. The contour pattern consists of 
two borders (contours) and one fill contour. The laser power 
was 200 W, scan speed 800 mm/s, layer thickness was set to 30 
µm, and hatch distance 120 µm. The Arcam A2 machine with 
a 3kW tungsten filament-based electron gun was used to 
produce the PBF-EB specimens. Initially, a stainless-steel start 
plate with the dimensions 150 × 150 × 10 mm3 was heated up 
to 820 °C, after which the printing operation was started. The 
layer thickness was set to 70 µm and the time used for 
consolidating each layer was between 80 and 100 s. Layer 
melting was using three contours and a raster type hatch for the 
bulk section. The offset between outer contour and middle 
contour was 0.3 mm, between middle and inner one- 0.25 mm, 
and between inner contour and hatch/bulk- 0.05 mm. The snake 
pattern hatch with a line offset of 0.2 mm and a 90° change in 
hatching direction in each consecutive layer was used. The 
dimension of the tubular test samples was: length (L) 110 mm, 
outer diameter (OD) 55 mm, and wall thickness (t) of 17.5 mm.  

2.3 Machining 

The turning tests were performed in an EMCO 365 CNC 
lathe equipped with a Kistler 9275A three-component 
dynamometer. As cutting inserts, the carbide inserts 
(DNMG150404SF1125) from Sandvik Coromant was used 
together with the tool holder DCGNL 16 4D (Sandvik 
Coromant). The cutting fluid (6-7% emulsion) was applied to 
the rake face of the insert. The cutting speeds (Vc) 130, 180 and 
230 m/min were studied, and the depth of cut (ap) and feed rate 
(f) were kept constant at 0.25 mm and 0.15 mm, respectively. 
In Step 1, the specimen was clamped at the center, after which 
one side was machined in a stepwise approach starting with 
CL50 (cutting length 50 mm) according to Fig. 1a. In Step 2, 
the specimen was once again clamped at the center, after which 
the stepwise machining procedure was applied on the other half 
of the specimen (Fig. 1b). 

 
 
 
 
 
 
 
 
 
 
 

2.4 Characterization  
To differentiate the section of the sample closest to the build 

platform from the top one, we hereafter refer to Top (upper part 
of the specimens) and Bottom (lower part of the specimens). 
Residual stress measurements were performed with X-ray 
diffraction using a Stresstech G2R XStress 3000 diffractometer 

Fig. 1. Schematic illustration of the turning procedure of the samples. The 
CL50, CL40, CL30 and CL20 corresponds to the cutting lengths of 50mm, 
40mm, 30mm and 20mm, respectively. 
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equipped with a Mn X-ray tube (λ: 0.21031 nm). The modified 
sin2 χ method was used with ±5 tilt (psi) angles (from 40° to -
40°) and the 152.3° diffraction peak corresponding to the (311) 
diffraction planes. All measurements were performed in an 
accredited laboratory in accordance with the EN 15305:2008 
standard [15]. Surface topography was measured by Coherence 
Scanning Interferometry with a Sensofar S Neox instrument. 
The measurements were performed over a 7.0 mm × 1.3 mm 
surface constructed of 5 stitched measurement sections to 
fulfill requirements of EN ISO 4287 [16]. The topography was 
evaluated according to ISO 25178-2:2012 standard [17]. The 
hardness of the as printed and machined samples was evaluated 
using Knoop and Vickers indents at low loads (10-50 g). The 
hardness of both the as-printed and machined samples was 
measured from the outer surface to the center of the sample. 
For the microstructure evaluation, machined samples were cut 
and prepared following Struers recommendations for stainless 
steel. The microstructure was revealed using electro-chemical 
etching in a water-based 10% oxalic acid solution with 3V and 
1V potential for PBF-LB and PBF-EB samples, respectively. 
To investigate whether the machining process affected the 
surfaces, the microstructure was examined using both the Zeiss 
Discovery V20 Stereo-light optical microscope and the LEO 
1550 Gemini scanning electron microscope (SEM). The 
progression of the tool wear during the tests was followed by a 
light optical microscopy. After the tests, the worn inserts were 
characterized by SEM before and after removing the adhered 
layer. The adhered layer was removed in diluted HCl. 

3. Results and discussion 

3.1 Effect of machining on near surface microstructure and 
hardness  

Fig. 2 shows the polished and etched sample cut parallel to 
the build direction (BD), revealing the boundaries of the melt 
pools in the PBF-LB (Fig. 2a) and PBF-EB (Fig. 2b) specimens. 
Fig. 2c-d illustrate the layout of periphery sections with the 
three and four contour lines. The width of the melt traces of the 
contours in PBF-LB and PBF-EB is ~90 µm, and ~200 µm, 
respectively. Hence, in the first cutting pass of the PBF-LB 
samples, both the 1st and 2nd contour and a part of the filling 
contour is removed. This can be compared to the PBF-EB 
specimens, where the first cut only removes the 1st contour 
including a part of the 2nd one. The second cutting pass removes 
material from the 2nd and 3rd contours, and the third cutting pass 
removes material from the 3rd contour and the filling one. The 
fourth cutting pass removes material created with the filling 
contour. As the scanning strategy differs between the outer 
(periphery) and inner (core) contours, hardness profile 
measurements were carried out from the periphery towards the 
center to investigate if there are any hardness gradients. The 
hardness was 225 ± 13 HK0.05 and 185 ± 19 HK0.05 for the 
PBF-LB and PBF-EB specimens, respectively. Comparable 
bulk hardness value, ~173 ± 9 HV1, was obtained in Ref. [18] 
using similar chemical composition and printing strategy for the 
PBF-EB technology. Moreover, no significant hardness 
variation was found between Top and Bottom and between the 
sample periphery and the core. 

 

 
 
 
One possible explanation for the absence of a surface 

hardness increase in the as-printed samples is the use of 
different contour strategies, where the re-melting of the surface 
region would retain the heat causing a softening effect. For 
example, when annealing the 316L material in protective 
atmosphere at 1073K for 6 min, the microhardness will 
decrease from about 3.2 ± 0.1 GPa to about 2.2 ± 0.1 GPa [19]. 
Therefore, the hardness values obtained here show that the 
iterative heat cycling caused by successive multiple contour 
scanning led to a local softening of the sample surface layers. 
Also, due to the randomized texture without a predominant 
grain orientation, the re-melting process in the outer contour 
region will lower the near surface hardness [20]. The 
significantly lower hardness for the PBF-EB samples in 
comparison to the PBF-LB specimens can be explained by the 
greater segregation of Mo at the grain boundaries and the 
greater volume fraction of the formed nano-sized precipitates in 
the PBF-LB process [21, 22]. In addition, the larger grains as 
obtained with the PBF-EB compared to the PBF-LB is another 
mechanism that should further reduce the hardness. Fig. 3 
provide the microhardness profiles of the samples after 
machining. For both processes, after the first (CL50) and final 
(CL20) cutting pass at the lowest cutting speed (Vc-130 m/min), 
the near-surface hardness increased to ~350 HV0.01 and 
~450 HV0.01, respectively. This indicates the extensive work 
hardening that takes place in the material during the cutting 
process. As can be seen from the profile in Fig. 3a, the PBF-LB 
hardness values only reach the bulk ones after 50-µm depth, 
whereas in the case of PBF-EB, the hardness reaches the bulk 
value after 100-120 µm, indicating the main difference in the 
machining-affected depth. At Vc of 180 m/min, independent of 
the number of passes (CL50 through CL20), the PBF-LB 
produced samples obtained higher surface hardness as 
compared to the samples produced by PBF-EB. This 
contradicts the general notion that larger grains should facilitate 
dislocation movement and therefore lead to a higher degree of 
work hardening. In terms of affected volume (observation of 

Fig. 2. Light optical micrographs showing the microstructure from the PBF-
LB (a) and PBF-EB (b) samples. (c) – (d) illustrate the approximate thickness 
of the outer contours for the studied processes.  
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deformation bands) beneath the machined surfaces, we 
measured depths comparable to those observed for the surfaces 
machined at 130 m/min. When increasing Vc to 230 m/min, the 
PBF-LB samples behaved similarly to the samples produced at 
lower Vc, but with slightly lower degree of work hardening 
(lower hardness values). However, in the case of PBF-EB, a 
significantly different hardness profile was obtained, indicating 
significant work hardening already after the first cutting pass. 
As shown in Fig. 3c, the affected depth after machining was as 
large as 600 µm, which can be compared to about 100 µm at 
the lower cutting speeds and with 50 µm for the PBF-LB 
sample at the same speed. Comparable work hardening 
response as found here, for PBF-LB, was reported in Ref. [12]. 
However, ap of 0.4 mm was used, where already with the first 
cutting pass they removed almost equal amount of material 
created with the contour and fill printing strategy, which might 
have an influence on the work hardening.  

 
 
 
Fig. 4 show the near-surface cross-section images of the 

machined, polished, and etched surfaces. As can be seen in Fig. 
4a-c, all surfaces show the presence of deformation bands. It 
should be noted that PBF-EB samples machined at 230 m/min 
have the deformation bands of up to ~500 µm beneath the 
machined surfaces. On the other hand, when machining at the 
lower cutting speeds, deformation bands reaches of up to ~100 
µm. Such deformation bands were not observed for any of the 
cutting speeds when machining the PBF-LB samples. Despite 
the large region with deformation bands no white layers 
(nanocrystalline microstructure) were found at the machined 
surfaces of PBF-EB samples (see Fig. 5). Comparable 
observation of deformation bands was reported in Ref. [23] 
after studying the surface integrity and fatigue behavior of 
electric discharge machined and milled austenitic steels. The 
authors reported that the surface after machining was comprised 
of a severe plastic deformed region (white layer), heavily 
deformed region with nano-sized grains, and an affected region. 
The heavily deformed region was found to contain 
predominantly mechanical twins formed due to the severe shear 
forces induced by machining. This can be compared to the 
bended mechanical twins formed in a stress field generated in 
dynamic shear bands, which is the result of the steep strain 
gradient [24]. The results of the present study show that 316L 
made with two different AM-technologies shows very different 

work hardening behavior during machining. It is known that 
austenitic steels deform by three main mechanisms: dislocation 
slip, mechanical twinning, and martensite transformation. 
These mechanisms can act simultaneously or individually 
depending on the texture and the stacking fault energy (SFE) of 
the material. Considering the different microstructures in PBF-
LB and PBF-EB, i.e. the melt pools and cooling rates, the cell 
structures, and the preferred orientation, the chip formation 
mechanism and newly generated surfaces will be affected. 

 
 
 
The influence of melt pool lines and internal pores on chip 

formation mechanisms and generated surfaces has been 
previously discussed in Ref. [25] when investigating the effects 
of cutting parameters on surface roughness and residual stresses 
of maraging steel produced by PBF-LB.  

 
 
 
 
 
 

 
 
 

3.2 Effect of machining on surface topography and residual 
stresses  

The average surface roughness, Sa, in the as-printed 
condition is 6 µm and 41 µm for PBF-LB and PBF-EB, 
respectively. When viewing along the length of the printed 
sample (in Z-direction), it is obvious that the surface is 
comprised of melted powder particles and irregular and 
distorted features formed due to layer-wise manufacturing. The 
corresponding topography, arithmetic mean height (Sa), and the 
ten-point height values (S10z) are shown in Fig. 6. The 
alternating surface roughness in the Z-direction as well as on 
the top of the specimens from the PBF processes is well known. 
Comparable surfaces roughness as observed here was reported 
in Ref. [12], who also confirmed that the traces of the laser 
scanning paths, where the melted powder particles appear to be 
concentrated to the boundaries of these traces. For the PBF-LB 
specimens, already after the first cutting pass the Sa- and S10z-
values are significantly improved, and only minor changes are 
noted for CL20. The Sa-value is ~1.5 µm, and the S10z-values 
are between 5 and 10 µm. For the PBF-EB, the CL50 resulted 

Fig. 4. Light optical micrographs showing the deformation bands for PBF-EB 
specimens after final cutting pass. (a) Vc- 130 m/min, (b) Vc – 180 m/min and 
(c) Vc – 230 m/min. 

Fig. 3. (a) Micro-hardness profiles measured at the Top side of the test 
specimens after machining (b) 130 m/min, (c) 180 m/min, and (d) 230 m/min. 

Fig. 5. Scanning electron micrograph showing the observed deformation 
bands in the PBF-EB specimen for CL20 machined at 230 m/min. 
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in a Sa value of ~1 µm for the two higher cutting speeds (180 
m/min and 230 m/min), while at 130 m/min, the Sa was 
measured to be ~3 µm. For CL20, the higher cutting speeds 
resulted in a Sa of ~2 µm, and the 130 m/min resulted in a Sa 
of ~4 µm. Hence, in the case of the PBF-LB specimens no 
changes were recorded between CL50 and CL20, whereas the 
PBF-EB clearly showed an increase in the surface roughness 
with increased engagement time. The results show clear 
differences in the obtained surface topography for the PBF-LB 
and PBF-EB specimens. For the PBF-LB, a good surface finish 
can be achieved after just one cut and is almost unaffected after 
the final cut. Whereas for the PBF-EB the first cut is resulting 
in the best surface topography and tends to get deteriorated with 
increase in cutting passes.  

 
 
 
Concerning the stresses, the PBF-LB samples showed 

tensile residual stresses in the as-printed condition (570 MPa in 
the building direction and 300 MPa in the transverse direction). 
This can be compared to the beneficial compressive residual 
stresses that was measured for the PBF-EB samples 
(independent of the building direction). The compressive 
stresses were in the order of ~150 MPa in the building direction 
and ~60 MPa across the building direction for the PBF-EB 
specimens. After machining, the residual stress profiles are 
characterized by tensile stresses at the surface, which shifts to 
compressive residual stresses at ~30 µm depth and thereafter 
increasing slightly with depth. The hook-shaped stress profile 
is typically observed in turning and has a beneficial effect on 
the fatigue life [26]. For PBF-LB, only minor changes were 
observed between the different cutting speeds and cutting 
passes. For the PBF-EB, 130 m/min and 180 m/min, did not 
show any conclusive reducing trends for the tensile residual 

stresses values for increasing cutting speed. Only at 230 /min, 
the surface and subsurface residual stresses were shifted 
towards less tensile- (cutting direction) and higher 
compressive- (feed direction) residual stresses. The PBF-EB 
specimens have higher surface tensile stresses at the two lower 
cutting speeds as compared to the PBF-LB specimens. A higher 
cutting speed will create a higher temperature, which will soften 
the material and thus allowing for a higher degree of strain 
hardening. Austenitic stainless steels are known to be difficult 
to machine materials due to their low thermal conductivity and 
high sensitivity to strain / stress rate and work hardening. 
Relatively low thermal conductivity of the material leads to heat 
concentration at the cutting edge, resulting in strongly localized 
high temperature zone, which in turn softens the material during 
cutting. The results show that the different microstructures will 
have an influence on the final surface integrity (magnitude and 
profile of the stresses). Furthermore, we observed that the 
residual stresses do not change significantly with each cutting 
pass, which in part might be connected to the relationship 
between the ap and the thickness of the contours. However, by 
optimizing the machining process, it is possible to tune the 
residual stresses to obtain beneficial compressive stresses. 

With respect to tool wear, for each machining condition, the 
cutting tools were analyzed after the completion of individual 
cutting steps. No significant tool wear was observed for all 
studied samples and cutting conditions. Notably, the total spiral 
cut length is only ~239 m. Table 2 summarizes the measured 
maximum VB_max at various cutting speeds. As expected, 
irrespective of the machined material the highest flank wear 
was found for Vc 230 m/min. The cutting tools used when 
machining the low hardness PBF-EB specimens showed 
slightly higher flank wear compared to the tools used to 
machine the PBF-LB specimens, which is in line with the 
observed surface topography (increased tool wear for rougher 
surfaces). It is well known that knowledge of hardness and 
grain size are not enough to understand or predict the tool wear 
when machining conventional 316L SS [27]. Hence, a 
dedicated tool wear study with detailed characterization of as-
printed material (grain size distribution, micro constituents, 
crystallographic orientation, Kernel average misorientation 
etc.) is needed to fully understand the wear progression and 
behavior when machining additively manufactured 316L SS. 
Adhesion of work piece material on the rake side was also 
observed irrespective of the samples.  

Table 2. Measured tool flank wear, VB_max, for the studied cutting speeds and 
manufacturing processes, PBF-LB and PBF-EB. 

Material / Speed 130 m/min 180 m/min 230 m/min 

PBF-LB < 0.01 mm  < 0.01 mm < 0.01 mm 

PBF-EB <0.02 mm 0.02 mm 0.03 mm 

4. Conclusions 

The effect of machining on the integrity of 316L austenitic 
stainless steel produced by PBF-LB and PBF-EB was studied. 
The surface integrity of the as-machined surfaces was 
investigated with respect to cutting forces, tool wear, surface 
topography, residual stresses, surface deformation, and 
hardness. The following conclusions are drawn: 

Fig. 6. Surface topography parameters for the L-BPF and PBF-EB samples, a) 
arithmetic mean height (Sa) and b) ten point height (S10z) values calculated 
according to ISO 25178-2:2012. 
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• Once the near surface material printed with the contour 
strategy was removed, comparable surface topography was 
obtained for both the studied processes, PBF-LB and PBF-
EB.  

• The hardness profiles revealed that work hardening takes 
place in the materials produced by both PBF-LB and PBF-
EB. The hardness increased between 2- 2.5 times, reaching 
~400 HV0.1 for PBF-LB and ~500 HV0.1 for PBF-EB after 
machining. Hence, more work hardening took place in PBF-
EB, which was in line with the observed deformation bands 
near the machined surfaces.  

• The residual stresses in the as-printed condition was 
characterized by high surface and subsurface tensile residual 
stresses for the PBF-LB specimens, while the PBF-EB 
specimens were characterized by mainly compressive 
residual stresses. After machining, the surfaces stresses were 
first tensile and then compressive and reached a minimum at 
a depth of about 30 µm below the surface.  

• Independent on the studied cutting speed, no tool flank wear 
could be seen when machining the PBF-LB specimens, 
whereas for the PBF-EB specimens, machining at 130 m/min 
and 180 m/min resulted in VB_max 0.02 mm. For the highest 
cutting speed, 230 m/min, VB_max 0.03 mm was measured. 
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