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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 

Additive manufacturing, especially powder bed fusion using a laser beam of metals (PB-LB/M), allows the build-up of complex parts.  
Therefore, PBF-LB/M is already used in multiple fields, such as medical or aerospace industry. To promote the use of AM within the 
automotive sector materials such as case-hardening steels have been developed for PBF-LB/M to manufacture drivetrain parts e.g. gears. 
However, the automotive industry requires strict tolerances and repeatability in the manufacturing processes.  
At first, the repeatability of specimens built with the case-hardening steel 16MnCr5 within one build plate is investigated. Therefore, the 
dimensional accuracy in x-, y- and z-direction is measured and ISO basic tolerances are derived. Additionally, the density of specimens within 
one build plate is determined. Both results are linked to the recoating direction and the occurring gas flow. In a second step, the repeatability 
between subsequent build jobs is analyzed. The tensile strength of specimens manufactured in 12 build jobs of similar layout is investigated 
showing high repeatability with properties exceeding conventional material. The occurring tolerances of more than 80 Type 1 gears in 20 build 
jobs are aggregated to evaluate the process capability of the PBF-LB/M process. 
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1. Introduction 

Additive manufacturing technologies are characterized by a 
build-up in layers, which gives great freedom in part designs 
that include lightweight structures (e.g. lattice) or integrated 
cooling channels [1]. With the given opportunities, new part 
designs and business models are evolving that include spare 
part supply and individualization [2]. Powder Bed Fusion with 
a Laser Beam of Metals (PBF-LB/M) is an additive 
manufacturing technology whereby metal alloy powder is 
melted by a laser beam in subsequent layers, with the 
possibility of reaching high part density [3]. At first, a layer of 
powder is recoated with typical layer heights from 20 to 
120 μm. After this step the 2D dimensions of the part in this 
layer are solidified with a laser beam. Usually, the 
solidification consists of an infill of the part and a border 
exposure, which determines the dimension. At last, the 

baseplate is lowered before recoating takes place again [4]. The 
manufacturing steps in PBF-LB/M are depicted in Figure 1.   

 

Recoating

Exposure

Lowering of baseplat

Figure 1 Process sequence of PBF-LB/M with the steps of recoating, 
exposure and baseplate lowering. 
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Recoating

Exposure

Lowering of baseplat

Figure 1 Process sequence of PBF-LB/M with the steps of recoating, 
exposure and baseplate lowering. 
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Nomenclature and nominal gear dimensions 
 
DT             Tip diameter of the lightweight gear 
DB             Bore diameter of the lightweight gear 
KG             Key feather groove width of the lightweight gear 
TFW          Tooth flank width of the lightweight gear 

            DT:    101.00 mm                DB:      39.60 mm 
            KG:      10.00 mm               TFW:    35.70 mm 

 
PBF-LB/M allows the processing of corrosion resistant or tool 
steels, nickel base alloys, titanium alloys and aluminum alloys 
[5]. Case-hardening steel is materials group used for highly 
loaded drivetrain parts in the automotive industry e.g. gears and 
shift forks. The use in additive manufacturing has only recently 
become focus of research, mainly due to their higher carbon 
content of around 0.15 to 0.23 weight-% [6]. To establish PBF-
LB/M in supply chains, to apply suitable machining allowances 
for functional surface and to design components, knowledge of 
the achievable accuracy and the repeatability of these and the 
mechanical properties are necessary.  

Minetola et al. compared the dimensional accuracy of PBF-
LB/M and PBF-EB/M (EB: electron beam) in a study with 
single standardized test artefact reporting ISO tolerance grades 
of IT 12 and 13 respectively according to ISO 286-1 [7]. When 
investigating the dimensional accuracy of a tooling component 
(30x30x27.2 mm³) manufactured by PBF-LB/M with 
AlSi10Mg over three consecutive build jobs no correlation 
between the deviation and the build plate position was seen [8]. 
Studying down facing surfaces in PBF-LB/M parts lead to the 
conclusion that the dross formation and spatter increase the 
occurring deviation and that the statistical nature of these 
phenomes complicate the prediction increasing the required 
machining allowance [9]. Peixin et al. showed that the part 
deviation strongly depends on the used material since deviation 
from an identical geometry doubled from 316L to IN718 
highlighting the importance of thermal gradients [10]. 

In a review by Dowling et al. the repeatability of PBF-LB/M 
is identified as an underdeveloped research topic and hindrance 
for the industrial adoption stating a low “overall equipment 
effectiveness” (OEE) of only 30% [11]. Repeatable build jobs 
are mainly studied to investigate the recycling behavior of 
powders used in PBF-LB/M [12, 13]. Tang et al. showed that 
the tensile strength increases when reusing Ti6Al4V in PBF-
EB/M more than 20 times due to the oxygen pick-up [14]. 

Investigating the repeatability of 6 build jobs at varied packing 
density lead to the conclusion that the packing density has a 
significant effect on the mechanical properties while no 
correlation to the job number was found [15]. A detailed study 
investigated the tensile property distribution on the build plate 
showing that lower tensile strength can be seen if spatter is not 
sufficiently removed at certain build plate locations [16]. 

In conclusion, it becomes clear that there is currently a gap 
of knowledge in regard to the dimensional accuracy and 
repeatability of PBF-LB/M. The focus of this contribution is the 
investigation of the dimensional accuracy and part properties 
within the build plate and the repeatability between build jobs 
with simple specimens at first but then is followed with gears 
as a use case mimicking a small scale production.  

1.1. Materials and methods 

To manufacture the specimens, an EOS M 290 (EOS GmbH, 
Germany) machine was used applying a baseplate preheating 
of 80 °C and argon as shielding gas. Recoating took place with 
a carbon brush to minimize the risk of process interruptions. A 
layer thickness of 30 μm was chosen and the specimens were 
built with laser parameters derived from [17]. The machine is 
depicted in Figure 2. Particle size distribution was analyzed by 
laser diffraction with a Mastersizer 3000. The density was 
measured with the Archimedes principle using a fine scale with 
a precision of 0.001 g. Relative density values are mean values 
of three measurements and specimens. Tensile tests were 
carried out using a Zwick Roell Z050 according to DIN EN ISO 
6892-1 with at least three specimens per build job (c.f. Fig. 3). 

Figure 2 PBF-LB/M machine (EOS M290 from EOS GmbH, Germany) used 
for the study 
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Figure 3 a) Schematic caliper measurement of the nominal top 
diameter (DT) b) Tensile testing set-up 
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Deviation from the target dimension was defined as the 
resulting value from subtracting the measured dimension from 
the CAD target dimensions. Measurements were taken with a 
digital caliper from Mitutoyo Corporation (Japan) with a MPE 
(maximum permissible error) of 20 μm according to ISO 
10360.  

To determine the dimensional accuracy on the build plate 
621 cubes with the dimensions of 5x5x7 mm³ were built in an 
even arrangement (c.f. Figure 4). The density measurements 
represent the mean value of all specimens in an area of 
50x50 mm² of the build plate. Additionally, the deviation 
occurring in large parts was calculated from lightweight gears 

dimensions. The gears possess a nominal tip diameter of 
101.00 mm, a nominal bore diameter of 39.60 mm, a nominal 
tooth flank width (4 teeth) of 35.70 mm and a nominal key 
feather groove width of 10.00 mm including manufacturing 
allowance for a hard finishing after case-hardening. All 
measurements on gears took place after they were removed 
from the build plate in succession to a residual stress relief 
annealing of the parts on the build plate at 600 °C for 5 h under 
argon atmosphere. The tensile specimen were in the same 
condition as they were built as process samples on the same 
build plate as the gears as shown in Figure 5. All specimens and 
gears were manufactured from the chase-hardening steel 
16MnCr5 which is commonly used in gear manufacturing [18].  

 
1.2 Case-hardening steel 16MnCr5 

 
16MnCr5 (1.7131) is a low alloyed steel with case-

hardening capabilities, and is increasingly used in PBF-LB/M 
[19]. The chemical composition of the powder is shown in 
Table 1. Particle size distribution is of approximately normal 
distribution, with a D10 of 28 µm, D50 of 47 µm and D90 of 
72 µm. The powder is recycled during the manufacturing 
campaign and is sieved after every build job with a mesh size 
of 63 µm to remove spatter. 

Table 1 Chemical composition of 16MnCr5 in % by mass 1) DIN EN10084 
2) supplier certificate 

 C Mn Cr Si P S Fe 

1) 0.14-0.19 1.0-1.3 0.8-1.1 ≤ 0.4 ≤ 0.025 ≤ 0.035 bal. 

2) 0.15 1.05 0.9 0.19 - - bal.  

2. Dimensional accuracy and density distribution within a 
build plate 

Firstly, the described cubical specimens were built on one 
build plate with a distance of 5 mm from each other. Four 
specimen could not be manufactured due to the screws 
positioned at the corner of the plate. All specimens were 
measured with a caliper (5 measurements in each direction, 
mean values of three build jobs are represented) and the 
resulting deviation from the target CAD dimensions were 
calculated. The comparably small samples allow the detailed 
representation of the accuracy distribution over the build plate. 
The resulting deviation in x-, y-, and z-direction is shown in 
Figure 6. 

 The deviation in x-direction lies mainly in a range from 0 
to 0.05 mm. The opposite side to the shielding gas flow shows 
an increased deviation of 0.05 to 0.1 mm. No clear correlation 
is seen in the recoater direction. The deviation in y-direction is 
evenly distributed but shows increased deviation of 0.05 to 
0.1 mm at the edges. The deviation in z-direction is higher 
compared to the x- or y-direction and a connection with the 
shielding gas flow can be seen leading to the highest deviations 
of 0.1 to 0.15 mm. In a next step, the ISO tolerance grades 
according to ISO 286-1 are calculated with the mean deviation 
of all cubes to get an overall view. In total it shows that IT 
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Figure 5 Build plate layout with 4 gears (2 lightweight gears, 2 conventional 
gears) including various process samples with flat tensile specimens (marked) 

Figure 6 Deviation from CAD geometry in dependency of baseplate position 
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tolerances grades of 12 are reached in x- and y-direction 
whereas the deviation in z-direction lies in IT tolerance grade 
15 for the small cubic specimens (c.f. Table 2). 

Table 2 Overall IT tolerance grades for the cubic specimens 

 x-direction y-direction z-direction 

ISO tolerance grade  12 12 15 

 
Secondly, the dimensions of lightweight gears 

manufactured as depicted in Figure 5 were measured to gain 
insight into the dimensional accuracy of larger parts. All gears 
were measured with a caliper (5 measurements for each 
geometric feature, mean values of three build jobs are 
represented) and the resulting deviation from the target CAD 
dimension were calculated. The resulting deviations show no 
clear correlation with the position on the build plate as depicted 
in Figure 7. The key feather groove (KG), the tip diameter (DT) 
and the bore diameter (DB) are undersized whereas the tooth 
flank width (TFW) is increased compared to the CAD geometry 
data.  

In a next step, the ISO tolerance grades according to ISO 
286-1 are calculated for these larger components. The ISO 
tolerance grades range from 11 to 13 and are listed in Table 3.  

Table 3 IT tolerance grades for specific geometric features of the gears 

  
After investigating the dimensional accuracy of cubic 

specimens and lightweight gear components, the relative part 
density in regards to the build plate position were measured. 
The relative density is used as a performance indicator for the 
mechanical properties and is commonly used in quality 
determination in parts manufactured by PBF-LB/M [20]. All 
specimens were measured with the principle of Archimedes (3 
measurements of each specimen, mean values of three build 
jobs are represented and all specimen in the 50x50 mm² build 
plate area are aggregated). The evaluation is shown in Figure 8 
displaying a high correlation of the relative density and the 

build plate position. Lowest relative density is observed at the 
opposite side to the shielding gas flow and in the corner in 
recoater direction. The threshold of a relative density of 99.5 % 
by VDI 3405 (sheet 2) is not reached in this area and lower 
mechanical properties can be expected.  

3. Repeatability of dimensional accuracy and tensile 
strength  

Subsequently after determining the accuracy of parts and the 
dependency of the build plate position, the repeatability of the 
accuracy and the mechanical properties is studied. In a small 
scale production scenario 21 build jobs of four gears in an 
identical layout (c.f. Figure 5) were carried out leading to a total 
number of 84 gears. For each gear the bore diameter (DB) and 
the tip circle diameter (DT) were measured after the gears were 
removed from the build plate in succession to a residual stress 
relief annealing. The measurements were used to calculate the 
deviation from the CAD geometry data and are depicted in 
Figure 9. The data from the tip circle diameter can be 
aggregated in three cluster from gear 1-22, gear 22-45 and the 

 KG DT DB TFW 

ISO tolerance grade  12 13 13 11 

Figure 8 Relative density in dependency of the build plate position 
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Figure 7 Deviation from CAD geometry of gears in dependency of the 
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remaining gears. The gears from cluster 2 show the highest 
deviation in negative direction. All other gears show a lower 
deviation of the tip circle diameter. The presented data from the 
bore diameter deviation show a slight trend leading from -200 
to +100 μm deviation. Consequently, the 6-sigma intervals are 
comparably large e.g. with more than 1 mm for the tip circle 
diameter.  

Parallel to the measurements geometric measurements, the 
tensile samples form the first 12 build jobs were tested. Flat 
tensile specimens with a width of 2 mm were used as described 
in Section 1.1. The tests were conducted in the state after stress 
relief annealing which reduces the tensile strength by around 
20 % compared to the as-built state [6]. The resulting tensile 
strength in dependency to the build job number is presented in 
Figure 10. A mean value of 820 N/mm² is reached exceeding 
the reference of 620 N/mm² of 16MnCr5 from conventional 
manufacturing (solution annealed). Minimal recorded values 
still surpass this threshold. In a closer observation, certain 
clusters of 4 tensile specimens from one build job can be 
identified with very similar values often distinctively higher or 
lower (around 75 N/mm²) than previous builds. In total, the 
repeatability of the mechanical properties show that the 
reference values are reached under all conditions in a small 
scale production scenario. 

4. Discussion 

The dimensional accuracy of small parts shows a 
distribution on the build plate. In general, the opposite build 
plate side to the shielding gas flow and the edge areas of the 
build plate show higher deviations. During the process spatter 
occurs and is transported by the shielding gas flow. Insufficient 
shielding gas flow can lead to a spatter deposit on parts and in 
the powder bed. As the spatter particles are often lager than the 
powder particles the present local particle size distribution 
coarsens which can lead to an increase of the surface roughness 
[21]. The increased surface roughness then leads to an 
increased part size during the measurements. In combination 
with the comparably small specimen dimensions of 5x5x7 mm³ 

a high deviation and IT tolerance grades are calculated. With 
increased part size the effect of the increased surface roughness 
should be less dominant as seen when examining the deviations 
of the lightweight gears on the build plate. Here, no significant 
dependency on the part position can be seen. The occurring 
spatter formation and deposition on parts leads to issues during 
the solidification step as they cannot be molten as normal 
powder particles leading to material defects [15, 22]. With this 
in mind, the relative density distribution is mainly induced by 
spatter and highlights areas with insufficient shielding gas 
flow.  

In terms of repeatability two distinctions need to be made. 
The repeatability of the mechanical properties in a tensile test 
show high reproducibility with a mean value of 820 N/mm² 
exceeding the reference threshold of 620 N/mm². The 
appearing coupled aggregation of 4 values could be an effect 
of slightly different stress relief annealing processes which 
were carried out on the baseplate after the PBF-LB/M process. 
Varied holding or cooling times or deviation of the temperature 
prevent the complete stress relief annealing or change the 
microstructure [6]. The build plates were gathered in groups of 
one to four plates for the stress relief annealing during the trials. 
This results in the regular group wise distribution of the tensile 
specimens through slightly different temperatures and cooling 
times. Therefore, it can be seen that the effect of the heat 
treatment is higher than effects from the AM process itself. 

The reproducibility of the dimensional accuracy of the gears 
show a high deviation and no predictable pattern leading to 
high 6-sigma values. On the one hand, the distortion of the 
gears could lead to the conclusion that the stress relief 
annealing is not sufficient to mitigate the distortion. On the 
other hand, the deviation is not evenly distributed which could 
be influenced by the lightweight structure itself as it increases 
distortion which is also seen in conventional approaches for 
lightweight gears [23].Additionally, the used manual 
measurement with a caliper is operator dependent which has a 
part in the overall deviation. The decreased bore size leads to 
additional machining time during the bore grinding process. 
The decreased tip circle diameter requires a process adjustment 
during the flank grinding process. The low repeatability leads 
to increased set-up time during machining. In total, the high 
deviation and low repeatability lead to increased post-
processing costs for the PBF-LB/M gears.  

5. Summary and outlook 

This paper presents an investigation of the dimensional 
accuracy and mechanical properties in PBF-LB/M with regard 
to the build plate location and the repeatability in a small scale 
production scenario. Small parts show a significant 
dependency of the occurring deviation to the build plate 
location and reach ISO tolerance grades from 12 to 15. Large 
parts show no correlation to the location and ISO tolerances are 
in the range of 11 to 13. The tensile properties show a high 
repeatability compared to the dimensional accuracy. Some 
effects can be attributed to insufficient shielding gas flow. The 
overall process chain including the stress relief annealing 
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contributes to the repeatability of the mechanical properties but 
especially to the dimension accuracy due to part distortion. 

The result of this study can be applied in industry for a small 
scale production to plan the process chain, especially the 
required machining steps in regard to the achievable IT 
tolerance grades. As an outlook, further in depth studies of the 
gear distortion using 3D optical scanners should be conducted 
for more insights. Additionally, the load carrying capacities of 
gears manufactured by PBF-LB/M from 16MnCr5 should be 
studied to establish the technology in the industry.  
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