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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 

Directed energy deposition additive manufactured parts have steep stress gradients and an anisotropic microstructure caused by the rapid 
thermo-cycles and the layer-upon-layer manufacturing, hence heat treatment can be used to reduce the residual stresses and to restore the 
microstructure. The numerical simulation is a suitable tool to determine the parameters of the heat treatment process and to reduce the 
necessary application efforts. The heat treatment simulation calculates the distortion and residual stresses during the process. Validation 
experiments are necessary to verify the simulation results. This paper presents a 3D coupled thermo-mechanical model of the heat treatment of 
additive components. A distortion-based validation is conducted to verify the simulation results, using a C-ring shaped specimen geometry. 
Therefore, the C-ring samples were 3D scanned using a structured light 3D scanner to compare the distortion of the samples with different post-
processing histories. 
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1. Introduction  

Parts manufactured by directed energy deposition (DED) 
additive manufacturing (AM) require specific post-processing 
depending on their application. They are exposed to rapid 
localized heating during the welding and rapid cooling during 
the solidification, hence steep residual stress gradients appear 
in the part. The layer-upon-layer manufacturing causes 
anisotropic mechanical and structural properties. Heat 
treatment can be used to reduce the residual stress level of the 
AM part through plastic deformation [1] and to minimize the 
anisotropy of the microstructure through recrystallization [2]. 
After the heat treatment, electrical discharge machining (EDM) 
can be used to remove the built part from the substrate. The 
numerical simulation is a powerful method to reproduce these 

process steps to avoid expensive experiments by conducting 
digital tests to determine suitable process parameters. 

 
Nomenclature 

AM additive manufacturing  
DED directed energy deposition 
OD  outside diameter 
ID  inside diameter 
GW  gap width 

 
The DED AM and the heat treatment are both characterized 

as complex metallo-thermo-mechanical processes where the 
thermal state, the microstructure and the mechanical state 
influence each other. The structural FEM welding simulation is 
capable of simulating such processes. 
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FEM welding models predict the temperature distribution, 
the residual stress and the distortion. The latter was chosen to 
validate the simulated process steps because it can be measured 
easily with a 3D scanning system before and after each process 
step. To simplify the comparison between the simulated 
distortion and the measurements, a suitable specimen geometry 
is required.  

 
In the field of DED AM, thin-walled samples are used to 

validate simulations [3, 4], whereas, in the field of heat 
treatment, C-rings are common specimens. They have three 
metrics to evaluate the deformation: the outside diameter (OD), 
the inside diameter (ID) and the gap width (GW) [5], as 
displayed in Fig. 1 (c). Those dimensions can be measured 
using a coordinate measuring machine or a 3D scanning 
system. Hardin and Beckermann [6] used C-rings as specimen 
to compare their heat treatment simulation results with 
measured distortions. This work will mainly focus on the heat 
treatment simulation, therefore a DED AM adapted C-ring will 
be used as a specimen geometry.  

2. Materials and Methods 

A total of six specimens were built by DED AM using the 
austenitic stainless steel AISI 316L as powder feedstock 
(Metco 41C) from Oerlikon with a grain size of 45 µm - 90 µm. 
The manufacturing was conducted on a “Trumpf TruLaser Cell 
7020” equipped with a 2 kW disc laser and a “Trumpf” coaxial 
powder nozzle. The laser power was set to 600 W, the laser spot 
diameter was set to 0.6 mm and the forward speed was set to 
600 mm/min. Between each layer, the process was paused for 
30 s for cooling. 12 Layers were built with a layer height of 
0.65 mm, a track width of 1.2 mm and an overlap of 30%. The 
parameters are summarized in Table 1. To promote an isotropic 
infill structure, two zigzag path strategies with different 
inclination angles were used alternately during the buildup. An 
as-built C-ring is depicted in Fig. 1 (a) and a sample after EDM 
is shown in Fig. 1 (b). 

Table 1. Parameters of the DED AM process 

Parameters  

laser power in W 600 

laser spot diameter in mm 0.6 

forward speed in mm/min 600 

track width in mm 1.2 

overlap in % 30 

layer height in mm 0.65 

number of layers 12 

pause in s 30 

 
 
Fig. 1 (c) shows a schematic of the C-rings of this work and 

its characteristic dimensions.  

 

Fig. 1. (a) an as-built C-ring after 3D scanning. The dark spots are markers 
which were used to fit the different pictures of the 3D scanner to a 3D model; 
(b) a C-ring after the removal from the substrate via EDM; (c) a schematic of 

the C-ring and its dimensions (OD=50.9 mm, ID=31. Mm, GW = 9.3). 

Table 2 shows the post-processing steps which were 
conducted after the buildup of the C-rings. The as-built samples 
were only removed from their substrates directly after the 
buildup, this was meant to quantify the distortion which are 
caused by EDM of an as-built sample without prior heat 
treatment. Cross-sections from an as-built C-ring and a 
preheated one were made to investigate the effects of the heat 
treatment on the microstructure. 

Table 2. Post-processing history of the C-ring samples 

C-ring quantity post process no.1 post process no.2 

as-built 2 EDM - 

preheated 4 Heat treatment EDM 

 
The four preheated C-rings were heat-treated under an argon 

atmosphere using a Nabertherm LH60/13 industrial furnace at 
a holding temperature of 1050°C. The furnace Chamber was 
heated from room temperature to the holding temperature 
within 210 min and held for 140 min. Subsequently, the furnace 
was shut down and the specimens were kept in the furnace until 
they cooled down to room temperature within 500 min. The 
holding time and temperature of the heat treatment were 
determined in accordance with the assumptions and 
recommendations of the “ASM metals reference book” [7]. 
 

A structured light 3D scanner “GOM ATOS TripleScan” 
with a measuring volume of 100 mm x 75 mm x 70 mm, a 
measuring point distance of 30.6 µm and an accuracy of 2 µm 
to 5 µm was used to investigate the distortion after each process 
step. Then the dimensional changes of the specimens were 
determined using the software Tool “GOM Inspect” through 
measuring the OD, the ID and the GW at different scanned 
states to provide a validation dataset for the simulation. 
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The simulation model was discretized with 26,228 elements 
of hexahedral and pentahedral shape with a characteristic 
element length of nearly 0.7 mm. Fig. 2 shows the full finite 
element model during the DED AM simulation at three 
different stages. 

 

Fig. 2. DED AM simulation during the buildup; (a) simulation is building the 
first layer; (b) simulation is building the 8th layer; (c) simulated as-built C-

ring. 

The simulation of the buildup via DED is based on the 
papers from Biegler et al. [4, 8, 9]. They introduced a 3D 
coupled thermo-mechanical structural welding simulation 
model with a moving heat source that activates the elements of 
the deposition gradually. These elements represent the 
deposited powder feedstock, they are already in their final 
position before the simulation is started, but their material 
properties are scaled down with a factor of 10-5 by default. This 
factor is suspended when the moving heat source activates the 
elements by heating them above the melting temperature. 
Besides, the weld pool was considered as a low stiffness solid 
without any flow dynamics, the vaporization of alloying 
elements was neglected and the change in microstructure due 
to multiple heating cycles as well as the influence of 
mechanical deformations on the temperature field was 
neglected.  

 
The AISI 316L powder feedstock remains austenitic at all 

temperatures, therefore phase transformations were not 
considered. The temperature-dependent material properties of 
standard AISI 316L were taken from [10] and applied to the 
simulation model. The density was fixed to 8000 kg/m3, the 
Poisson’s ratio was set to 0.3, the enthalpy of melting was 
assumed as 256.4 J/g and an isotropic work hardening model 
with von Mises yield criterion was applied. 

 
The heat treatment simulation was also done with the same 

thermo-mechanical coupled model as it was used in the 
simulation of the DED process with some differences. Flow 
dynamics in the furnace chamber and the contact heat transfer 
were neglected. Only the convective and radiative heat transfer 
was considered. A heat transfer coefficient to the furnace 
chamber was set for each process step of the heat treatment 
(during heating and holding: 35 W/ (m2 K); during cooling: 2.3 
W/ (m2 K)). Fig. 3 shows the time-temperature cycles of the 
simulation and the conducted heat treatment. The measured 

temperature was obtained from thermocouples of the furnace 
chamber during the heat treatment process and it was assumed 
that the temperature of the furnace is approximately similar to 
the temperature of the samples. The temperature of the 
simulation was obtained from the marked reference point as 
labeled in Figure 3. It can be seen that the measured 
temperature curve during the heating and the holding stage is 
well represented by the simulation. The cooling of the 
simulation is slightly slower than the experiment. Nevertheless, 
both have approximately the same cooling time. 

  

 

Fig. 3. Simulated and experimental time-temperature cycle of the heat 
treatment process. 

Fig. 4 shows the heat treatment simulation during the 
heating, the holding and after the cooling. The DED AM 
simulation results, consisting of a 3D mesh, the temperature 
history and the residual stress distribution, were used as a 
starting point in the heat treatment simulation. 

 
 

 

Fig. 4. Heat treatment simulation: (a) during the heating stage; (b) during the 
holding stage; (c) after the cooling. 

During the heat treatment, the parts are held at an elevated 
temperature for a certain time and the residual stresses are 
transformed into plastic deformation, therefore it is necessary 
to consider creep, which commonly occurs at temperatures 
above 40% of the material melting temperature in Kelvin under 
a certain load (here the residual stresses). To simulate the heat 
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treatment process with the prescribed models of the DED AM 
process, it was necessary to expand the material model and to 
include a creep model. The creep power-law is a suitable 
constitutive equation to model the creep of austenitic stainless 
steel [11,12] and it is commonly used to simulate the heat 
treatment process. The creep power-law can be written as:  

 
𝜖𝜖𝜖𝜖 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛     (1) 
 
Where A is a constant related to the microstructure of the 

material, n is the exponent of stress and the applied stress is 
denoted as σ. To minimize the experimental complexity, it will 
be assumed that the creep behavior of additive manufactured 
AISI 316L is similar to conventional machined material. 
Therefore, the power-law parameters from the literature will be 
applied for the simulation of the current work. The creep 
parameters A and n were calculated using a linear regression 
model from creep parameter data obtained by [11] ( 𝐴𝐴𝐴𝐴 =
1.33 𝑥𝑥𝑥𝑥 10−1 and 𝑛𝑛𝑛𝑛 = 4.84). 

 
The process of EDM is represented by deactivating the 

elements at the level of the EDM cutting path while the 
simulation calculates a new mechanical equilibrium 
considering the changed mechanical conditions to simulate the 
stress relaxation and the distortion after the removal of the 
substrate. This method was already used by [3] and by [4]  to 
simulate the removal of a DED part from a substrate. 

3. Results and Discussion 

To investigate the distortion of the C-rings, the differences 
between the C-ring dimensions (OD, ID and GW) at different 
scanned states were calculated as follows: 

 
Δ𝐷𝐷𝐷𝐷 = 𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚−1 − 𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚    (2) 
 
Where D stands for OD, ID or GW of the C-ring and m 

represents the last post-processing step. For example, the 
characteristic dimensions which were measured after post-
process no. 2 (m=2) are subtracted from the characteristic 
dimensions which were measured after post-process no. 1 
(m=1) and the dimensional change is denoted to ∆D. 

Fig. 5 shows the dimensional changes of the OD, the ID and 
the GW of the samples with different post-processing histories 
extracted from the experiments and from the simulation. The 
as-built samples were removed from their substrates directly 
after the buildup, whereas the preheated C-rings were heat-
treated before the EDM. The first row of Fig. 5 shows the 
dimensional changes and the second row shows the absolute 
values of the deviations, to compare the absolute distortion 
between the samples with different post-processing histories. 
From the experimental data in the first row it can be seen, that 
the OD, the ID and the GW of the as-built C-rings increased 
after the EDM, hence the samples have widened. The 
dimensions of the preheated samples decreased, hence the 
preheated C-rings have contracted. Considering the absolute 
values of the dimensional changes of the samples, which are 
plotted in the second row of Fig. 5, it can be seen that the 
removal of an as-built C-ring from the substrate evokes the 

largest deformations in OD, ID and GW. This is mainly caused 
by the relaxation of the steep residual stress gradients which are 
induced during the rapid thermo cycles of the DED process. 
The dimensional changes after the removal of the preheated C-
rings from the substrate are in general smaller than the prior 
described ones, which is plausible, because of the stress-
relieving effects of the heat treatment. 

 

Fig. 5. Comparison of the simulated and measured dimensional changes of 
the C-rings. The first row shows the real dimensional changes, calculated in 
accordance to Equation 2. The second row shows the absolute dimensional 

changes. 

The simulation overrated the distortion of the as-built C-
rings after the EDM, because the residual stress level of the as-
built part was overestimated by the DED AM simulation, 
therefore it would have been necessary to measure the residual 
stresses after the buildup to ensure a quantitative validation of 
the simulation model. 
The disagreement between the dimensional changes of the 
preheated simulation and the measurements can be related to 
the made simplifications, e.g. the model assumed a 
homogeneous heat distribution in the whole part during the heat 
treatment process, as can be seen in Fig. 4, neglecting that the 
temperature history on the surface of the part can differ from 
the temperature history inside the part, which can have an 
influence on the resulting residual stress distribution.  
Further, the Simulation model only considered the stress 
relaxation through creep. Therefore, creep can be assumed as a 
major driver of the simulation in this paper, hence the creep 
parameters, from Equation 1, have a significant influence on 
the stress relaxation during the heat treatment. Therefore, it can 
be assumed, that the application of creep parameters obtained 
from standard material instead of additive manufactured 
material cannot represent the processes in the microstructure of 
an AM part during the heat treatment. Fig. 6 shows close-ups 
of the made cross-sections from an as-built sample and a heat-
treated one. It can be seen that the heat treatment dissolved the 
weld bead boundaries and certain grain growth occurred, 
similar observations were made by Montero-Sistiaga et al. [1]. 
Hence, it is necessary to obtain creep parameters from additive 
manufactured AISI 316L in order to represent the prescribed 
microstructural processes during the stress relaxation to 
enhance the predictive capabilities of the simulation model. 
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Fig. 6. close-ups of the made cross-sections; (a) Cross section of an as built 
sample; (b) Cross-sections of a heat-treated sample. 

 

4. Conclusion 

In summary, the simulation was able to predict the 
experiments qualitatively and to reproduce the observations 
from the experiment. The model was able to calculate the 
widening of the as-built C-rings after EDM as well as the 
contracting of the preheated C-rings after their removal from 
the substrates. The model was able to represent the significant 
distortions which were evoked by removing the as-built 
samples from the substrate via EDM, due to the pre-stressed 
state of the sample and the model showed that the heat 
treatment prior the removal of the substrate via EDM reduces 
the distortion through the stress-relieving effects of the heat 
treatment.  
It was showed that the distortion-based validation approach can 
validate a simulation, consisting of DED AM buildup, heat 
treatment and EDM, qualitatively. A further quantitative 
enhancement of the predictive capabilities of the simulation 
model can be achieved through a validation of the residual 
stresses and trough the application of creep parameters 
obtained from AM material. 
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