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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 

Laser metal deposition (LMD) as an additive manufacturing technique became increasingly important in recent years and thus the demand for 
component safety. This is the reason, for the need for reliable in-situ defect detection techniques. For laser beam weld seams an optical 
measurement technique based on an optical flow algorithm was successfully used to define the critical straining conditions that lead to hot 
cracking. This algorithm was adapted for bead-on-plate weld seams on LMD deposited layers of IN718 alloy while performing external strain on 
the specimen in an externally loaded hot cacking test facility. The resulting transversal hot cracks along the weld seam were localized via X-Ray 
inspection and the type of cracking confirmed by Scanning Electron Microscopy (SEM). The strain distribution was measured in the vicinity of 
the solidification front and correlated to the detected hot cracks. Based on the results this technique could be adopted for LMD experiments. 
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1. Introduction 

In recent years laser metal deposition (LMD) or rather 
direct energy deposition of metals by laser beam 
(DED/LB/M) as an additive manufacturing (AM) technique 
became increasingly important and with it the demand for an 
advanced process monitoring/control and component safety. 
Especially in high temperature applications for safety critical 
components defects like hot cracking can have disastrous 
consequences.  
Nickel-based superalloys, because of their good resistance 
against creep and an excellent tensile and fatigue strength at 
high temperatures, are often used for such high temperature 
applications [1, 2]. A known problem with those superalloys 
is their susceptibility to hot cracking in form of liquation 
cracks during cyclic thermal heating necessary for the layer 
wise building of the LMD process. One reason for the hot 

cracking is the so-called constitutional liquation, the 
existence of liquid material at temperatures below the solidus 
temperature [3].  
Nomenclature 
 
AM  Additive manufacturing 
BTR  Brittle temperature range 
CTW  Controlled tensile weldability 
DED/LB/M Direct energy deposition of metals by LB 
f  Defocussing in mm 
fCMOS  Framerate CMOS-camera in fps 
HAZ  Heat affected zone 
LB  Laser beam 
LMD  Laser metal deposition 
PS  Laser power in kW 
ROI  Region of interest 
vs  Welding speed in m∙min-1 
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For the DED/LB/M/IN718 coatings a five-axis Trumpf 
TruLaser Cell 3000 working station, equipped with a 16 kW 
Trumpf TruDisc 16002 Yb:YAG-disc laser with the wave 
length of 1030 nm was used. The powder was deposited with 
a Medicoat Flowmotion Twin powder feeder. The powder 
feeding rate was 15 g∙min-1. The experimental setup is shown 
in Fig. 2. 

The working distance of the coaxial six-jet nozzle was 
25 mm with a powder spot diameter of approx. 2.8 mm. The 
coating parameters were a laser spot diameter of 2.8 mm, a 
welding velocity of 4.0 m∙min-1 and a laser power of 2.0 kW. 
The coated area of 50 mm x 35 mm consisted of two layers 
with 26 overlapping tracks with a track width of approx. 
2.8 mm and a stepover of 1.4 mm.   
Fig. 3 shows the experimental setup for the CTW-Test of the 
coated specimen. It was conducted in a CTW-test facility 
equipped with the same Trumpf TruDisc 16002 Yb:YAG-
disc laser used for the LMD coating. The testing machine 
clamps the specimen hydraulically with one moving and one 
unmoving clamp and allows for a maximum tensile load of 
200 kN.  

The process was recorded by means of a S-CMOS-camera 
installed parallel to the optical axis of the laser optical head. 
The camera has a maximum resolution of 2560 pixel x 
2160 pixels with a maximum framerate of 200 frames per 
second. The specimen´s surface was illuminated with a Dilas 
diode laser with a maximum laser power of 100 W and a 
wavelength of 808 nm. The illumination laser as well as the 
CMOS-camera were moved along with the laser head. 
shielding gas for the coating as well as the CTW-test was 
argon. 

The weld seam had a length of 60 mm and the specimen 
was elongated by 12 mm with a velocity of 160 mm∙min-1 
which corresponds to a global strain of 20 %, which was 
chosen to ensure hot cracking.   
The used parameters are listed in Table 2. 

3. Results and discussion 

The outer appearance of the deposition layer on the plates 
does not perform any obvious oxidation and looks 
homogenous. For a better orientation the surface was marked 
with laser weld spots in a distance of 3 mm to each other, 
previous to the CTW-test. Those marks are shown in 
Fig. 4 (a) below the weld seam.  

The optical as well as the X-ray analysis (Fig. 4 (b)) of the 
coated area showed multiple cracks along the weld seam. 
The SEM (Fig. 5) analysis confirmed them to be liquation 
cracks. They arise in the HAZ and migrate into the weld seam 
due to the external strain being applied to the specimen.  

The SEM image shows the liquation crack with the typical 
appearance of a smooth surface with dendrites tips revealed. 

The analysis of the recorded video sequence of the 
CMOS-camera showed difficult optical conditions. 
Although several cracks were visible on the specimens 
surface their development was not directly detectable in the 
video.  

Parameter value 

Welding speed vs in m∙min-1: 0.8 

Laser power Ps in kW: 1.0 

Defocussing f in mm: 57 

Framerate fCMOS in fps: 400 

Resolution in pixel 460 x 240 

Fig. 3. Experimental setup for CTW-testing of LMD coated specimen 

Table 2. Experimental parameters 

 
Parameter value 

Welding speed vs in m∙min-1: 0.8 

Laser power Ps in kW: 1.0 

Defocussing f in mm: 57 

Framerate fPCO in fps: 400 

Resolution in pixel 460 x 240 

Table. 2 Experimental parameters 

Fig. 4. (a) Photograph of LMD-coating after being subjected to CTW-test; 
(b) X-Ray image of the LMD-coated specimen after CTW-test (SEM-
position marked with a cross)  

Fig. 5. SEM-picture of hot crack  
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Due to the high heating rate typical for laser beam 
welding, the phases in the heat affected zone (HAZ) are not 
completely dissolved resulting in grains surrounded by liquid 
films. When straining, typical during cooling, occurs those 
liquid films at the grain boundaries rupture. Due to the not 
liquified grains surrounding those cracks no molten material 
is provided, to fill those cavities. Typically, those liquation 
cracks are in the HAZ of the weld seam [4]. For the LMD 
process this means the prior layer. But this is not the only 
reasons for hot cracking, as it is always an interaction 
between the welding parameters, the metallurgy, and the 
straining conditions [5]. Pellini [6] reported hot cracking 
being a strain-controlled phenomenon, that occurs when the 
liquid films between the dendrites cannot withstand the 
accumulated straining, evoked by temperature gradients, 
exceeding a critical value. Whereas Prokhorov [7, 8] defines 
in his strain-based thermo-mechanical model a brittle 
temperature range (BTR), in which hot cracking occurs, 
when a critical strain is surpassed. The BTR is defined by 
solidus (TS) and liquidus (TL) temperature as well as the 
critical strain and the critical strain rate. Fig. 1 shows the BTR 
according to Prokhorov schematically [8, 9].   

The determination of the actual straining conditions was and 
is object of many studies. But since LMD as well as laser 
beam (LB) welding are high temperature processes the 
process observation is challenging, due to e.g., laser 
reflections, emissions of secondary irradiation (hot metal, 
vapor and plasma) and spattering. One method is the 
measurement by means of In-Situ Observation (MISO)-
technique developed by Matsuda et al. [10-12] With the help 
of a high-speed camera the formation of hot cracks is 
recorded, but due to smoke and smearing an exact 
observation is difficult. Bakir et al. [13] approached the weld 
pool up to a distance of 2 mm with digital image correlation 
(DIC), where a random splatter pattern is applied on the 
surface of the specimen, which can be detected in a deformed 
condition. In later studies the authors used the optical flow 
technique based on the Lucas-Kanade algorithm [14, 15]. To 
determine the critical straining necessary for hot cracking 
specimens are fixed in a controlled tensile weldability (CTW) 
test-facility and strained during bead-on plate partial or full 
penetration welding. With this setup Bakir et al. were able to 
detect critical strain as well as strain rate leading to 
solidification cracks in austenitic stainless steel 316L [15]. 
The same setup should be used for this study to investigate 

the straining conditions leading to liquation cracks in LMD 
coatings.  

2. Experimental setup 

The base material for the CTW-test specimen was an AISI 
S304L austenitic stainless steel with the dimensions of 
80 mm x 460 mm x 4 mm. The specimens have a reduced 
section in the middle following the form of flat tensile test 
specimen. This reduced section had a width of 50 mm and a 
length between the shoulders of 60 mm. The length of the 
grip section was 200 mm. The specimen is visible in Fig. 2. 
As coating material an Inconel 718 (IN718) nickel-based 
superalloy powder was used. It had a particle size of 45 µm - 
90 µm. This material combination was chosen, because of 
the good distinguishability of both phases in microsections 
and the hot cracking susceptibility of the additive 
manufactured coating.   
 
Table 1. Chemical composition (wt.-%) of the materials 

 
 For both materials the chemical composition according to 
the manufacturer’s specifications for the IN718 and DIN 
EN10088-3 [16] for the austenitic stainless steel is shown in 
Table 1.  

Elements  AISI304L (wt.-%) IN718 (wt.-%) 

Al - 0.46 

C 0.03 0.05 

Co - 0.06 

Si 1.00 0.04 

Mn 2.00 0.07 

P 0.045 0.011 

S 0.03 0.002 

Cr 18.00 - 20.00 19.04 

Mo - 3.08 

Ni 10.00 - 12.00 Bal. 

Nb - 5.16 

Ti - 0.80 

Fe Bal. 19.02 
Fig. 1. Schematic illustration of the BTR during solidification [8, 9] 

Fig. 2. Experimental setup for the coating by LMD 
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The region of interest (ROI) was chosen directly behind 
the weld pool and analyzed by means of mean strain in 
welding direction. Its size was chosen 125 Pixels x 
170 Pixels. Here the laser weld spots were used for 
orientation.  

 
The highest strains were visible at the margins of the weld 

line (marked positions in Fig. 6) immigrating into the weld 
seam, as is typical for liquation cracks and described in [3]. 
The analysis shows an increased mean strain in the areas of 
detected cracks, but since a lot of small cracks are visible in 
the X-ray image in Fig. 7 the strains are not always easily 
associated with a certain crack. 

Fig. 7 also depicts the diagram correlating the mean strain 
to the X-ray analysis. It is visible that the graph shows 
irregularities. Those hint to the formation of hot cracks, since 
the global straining was applied before the start of the CTW-
test. Consequently, the mean strain should remain stable 
without major irregularities. For the hot cracks between 
marker point 10 and 11 and 15 and 16 the peaks in the graph 
show the typical form of a steep ascent of the mean strain 
until reaching a critical value resulting in the crack opening 
and falling afterwards, as shown by Bakir et al. [15]. In case 
of the hot crack between marker point eight and nine, this 
peak is not visible.  

Those results might be explained for one by liquation cracks 
being far smaller than solidifications cracks and thus harder 
to detect. The X-Ray analysis shows multiple hot cacks, 
some of them even visible on the surface of the specimen, 
but it is probable that those started as small cracks, 
represented by the increased strain in the ROI of the recorded 
video sequence and were opened by the high global strain 
rate. For a direct detection of the crack opening on the one 
hand, the resolution of the camera might not be high enough 
or on the other hand, the range of the video section might not 
cover enough of the weld seam behind the weld pool. Since 

a higher resolution with a wider field of view at the same 
time prelude each other, further experiments towards the 
determination of the exact moment of crack initiation must 
be conducted. 
A second explanation for the results might be the location of 
the ROI for the mean strain analysis. Since liquation cracks 
start at the margin of the weld line the mean strain of the 
chosen ROI includes lots of noise, not necessary for the 
determination of the critical strain. For further analysis a 
relocation of the ROI as well as the used for the analysis must 
be improved.  

4. Conclusions 

A novel approach towards hot cracking detection for the 
LMD process was investigated. This approach was already 
successfully applied on laser beam weld seams for the 
detection of solidification cracks. In this preliminary study 
the aim was the detection of liquation cracks. For this LMD 
coated flat specimen were produced and subjected to bead-
on laser beam welds in a CTW-test facility under 20 % global 
strain. 

The welding process was observed with a CMOS camera 
and subsequently the straining conditions analyzed by means 
of optical flow algorithm. The results of this preliminary 
study show, that the exact moment of crack initiation was not 
yet recorded, but that a general detection of the mean strains 
was possible. The existing analyzing technique needs further 
improvement but has considerable potential.  
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