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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 

Solidification cracking is still a serious problem in laser beam welding, especially in the welding of thick-walled plates. The influence of weld 
pool geometry on solidification cracking in partial penetration welding of thick plates is investigated within scope of this study. Therefore, a 
specific experimental setup of steel and quartz glass in butt configuration and on the side with high-speed camera were used to record the weld 
pool shape. In addition, the influence of laser inclination angle on the weld pool geometry and on solidification crack formation was 
investigated. The results show a bulge in the weld pool root, which is separated from an upper region by a necking region. This leads to a case 
where there are three different longitudinal region lengths with different solidification zones. This temporal sequence of solidification strongly 
promotes the formation of solidification cracks in the weld root. 
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1. Introduction 

Recently, a wide range of criteria for hot cracking have been 
developed and described according to the literature [1]. Since 
the problem of hot cracking is very complex and depends on the 
interaction of a wide variety of factors, these criteria often build 
on each other or are quite similar in their approach. One of the 
earliest strain-based criteria is Pellini's "strain theory of hot 
tearing" [2]. This means that, the metallurgy of the material 
decides whether a material is susceptible to hot cracking, but 
the actual occurrence depends on mechanical factors. As soon 
as a critical strain is exceeded, cracking occurs. This can happen 
if the liquid film during solidification persists longer than usual. 
Sulphur, for example, can cause this effect. In this way, strain 
rates have longer time to cause a crack. The theory of the 
technological strength of metals during the crystallisation 
process was developed by Prokhorov [3]. He combined the 

deformation capacity of the solidifying metal with 
thermomechanical influences during welding. Hot cracks will 
occur if the strain during solidification exceeds the deformation 
capacity. Apblett et al. [4], hypothesize that solidification 
cracking occurs due to a critical strain at a temperature slightly 
above the solidus temperature. A thin film of liquid is present 
between the dendrite structures, which leads to the formation of 
hot cracks if the highly localized strains in the liquid films 
exceed their critical limits. This liquid film contains impurities, 
low melting eutectic as well as iron sulfide (FeS), which has a 
solidus temperature of 988 °C, [5]. The ROF-ROS model is 
probably one of the most famous models among the hypotheses 
based on balance equations. In this model, Feurer deals with the 
relationship between the rate of feeding (ROF) and the rate of 
shrinkage (ROS) [6]. During solidification, gaps are to be filled 
by the subsequent flow of residual melt. This is the case as long 
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1. Introduction 

Recently, a wide range of criteria for hot cracking have been 
developed and described according to the literature [1]. Since 
the problem of hot cracking is very complex and depends on the 
interaction of a wide variety of factors, these criteria often build 
on each other or are quite similar in their approach. One of the 
earliest strain-based criteria is Pellini's "strain theory of hot 
tearing" [2]. This means that, the metallurgy of the material 
decides whether a material is susceptible to hot cracking, but 
the actual occurrence depends on mechanical factors. As soon 
as a critical strain is exceeded, cracking occurs. This can happen 
if the liquid film during solidification persists longer than usual. 
Sulphur, for example, can cause this effect. In this way, strain 
rates have longer time to cause a crack. The theory of the 
technological strength of metals during the crystallisation 
process was developed by Prokhorov [3]. He combined the 

deformation capacity of the solidifying metal with 
thermomechanical influences during welding. Hot cracks will 
occur if the strain during solidification exceeds the deformation 
capacity. Apblett et al. [4], hypothesize that solidification 
cracking occurs due to a critical strain at a temperature slightly 
above the solidus temperature. A thin film of liquid is present 
between the dendrite structures, which leads to the formation of 
hot cracks if the highly localized strains in the liquid films 
exceed their critical limits. This liquid film contains impurities, 
low melting eutectic as well as iron sulfide (FeS), which has a 
solidus temperature of 988 °C, [5]. The ROF-ROS model is 
probably one of the most famous models among the hypotheses 
based on balance equations. In this model, Feurer deals with the 
relationship between the rate of feeding (ROF) and the rate of 
shrinkage (ROS) [6]. During solidification, gaps are to be filled 
by the subsequent flow of residual melt. This is the case as long 
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the displacements in the melt-glass interface were estimated
and then the velocities calculated with the optical flow 
algorithm according to the Lucas-Kanade method. Fig. 3 shows 
the velocity vectors for a sequence of LBW specimens. These 
analyses allow the flow directions and their velocities to be 
clearly identified. Furthermore, the shape of the melt pool can 
be estimated as a virtual transition boundary between non-zero 
and near-zero velocities. 

The region near the melt pool surface takes a teardrop shape. 
A bulge area and its evolution over time were observed
approximately in the weld root. The melt was driven in two 
main flows from the front to the back of the keyhole, ensuring 
mass conservation. The first circulation occurs in the upper half 
of the melt pool depth and is mainly driven by the recoil 
pressure and the Marangoni stress effect at the melt surface. 
The second circulation takes place in the lower half of the melt 
pool. The liquid metal flows downwards from the front wall of 
the keyhole and then backwards and upwards along the liquid-
solid interface, creating a circular flow at the bottom of the melt 
pool. The two circuits then join in the middle of the depth of 
the melt pool, forming a narrow region that separates them. The 
fluid in the narrow region, which comes together from the 
upper and lower sections of the melt pool, is driven back to the 
vicinity of the keyhole by the two mentioned vortices.

Fig. 3. Velocity vectors estimated using optical flow algorithm.

Moreover, the backflows of the melt transport the cooled 
material into the middle region of the melt pool, thus further 
reducing the temperature in this region and forming a necking. 
The strong melt circulation in the keyhole root leads to the 
elongation of the melt pool in the longitudinal direction and 
thus to the formation of the bulge-region.

The issue is how this bulging can promote solidification 
cracking. The problem in this case is that the molten pool does 
not solidify continuously from the root to the surface, but in 
three steps.  To illustrate this, three consecutive solidification 
times are taken in Fig. 4. and the corresponding cross-sections 
are shown schematically on the on the right. At moment T1, 
immediately after the keyhole, the weld pool is completely 
formed.
This corresponds to what can be seen when a cross-section is
taken in a joint. At time T2, solidification has already begun. 
Here it can be recognised that the solidification in the necking 
region is much faster because this region is much shorter. At 
time T3, the area of the necking has completely solidified and 
splits the melt pool into two parts, which later solidify 
separately.

Fig. 4. Schematic representation of the molten pool (in cross-section) at three 
consecutive intervals during solidification

On the one hand, there is a trapped and melt-filled region 
that is under tensile stress in the opposite direction of dendrite 
growth at the end of solidification, as schematically shown in 
Fig. 5. These tensile stresses occurring in the bulge region 
could be the result of the restraint condition of the welded parts
or the shrinkage of the relatively cold material around the weld 
root. On the other hand, this bulge leads to the accumulation of 
impurities in the final phase of solidification and forms low-
melting phases such as (FeS), which also contribute to 
solidification cracking.

Fig. 5. Schematic diagram explaining how bulging assists in solidification 
cracking.

Fig. 6 shows the comparison of the melt pool geometry 
between the three inclination angles +-15° and the reference 
case 0°. Based on the high-speed recordings, it can be observed 
that the geometry of the melt pool in the case of the -15° 
inclination angle includes the three regions found in the 
reference case. The bulge, the necking region and the elongated 
region at the surface. In addition, the bulge region appears to 
be longer than in the reference case, which should also increase 
the risk of cracking. In contrast, in the +15° case, the melt pool 
takes on a different shape and looks like a triangle. In this case, 
it appears that the bulge and the necking are no longer visible. 
This should have a positive effect on reducing solidification 
cracking.

Fig. 6. Comparison of the melt pool geometry with the three investigated 
laser inclination angles.
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as ROF is greater than or equal to ROS. However, if ROS 
becomes larger than ROF, hot cracks can occur.

The phenomenon occurring in the weld pool have been 
identified as potentially promoting the formation of defects 
during the solidification phase, e.g. hot cracking. Shida et al [7]
found a correlation between weld pool geometry and 
solidification cracking as they investigated the effects of 
welding parameters in electron beam welding (EBW) on weld 
quality. However, they observed a small cavity in the rear part 
of the weld pool caused by the variation of the focus position 
during electron beam welding. The observed cavity has a 
significant influence on the formation of solidification cracks. 
In addition, it has been shown in electron beam welding that a 
bulge in the molten pool in the middle part leads to a local delay 
of the solidification behaviour and thus increases the 
susceptibility to cracking in this region [7]. Gebhardt et al [8]
observed a similar phenomenon during laser beam welding of 
thick components. They called it bulging in the weld seam. In 
their numerical models, a significant influence of the studied 
bulging of the temperature field is attributed to the mechanical 
stress distribution, which then contributes to the formation of 
hot cracks during solidification in the mushy zone. Barbetta et 
al [9] confirmed a close correlation between the bulge in the 
weld and the occurrence of solidification cracks, as the 
solidification crack was always associated with a bulge and thus 
a change in the temperature distribution. Bakir et al [10] and 
Artinov et al [11] showed that the bulging effect amplifies the 
three most important factors that determine the susceptibility of 
the component to initiate cracking, namely the thermal cycle, 
the time-related mechanical stress and the local microstructure. 
This effect represents a geometric feature of the molten pool 
shape and plays a critical role in the formation of defects such 
as solidification cracks. Monitoring the dynamics of the 
keyhole and the molten pool during welding is a challenging 
task. For this purpose, the keyhole or the melt could be observed 
in-situ using X-ray images of the melt pool [12, 13]. An 
observation technique based on recording the keyhole and the 
melt pool through a quartz glass plate has become widespread 
in recent years and is relatively close to reality. This 
experimental setup has already been used by Li et al [14] to 
investigate the plasma and keyhole behaviour in high power 
deep penetration welding of stainless steel with fibre laser. 
Zhang et al [15] also successfully used the butt configuration of 
fused silica and zinc to investigate their behaviour during laser 
beam welding.

The purpose of this study is to investigate the influence of 
weld pool geometry on crack formation during laser beam 
partial penetration welding. Moreover, the laser inclination 
angle and its impact on the weld pool and thus on crack 
formation was studied. The present study is a completion of the 
last investigation on weld pool geometry in high power laser 
beam welding in partial penetration welding [16].

2. Experimental setup

Welding experiments were carried out in butt joint 
configuration of 25 mm thick mild steel sheet (S355J2) and 
5 mm thick quartz glass. The emission wavelength and beam 
parameter product were 1070 nm and 11 mm x mrad, 

respectively. Laser beam was transferred through an optical 
fibre with a core diameter of 200 µm. A BIMO HP laser 
processing head was chosen, offering a magnification of 2.8, so 
that the laser beam could be focused on a spot with a diameter 
of 560 µm. Side views of the weld pool were recorded using a 
Fastcam 1024PCI high-speed camera and an 808 nm 
interference band-pass filter with a bandwidth of 20 nm. The 
experimental setup is shown in Fig. 1.

Fig. 1. Experimental setup for LBW in steel-glass configuration

The frame rate as well as the image size were 2000 fps and 
1200 pixels to 1200 pixels, respectively. The steel-glass tests 
were carried out with a laser power of 12 kW and a welding 
speed of 1 m min-1.

Fig. 2. Schematic representation of the investigated laser inclination angles.

To investigate the influence of the laser inclination angle on
the weld pool geometry, two other inclination angles were 
considered in addition to the perpendicular to the specimen 
surface.  Fig. 2 shows the investigated inclination angles 0° the 
case where the laser beam is perpendicular to the specimen 
surface and 15° in both the clockwise and counterclockwise 
directions. Further experiments on steel in the butt joint 
configuration were also carried out with the different 
inclination angles. The same welding parameters were also 
used for these experiments.

3. Results and discussion

The observations obtained using the high-speed camera 
show that the dimensions of the weld pool depend on the 
penetration depth. For the evaluation of the high-speed images, 
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the displacements in the melt-glass interface were estimated
and then the velocities calculated with the optical flow 
algorithm according to the Lucas-Kanade method. Fig. 3 shows 
the velocity vectors for a sequence of LBW specimens. These 
analyses allow the flow directions and their velocities to be 
clearly identified. Furthermore, the shape of the melt pool can 
be estimated as a virtual transition boundary between non-zero 
and near-zero velocities. 

The region near the melt pool surface takes a teardrop shape. 
A bulge area and its evolution over time were observed
approximately in the weld root. The melt was driven in two 
main flows from the front to the back of the keyhole, ensuring 
mass conservation. The first circulation occurs in the upper half 
of the melt pool depth and is mainly driven by the recoil 
pressure and the Marangoni stress effect at the melt surface. 
The second circulation takes place in the lower half of the melt 
pool. The liquid metal flows downwards from the front wall of 
the keyhole and then backwards and upwards along the liquid-
solid interface, creating a circular flow at the bottom of the melt 
pool. The two circuits then join in the middle of the depth of 
the melt pool, forming a narrow region that separates them. The 
fluid in the narrow region, which comes together from the 
upper and lower sections of the melt pool, is driven back to the 
vicinity of the keyhole by the two mentioned vortices.

Fig. 3. Velocity vectors estimated using optical flow algorithm.

Moreover, the backflows of the melt transport the cooled 
material into the middle region of the melt pool, thus further 
reducing the temperature in this region and forming a necking. 
The strong melt circulation in the keyhole root leads to the 
elongation of the melt pool in the longitudinal direction and 
thus to the formation of the bulge-region.

The issue is how this bulging can promote solidification 
cracking. The problem in this case is that the molten pool does 
not solidify continuously from the root to the surface, but in 
three steps.  To illustrate this, three consecutive solidification 
times are taken in Fig. 4. and the corresponding cross-sections 
are shown schematically on the on the right. At moment T1, 
immediately after the keyhole, the weld pool is completely 
formed.
This corresponds to what can be seen when a cross-section is
taken in a joint. At time T2, solidification has already begun. 
Here it can be recognised that the solidification in the necking 
region is much faster because this region is much shorter. At 
time T3, the area of the necking has completely solidified and 
splits the melt pool into two parts, which later solidify 
separately.

Fig. 4. Schematic representation of the molten pool (in cross-section) at three 
consecutive intervals during solidification

On the one hand, there is a trapped and melt-filled region 
that is under tensile stress in the opposite direction of dendrite 
growth at the end of solidification, as schematically shown in 
Fig. 5. These tensile stresses occurring in the bulge region 
could be the result of the restraint condition of the welded parts
or the shrinkage of the relatively cold material around the weld 
root. On the other hand, this bulge leads to the accumulation of 
impurities in the final phase of solidification and forms low-
melting phases such as (FeS), which also contribute to 
solidification cracking.

Fig. 5. Schematic diagram explaining how bulging assists in solidification 
cracking.

Fig. 6 shows the comparison of the melt pool geometry 
between the three inclination angles +-15° and the reference 
case 0°. Based on the high-speed recordings, it can be observed 
that the geometry of the melt pool in the case of the -15° 
inclination angle includes the three regions found in the 
reference case. The bulge, the necking region and the elongated 
region at the surface. In addition, the bulge region appears to 
be longer than in the reference case, which should also increase 
the risk of cracking. In contrast, in the +15° case, the melt pool 
takes on a different shape and looks like a triangle. In this case, 
it appears that the bulge and the necking are no longer visible. 
This should have a positive effect on reducing solidification 
cracking.

Fig. 6. Comparison of the melt pool geometry with the three investigated 
laser inclination angles.
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as ROF is greater than or equal to ROS. However, if ROS 
becomes larger than ROF, hot cracks can occur.

The phenomenon occurring in the weld pool have been 
identified as potentially promoting the formation of defects 
during the solidification phase, e.g. hot cracking. Shida et al [7]
found a correlation between weld pool geometry and 
solidification cracking as they investigated the effects of 
welding parameters in electron beam welding (EBW) on weld 
quality. However, they observed a small cavity in the rear part 
of the weld pool caused by the variation of the focus position 
during electron beam welding. The observed cavity has a 
significant influence on the formation of solidification cracks. 
In addition, it has been shown in electron beam welding that a 
bulge in the molten pool in the middle part leads to a local delay 
of the solidification behaviour and thus increases the 
susceptibility to cracking in this region [7]. Gebhardt et al [8]
observed a similar phenomenon during laser beam welding of 
thick components. They called it bulging in the weld seam. In 
their numerical models, a significant influence of the studied 
bulging of the temperature field is attributed to the mechanical 
stress distribution, which then contributes to the formation of 
hot cracks during solidification in the mushy zone. Barbetta et 
al [9] confirmed a close correlation between the bulge in the 
weld and the occurrence of solidification cracks, as the 
solidification crack was always associated with a bulge and thus 
a change in the temperature distribution. Bakir et al [10] and 
Artinov et al [11] showed that the bulging effect amplifies the 
three most important factors that determine the susceptibility of 
the component to initiate cracking, namely the thermal cycle, 
the time-related mechanical stress and the local microstructure. 
This effect represents a geometric feature of the molten pool 
shape and plays a critical role in the formation of defects such 
as solidification cracks. Monitoring the dynamics of the 
keyhole and the molten pool during welding is a challenging 
task. For this purpose, the keyhole or the melt could be observed 
in-situ using X-ray images of the melt pool [12, 13]. An 
observation technique based on recording the keyhole and the 
melt pool through a quartz glass plate has become widespread 
in recent years and is relatively close to reality. This 
experimental setup has already been used by Li et al [14] to 
investigate the plasma and keyhole behaviour in high power 
deep penetration welding of stainless steel with fibre laser. 
Zhang et al [15] also successfully used the butt configuration of 
fused silica and zinc to investigate their behaviour during laser 
beam welding.

The purpose of this study is to investigate the influence of 
weld pool geometry on crack formation during laser beam 
partial penetration welding. Moreover, the laser inclination 
angle and its impact on the weld pool and thus on crack 
formation was studied. The present study is a completion of the 
last investigation on weld pool geometry in high power laser 
beam welding in partial penetration welding [16].

2. Experimental setup

Welding experiments were carried out in butt joint 
configuration of 25 mm thick mild steel sheet (S355J2) and 
5 mm thick quartz glass. The emission wavelength and beam 
parameter product were 1070 nm and 11 mm x mrad, 

respectively. Laser beam was transferred through an optical 
fibre with a core diameter of 200 µm. A BIMO HP laser 
processing head was chosen, offering a magnification of 2.8, so 
that the laser beam could be focused on a spot with a diameter 
of 560 µm. Side views of the weld pool were recorded using a 
Fastcam 1024PCI high-speed camera and an 808 nm 
interference band-pass filter with a bandwidth of 20 nm. The 
experimental setup is shown in Fig. 1.

Fig. 1. Experimental setup for LBW in steel-glass configuration

The frame rate as well as the image size were 2000 fps and 
1200 pixels to 1200 pixels, respectively. The steel-glass tests 
were carried out with a laser power of 12 kW and a welding 
speed of 1 m min-1.

Fig. 2. Schematic representation of the investigated laser inclination angles.

To investigate the influence of the laser inclination angle on
the weld pool geometry, two other inclination angles were 
considered in addition to the perpendicular to the specimen 
surface.  Fig. 2 shows the investigated inclination angles 0° the 
case where the laser beam is perpendicular to the specimen 
surface and 15° in both the clockwise and counterclockwise 
directions. Further experiments on steel in the butt joint 
configuration were also carried out with the different 
inclination angles. The same welding parameters were also 
used for these experiments.

3. Results and discussion

The observations obtained using the high-speed camera 
show that the dimensions of the weld pool depend on the 
penetration depth. For the evaluation of the high-speed images, 
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This is clearly confirmed by looking at the results of the 
influence of the inclination angle on the cracking in butt joint 
experiments in which this study was carried out. Fig. 7 shows 
the number of cracks against inclination angle of the laser 
beam. There is a clear and direct correlation between the 
inclination angle and the number of cracks. 

Fig. 7. Dependency of the number of cracks on the laser inclination angle. 

From this it can be concluded that inclining the laser beam 
in the welding direction reduces or eliminates the bulge 
formation and reduces the number of cracks, which is observed. 

Fig. 8. Comparison of the melt pool geometry with the three investigated 
laser inclination angles. 

Fig. 8 shows cross-sections of three welded specimens with 
the investigated inclination angles. Solidification cracks can be 
observed in the weld root in the case of the -15° and 0° 
inclination angles. Furthermore, a drop-shaped solidification in 
the weld root similar in Fig. 5 can be recognised. 

4. Conclusion

In the present study, steel-glass experiments were carried 
out to observe the geometry of the molten pool with a high-
speed camera. The high-speed images and optical flow analysis 
show that two main flows take place in the vortices. By driving 
the melt back from the front keyhole wall, the lower vortex 
causes an expansion of the melt pool called bulging. This bulge 
promotes cracking during solidification by forming a trapped 
region filled with melt and the accumulation of impurities in 

the final solidification phase, resulting in low-melting phases 
that are under tensile stress at the end of solidification. The 
laser inclination angle exhibited a significant influence 
generally on the weld pool geometry and especially on the 
formation of bulges in the weld pool root. The inclination of 
the laser beam in the welding direction reduces or eliminates 
bead formation and also reduces the risk of cracking in the weld 
root for partial penetration welding.
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