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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. 
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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 

The paper deals with the investigations of the impact toughness of laser beam welded 14.5 mm thick sheets made of cryogenic steel X8Ni9 as a 
function of preheating. This 9% nickel alloyed steel is widely used in the liquefied natural gas (LNG) industry. An application of highly efficient 
welding processes such as high-power laser beam welding (LBW) in LNG sector requires an understanding of the interactions between the LBW 
process parameters and weld properties, in particular the impact toughness. The results show that the original fine-grained martensitic 
microstructure of the base metal (BM) is significantly changed by melting and crystallization during the LBW, what can lead to a decrease in the 
impact toughness of the weld metal (WM) below the required level. An optimal preheating temperature range leads to the favorable thermal 
welding cycle and is of remarkable importance for maintaining the notch impact toughness of laser beam welded joints of these thick steel sheets. 
A parameter window was identified in which V-notch impact toughness comparable to that of the BM at -196 °C was achieved. 
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1. Introduction 

The cryogenic steel X8Ni9 is, according to A553 Type 1, a 
low-carbon nickel alloyed steel with a nominal nickel content 
of 9%. It is characterized by a high strength and excellent 
fracture toughness at low temperatures and is therefore used in 
particular for low-temperature applications in the LNG sector 
at operating temperatures of up to -196 °C [1, 2]. 

Generally, the sheets of X8Ni9 can be joined using arc-based 
welding procedures such as the shielded metal arc welding 
(SMAW), gas tungsten arc welding (GTAW), gas metal arc 
welding (GMAW) or submerged arc welding (SAW). These 
welding processes are robust, but the need to use relatively 
expensive austenitic Cr-Ni or Ni-based fillers has a significant 

negative economic impact on the construction costs of LNG 
facilities [3, 4]. This fact makes the introducing of highly 
efficient welding processes such as high power LBW for the 
LNG sector very important from an economic point of view in 
addition to productivity and quality. 
The significance of this technological task for LNG has already 
been recognized and first investigations on the use of LBW and 
hybrid laser arc welding (HLAW) for joining of thick steel 
X8Ni9 have been initiated and carried out by various research 
groups [5-7]. It was shown in previous experiments that a V-
notch impact toughness up to 1.0 J/mm2 could be achieved for 
the LBW of 7.2 mm thick sheets X8Ni9 [8]. However, it was 
not readily possible to transfer results to a larger sheet 
thicknesses, particularly with regard to ensuring the required 
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impact strength of the laser beam weld seam. A quite low V-
notch toughness of 0.26 J/mm2 has so far been achieved for the 
14.5 mm thick sheets X8Ni9 [9]. 
The regulations of the International Classification Society Det 
Norske Veritas and Germanischer Lloyd (DNV GL) specify the 
required average energy of the Charpy V-notch impact test of 
34 J (0.42 J/mm2) for the welds on Ni-alloyed steels for LNG 
applications [10]. Some LNG project specifications often 
require a minimum impact toughness of 0.75 J/mm2, which 
corresponds to the impact absorbed energy of 60 J at the test 
temperature of -196 °C [11]. 
The main difficulties with LBW of the X8Ni9 steel should be 
seen due to its complex phase and structure composition. This 
heat treated (quenched and tempered) steel has an increased 
nickel content and is therefore characterized by a fine-grained 
microstructure consisting of relatively soft nickel-martensite 
with a small amount of residual austenite. It is assumed that the 
reduction in toughness of the WM and HAZ of cryogenic nickel 
alloyed steels is caused mainly by coarse austenite grains which 
are formed during solidification of the weld pool, solidification 
segregation of nickel near the prior austenite grain boundaries 
and carbide particles, which are predominantly distributed 
along the grain boundaries, causing embrittlement [12-14]. It is 
therefore strongly recommended to control the heat input when 
welding the cryogenic X8Ni9 steel [11, 15]. 
The aim of the experiments presented in this paper is to clarify 
whether an adaptation of the welding thermal cycle has a 
positive effect on the impact toughness of the laser beam 
welded thick sheets made of heat treated cryogenic steel X8Ni9. 

2. Experimental 

2.1. Materials 

The used BM is a commercial 9% nickel quenched and 
tempered steel grade ASTM A553 Type 1 (EN10028-4 
X8Ni9+QT640, heat treatment variant with minimum tensile 
strength of 640 MPa) with 14.5 mm plate thickness. The 
average measured mechanical properties of the plates were 
720 MPa tensile strength, 197 J impact absorbed energy 
(2.46 J/mm2) at -196 °C and 250 HV hardness. The chemical 
composition of the used steel is shown in Table 1. 

Table 1. Chemical composition of used steel X8Ni9+QT640, shown in wt%. 

C Mn Si P S Cr Ni Mo Cu Fe 
0.07 0.39 0.18 0.006 0.001 0.02 9.1 0.02 0.01 bal. 

Argon with a flow rate of 25 l min-1 served as a process gas for 
laser welds and as a back shielding. Sheets of X8Ni9 with 
machined edges and dimensions of 300 x 100 x 14.5 mm3 were 
used for square butt LBW. 

2.2. Welding equipment 

The welding tests were performed using a 20 kW Yb fiber 
laser YLR 20000 of IPG. The laser radiation was transmitted 
through an optical fiber of 200 μm in diameter. The laser optics 
BIMO of HIGHYAG with a magnification factor of 2.8 and a 
focal length of 350 mm provided the focus diameter of the laser 
beam (df) of 0.56 mm. The laser optics was mounted on the 

robot arm. The welding movement was carried out by a robot. 
The welding sample was clamped on the welding table. 

2.3. Procedure 

Previous studies showed that the cooling time (Δt8/5) 
measured in the HAZ and at the root side of the LBW or 
HLAW welds on thick sheets made of high-strength steels is 
quite short and can be less than 1.0 s depending on the heat 
input from the welding process [16, 17]. For this reason, a 
strategy to increase the cooling time Δt8/5 or to reduce the 
cooling rate (°C s-1) was considered to be effective. 

For the welding tests discussed here, the samples were 
preheated before welding with a defocused laser beam. This 
method was relatively easy to implement by simply removal 
the welding optics from the specimen surface. Then, the 
defocused laser beam was moved in a square path over the 
welding sample in repeated runs. Temperature measurements 
were done on the root side of the specimens to check whether 
the sample has reached the desired preheating temperature (Tp). 
For this purpose, type K thermocouples were placed at a 
distance of approx. 1 mm to 1.5 mm from the joint, which also 
made it possible to record the welding thermal cycle in the 
immediate vicinity of the fusion zone (FZ). When the 
predefined Tp was reached, the welding process was conducted. 
The delay between the last preheating run and the start of the 
welding process was kept below 30 seconds, to prevent the 
cooling of the weld specimen before welding. A schematic 
representation of the preheating process with a defocused laser 
beam can be seen in Fig. 1. 

 
Fig. 1. Schematic representation of the preheating process with a defocused 

laser beam. 

The preheating and welding parameters are shown in Table 2. 

Table 2. Preheating and welding parameters. 

Parameter PL 
in 

kW 

V in 
m/min 

Focus 
position ∆z 
/ diameter 
df in mm 

Number of 
preheating 

runs 

Tp in 
°C 

Preheating 3.0 0.5 200 / 14.6 2, 3, 4 150, 
200, 
250 

Welding 17.0 2.0 -5 / 0.63   
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3. Results 

3.1. Laser beam welding with preheating 

It was relatively complex to maintain an exact target preheating 
temperature with the selected preheating method. Therefore, 
the welding samples were welded at actual temperatures of 
160 °C (weld W01), 210 °C (weld W02) and 250 °C (weld 
W03). In addition, a reference weld W04 was made without 
preheating at room temperature RT 28 °C. Since the process 
parameter during preheating were kept constant, the preheating 
temperature Tp could be raised by increasing the number of 
preheating runs of the welding head. The temperature curves in 
Fig. 2, which were measured on the underside of the weld 
samples, illustrate the warm-up progress for different numbers 
of preheating runs and the corresponding welding thermal 
cycles. 

 
Fig. 2. Welding thermal cycles and preheating temperature progress 

depending on the number of the preheating runs. 

The measured cooling times Δt8/5 depending on the preheating 
temperature are summarized in Table 3. 

Table 3. Cooling conditions of the laser welds depending on the preheating 
temperature. 

Weld Number of 
preheating 
runs 

Measured 
preheating 
temperature 
Tp in °C 

Measured 
cooling time 
Δt8/5 in s 

Cooling rate in 
°C s-1 

W01 2 160 2.1 142 
W02 3 210 2.3 130 
W03 4 250 2.9 103 
W04 - - 0.97 309 

3.2. Metallographic evaluation 

The macrostructure of the welds was observed using an optical 
light microscope. The specimens were etched with 2% nitric 
acid in alcohol (Nital). Fig. 3 shows optical macrographs of the 
cross sections taken from LBW joints produced using laser 
power PL 17 kW and welding velocity V 2 m min-1 under 
different preheating conditions. The effect of preheating can be 
seen in the increase in the width of the FZ and HAZ. The 
greatest difference can be observed when comparing weld W04 
(Fig. 3a) that was carried out without preheating and W03 
(Fig. 3d) that was carried out with Tp 250 °C. Thus, while the 
width of the FZ increases from 1.4 mm to 1.8 mm (factor 1.28), 
the width of the HAZ increases from 0.75 mm to 1.6 mm (factor 

2.13). The same tendency can be observed when comparing 
welds W01 (Fig. 3b) and W02 (Fig. 3c). 

 
Fig. 3. Macro sections of laser beam welds for different preheating 

conditions: (a) RT 28 °C; (b) Tp 160 °C; (c) Tp 210 °C and (d) Tp 250 °C. 

3.3. Hardness measurement 

The hardness HV0.5 was measured with the Zwick 3202 low 
load hardness tester and calculated according to 
DIN EN ISO 6507-1. The hardening is characteristic of both 
the preheated laser welds (W01, W02, W03) and the reference 
weld without preheating (W04). The relatively high hardness in 
WM of all the samples confirms that the microstructure of all 
the cooling rates is martensite. A closer look at the hardness 
profiles in Fig. 4 shows differences in hardness levels across the 
HAZ areas for different preheating situations. The reference 
weld W04 performed at RT shows a hardness peak in the HAZ 
that reaches 405±10 HV0.5. For the weld seams W01 and W02 
performed with preheating, the hardness in the HAZ is in the 
range between 350...370±10 HV0.5. For the weld W03 done 
with the highest preheating temperature of 250 °C, the hardness 
in the HAZ reaches also 370±10 HV0.5, but it is noteworthy, 
that the width of the HAZ is noticeably increased. This 
observation also correlates with the measurements in Fig. 3. 

3.4. V-notch impact toughness test 

The Charpy V-notch impact test was carried out according to 
DIN EN ISO 148-1 at the test temperature -196 °C. Standard 
Charpy V-notch samples with the notch location in the middle 
of the laser WM were used. Five specimens for each weld were 
tested. The results obtained are shown in Fig. 5. 

 
Fig. 4. Hardness profiles for the laser welds performed with different 

preheating temperatures. 
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greatest difference can be observed when comparing weld W04 
(Fig. 3a) that was carried out without preheating and W03 
(Fig. 3d) that was carried out with Tp 250 °C. Thus, while the 
width of the FZ increases from 1.4 mm to 1.8 mm (factor 1.28), 
the width of the HAZ increases from 0.75 mm to 1.6 mm (factor 

2.13). The same tendency can be observed when comparing 
welds W01 (Fig. 3b) and W02 (Fig. 3c). 

 
Fig. 3. Macro sections of laser beam welds for different preheating 

conditions: (a) RT 28 °C; (b) Tp 160 °C; (c) Tp 210 °C and (d) Tp 250 °C. 

3.3. Hardness measurement 

The hardness HV0.5 was measured with the Zwick 3202 low 
load hardness tester and calculated according to 
DIN EN ISO 6507-1. The hardening is characteristic of both 
the preheated laser welds (W01, W02, W03) and the reference 
weld without preheating (W04). The relatively high hardness in 
WM of all the samples confirms that the microstructure of all 
the cooling rates is martensite. A closer look at the hardness 
profiles in Fig. 4 shows differences in hardness levels across the 
HAZ areas for different preheating situations. The reference 
weld W04 performed at RT shows a hardness peak in the HAZ 
that reaches 405±10 HV0.5. For the weld seams W01 and W02 
performed with preheating, the hardness in the HAZ is in the 
range between 350...370±10 HV0.5. For the weld W03 done 
with the highest preheating temperature of 250 °C, the hardness 
in the HAZ reaches also 370±10 HV0.5, but it is noteworthy, 
that the width of the HAZ is noticeably increased. This 
observation also correlates with the measurements in Fig. 3. 

3.4. V-notch impact toughness test 

The Charpy V-notch impact test was carried out according to 
DIN EN ISO 148-1 at the test temperature -196 °C. Standard 
Charpy V-notch samples with the notch location in the middle 
of the laser WM were used. Five specimens for each weld were 
tested. The results obtained are shown in Fig. 5. 

 
Fig. 4. Hardness profiles for the laser welds performed with different 

preheating temperatures. 
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Fig. 5. V-notch impact toughness of laser welds depending on preheating 

temperature Tp and cooling time Δt8/5. 

The weld W04 (∆t8/5 0.97 s) shows the lowest impact toughness 
value of 0.27±0.05 J/mm2, what is under the acceptance level 
of 0.75 J/mm2. The preheated welds W01 (∆t8/5 2.1 s) and W02 
(∆t8/5 2.3 s) show a drastically increase in the impact toughness 
values, which are 2.28±0.1 J/mm2 and 2.25±0.1 J/mm2, 
correspondingly. The preheated weld W03 (∆t8/5 2.9 s) has an 
average impact toughness of 0.76±0.3 J/mm2. However, there 
were isolated lower values of the impact toughness in the range 
of 0.30 J/mm2 to 0.35 J/mm2 for the laser weld W03, which 
contributed to the large scatter of test results. The characteristic 
examples of fracture surfaces can be seen in Fig. 6. 

a)  b)  

c)    d)  

Fig. 6. V-notch impact test fractured specimens for different preheating 
conditions: (a) Tp 160 °C; (b) Tp 210 °C; (c) Tp 250 °C and (d) RT 28 °C 

It should be noted that the tested specimens W01 (Fig. 6a) and 
W02 (Fig. 6b) exhibit ductile fracture mode with a deviation of 
the path fracture from WM to BM. This effect is known at the 
narrow laser beam welds as “fracture path deviation” (FPD) 
[18]. The fracture surfaces of test samples W03 (Fig. 6c) and 
W04 (Fig. 6d) show features of a mixed fracture mode with a 
proportion of ductile to brittle fracture surface of 16%/84% and 
11%/89%, respectively. 

4. Discussion 

The main characteristic of the results achieved is that there is a 
parameter window at the LBW of thick sheets X8Ni9 in which 
high notch impact toughness of the weld seams can be achieved. 
Although all the tested weld seams have a martensitic structure 
in the WM, they behave differently in the impact test, 
depending on the welding thermal cycle or cooling time ∆t8/5 
and corresponding cooling rate. Such differences in the impact 

toughness of the welds can be explained by the width of the FZ 
as well as grade of mechanical properties mismatch between the 
FZ and HAZ, which was indirectly confirmed by hardness 
measurements. 
The high Charpy toughness of the preheated welds W01 and 
W02 is due to the fact that the fracture takes place with FPD, 
whereby a certain volume of the BM is involved in the 
deformation process. This observation is in accordance to the 
results of the study [18] in which the authors list some reasons 
of the FPD formation. These are narrowness of the laser FZ and 
small volume of the WM involved in deformation process, 
asymmetry of the stress concentrator because of specific FZ 
form and the presence of zones in the weld with softer metal. 
Similar conditions exist for the weld seams W01 and W02: the 
weld is narrow and unsymmetrical plastic straining between 
WM and BM favors the crack directly starts to deviate from the 
notch root into a softer BM over full thickness of the specimen. 
In contrast, the hardness profile of weld W04, which was 
carried out without preheating, shows hardness peaks in the 
HAZ, which prevent the fracture scenario with FPD in the 
direction of the soft BM. In this case the fracture occurs through 
the hard laser WM, which is quite brittle due to the short cooling 
time ∆t8/5 0.97 s and has a low toughness. 
The hardness profile of the weld W03, what was done with the 
highest Tp 250 °C, does not show any pronounced hardness 
picks in the HAZ, but the weld has a wider hard zone. In this 
case, no significant unsymmetrical plastic straining in vicinity 
of the notch root can be generated, so that the subsequent crack 
propagates through the laser WM without FPD. 

5. Conclusion 

The laser beam welding of thick sheets X8Ni9 can lead to a 
deterioration in the impact strength of the weld seams due to the 
specific nature of the welding process. A complex 
microstructural composition of the base metal in combination 
with unfavorable welding thermal cycles with short cooling 
times ∆t8/5 of less than 1 s means that the cryogenic impact 
toughness of the laser welds can fall below the acceptance level 
for LNG projects, which is 0.75 J/mm2. 
As a solution to this problem, a parameter window was 
identified where a sufficiently high impact toughness values 
comparable to that of the base metal could be reproducibly 
achieved. 
The highest impact toughness up to 2.28±0.1 J/mm2 was 
obtained at the preheating temperature range between 160 °C 
and 210 °C and cooling times ∆t8/5 2.1 s and 2.3 s, accordingly. 
A preheating temperature above 250 °C (∆t8/5 2.9 s) is not 
recommended because a wider hardened area with poor 
toughness will form. 
In other words, impact toughness is influenced not only by the 
fusion zone microstructure but also by the size of the hardened 
area as well as the degree of mechanical properties mismatch, 
as a function of the preheating and welding thermal cycle. 
The reduced fusion zone as well as narrow heat affected zone 
without pronounced hardness peaks is for considerable 
importance for achieving of high impact toughness of laser 
beam welded thick plates made of cryogenic X8Ni9 steel. 
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temperature Tp and cooling time Δt8/5. 
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value of 0.27±0.05 J/mm2, what is under the acceptance level 
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(∆t8/5 2.3 s) show a drastically increase in the impact toughness 
values, which are 2.28±0.1 J/mm2 and 2.25±0.1 J/mm2, 
correspondingly. The preheated weld W03 (∆t8/5 2.9 s) has an 
average impact toughness of 0.76±0.3 J/mm2. However, there 
were isolated lower values of the impact toughness in the range 
of 0.30 J/mm2 to 0.35 J/mm2 for the laser weld W03, which 
contributed to the large scatter of test results. The characteristic 
examples of fracture surfaces can be seen in Fig. 6. 
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Fig. 6. V-notch impact test fractured specimens for different preheating 
conditions: (a) Tp 160 °C; (b) Tp 210 °C; (c) Tp 250 °C and (d) RT 28 °C 

It should be noted that the tested specimens W01 (Fig. 6a) and 
W02 (Fig. 6b) exhibit ductile fracture mode with a deviation of 
the path fracture from WM to BM. This effect is known at the 
narrow laser beam welds as “fracture path deviation” (FPD) 
[18]. The fracture surfaces of test samples W03 (Fig. 6c) and 
W04 (Fig. 6d) show features of a mixed fracture mode with a 
proportion of ductile to brittle fracture surface of 16%/84% and 
11%/89%, respectively. 

4. Discussion 

The main characteristic of the results achieved is that there is a 
parameter window at the LBW of thick sheets X8Ni9 in which 
high notch impact toughness of the weld seams can be achieved. 
Although all the tested weld seams have a martensitic structure 
in the WM, they behave differently in the impact test, 
depending on the welding thermal cycle or cooling time ∆t8/5 
and corresponding cooling rate. Such differences in the impact 

toughness of the welds can be explained by the width of the FZ 
as well as grade of mechanical properties mismatch between the 
FZ and HAZ, which was indirectly confirmed by hardness 
measurements. 
The high Charpy toughness of the preheated welds W01 and 
W02 is due to the fact that the fracture takes place with FPD, 
whereby a certain volume of the BM is involved in the 
deformation process. This observation is in accordance to the 
results of the study [18] in which the authors list some reasons 
of the FPD formation. These are narrowness of the laser FZ and 
small volume of the WM involved in deformation process, 
asymmetry of the stress concentrator because of specific FZ 
form and the presence of zones in the weld with softer metal. 
Similar conditions exist for the weld seams W01 and W02: the 
weld is narrow and unsymmetrical plastic straining between 
WM and BM favors the crack directly starts to deviate from the 
notch root into a softer BM over full thickness of the specimen. 
In contrast, the hardness profile of weld W04, which was 
carried out without preheating, shows hardness peaks in the 
HAZ, which prevent the fracture scenario with FPD in the 
direction of the soft BM. In this case the fracture occurs through 
the hard laser WM, which is quite brittle due to the short cooling 
time ∆t8/5 0.97 s and has a low toughness. 
The hardness profile of the weld W03, what was done with the 
highest Tp 250 °C, does not show any pronounced hardness 
picks in the HAZ, but the weld has a wider hard zone. In this 
case, no significant unsymmetrical plastic straining in vicinity 
of the notch root can be generated, so that the subsequent crack 
propagates through the laser WM without FPD. 

5. Conclusion 

The laser beam welding of thick sheets X8Ni9 can lead to a 
deterioration in the impact strength of the weld seams due to the 
specific nature of the welding process. A complex 
microstructural composition of the base metal in combination 
with unfavorable welding thermal cycles with short cooling 
times ∆t8/5 of less than 1 s means that the cryogenic impact 
toughness of the laser welds can fall below the acceptance level 
for LNG projects, which is 0.75 J/mm2. 
As a solution to this problem, a parameter window was 
identified where a sufficiently high impact toughness values 
comparable to that of the base metal could be reproducibly 
achieved. 
The highest impact toughness up to 2.28±0.1 J/mm2 was 
obtained at the preheating temperature range between 160 °C 
and 210 °C and cooling times ∆t8/5 2.1 s and 2.3 s, accordingly. 
A preheating temperature above 250 °C (∆t8/5 2.9 s) is not 
recommended because a wider hardened area with poor 
toughness will form. 
In other words, impact toughness is influenced not only by the 
fusion zone microstructure but also by the size of the hardened 
area as well as the degree of mechanical properties mismatch, 
as a function of the preheating and welding thermal cycle. 
The reduced fusion zone as well as narrow heat affected zone 
without pronounced hardness peaks is for considerable 
importance for achieving of high impact toughness of laser 
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