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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

Element loss during high-power laser processing of metals can lead to deleterious chemical and mechanical effects that negatively impact the 
processed material’s quality. Currently, there is no suitable way to measure time-resolved element loss in situ during laser processing. In this 
work, we show that laser-induced fluorescence (LIF) can be used to temporally resolve individual element vaporization during a laser spot 
welding of 316L stainless steel. As a proof-of-concept, we measured iron loss during a 500 µs laser spot weld with a time resolution of 5 
microseconds. We found that keyhole formation could clearly be identified by a dramatic increase in iron emission from the weld pool. This 
conclusion was validated by independent, time-resolved measurements of laser absorptance during laser spot welding from our previous work.
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1. Introduction

Laser processing of metals can lead to disproportional alloy 
element loss due to the differences in vapor pressures among 
the constituent elements. For instance, several researchers 
have found evidence where the relative loss of a single
element has led to mechanical and microstructural changes 
during laser welding [1–9]. However, these works all relied on 
destructive, ex situ analysis to make this determination. A 
more useful technique for monitoring vapor element loss is 
one that is both in situ and real-time such that feedback 
process control is possible. These requirements suggest that a
non-contact optical technique should be used.

Previous efforts of optically resolving element loss have 
relied on optical emission spectroscopy (OES) whereby laser 
weld plume light is spectroscopically resolved [10–15]. The 
sensitivity of OES limits its ability to identify any but the 
most abundant elements coming from the weld pool. 
Increasing the signal-to-noise of OES is possible with 
increased integration, but this would degrade temporal 
resolution precluding its use as a real-time monitoring system.

In a previous work, we demonstrated that laser-induced 
fluorescence (LIF) can be used during the laser weld process 
and is 40,000 times more sensitive than OES alone allowing 
for low concentration alloy element loss detection [16]. In this 
work, we show that by gating the 5 ns LIF excitation laser 
pulse a time-resolved, element specific signal can be 
generated. This is the first step toward developing a real-time, 
element specific vaporization monitoring technique. Iron is 
used for this demonstration as it gives the strongest signal due 
to its relative abundance and is common in many welded 
materials.
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2. Experimental Arrangement

Weld plume emissions were measured during 0.5 ms laser 
spot welding of 316L stainless steel. This sample was in pipe 
form with 10.2 mm outer diameter and 6.35 mm thick walls. 
The laser welds were performed with a fiber laser operating at 
1070 nm with output powers from 1020 W to 2240 W (0.51 J
to 1.12 J in 0.5 ms). All spot welds were made with the 
sample at the focal plane of the weld laser where the beam 
profile was radially symmetric and top-hat with a full-width at 
half maximum diameter of 510 µm.

The basic experimental apparatus for LIF was detailed in a 
previous publication [16]. Briefly, fluorescence was induced 
by a pulsed laser incident to the weld plume, which was
wavelength-tuned to a resonant absorption transition in the 
element of interest. This pulse was produced by an optical 
parametric oscillator (OPO) that was pumped by a wavelength 

tripled Nd:YAG laser operating at a 10 Hz repetition rate. 

The fluorescence signal from the targeted species was then 
collected and sent to a high-resolution spectrometer where it 
was wavelength resolved.  

The time-resolved LIF measurements were obtained by 
controlling the delay time between the laser weld pulse and 
OPO pump laser pulse. This was achieved by using a delay 
generator whose internal time reference was linked to the 
OPO pump laser. The delay generator triggered both the weld 
laser and the spectrometer shutter. A computer controlled the 
time delay between when the OPO fires a pulse and when the 
weld laser fires. The actual weld laser emission was measured 
with a photodiode mounted to the laser weld head. This signal 
was sent to a fast oscilloscope along with a signal from the 
OPO pulse so that the actual delay time could be measured for 
each LIF signal. This value and the collected spectra were 
sent to a computer to be analyzed. The time resolution of this 
experimental arrangement was 2.5 µs, which was limited by 
the variation in response of the weld laser to its trigger pulse.
At each delay time, 30 individual spectra were captured. The 
pipe sample was rotated beneath the weld head at 150 ⁰/min. 
so that a fresh spot was welded for each spectral 
measurement. 

The Fe atomic absorption targeted by the OPO pump laser 
was at 251.083 nm, which represented a resonant absorption 
from the 3d64s2 a5D 3 state to the 3d6(5D)4s4p(1Po) x5Do 2
state. This is shown in the atomic energy diagram in Fig. 2 
along with the optical relaxation paths seen in our spectra. 
The letters in parenthesis correspond to the resonant peaks 
labeled in the spectrum in Fig. 3, which is the average 
spectrum taken at delay time 144.6 µs. The four most intense 
peaks were the resonant transitions given in Fig. 2. The 
background emission (as in, when the OPO was not firing) 
has been subtracted from this spectrum. The fluorescent signal 
used for this study was from this excited state to the 
3d64s2 a5D 1 state with a measured spectral peak at 254.10 nm
(peak (B)). The 254.10 nm peak of each spectrum was
integrated and averaged with 30 similar measurements with 
the error bars in Fig. 4 representing the standard deviation of 
these integrated values. 

Fig. 1. A flow diagram of the experimental configuration. The thin, solid 
lines represent timing signals; the dashed lines are data or command 
signals; and the thick black lines are concealed beam tubes.

Fig. 3. A typical laser-induced fluorescence spectrum taken with a delay time 
of 144.6 µs. The four marked peaks are from iron pumped at 251.08 nm. The 
letters correspond to the transitions shown in Fig. 2.

Fig. 2. An atomic energy diagram for the iron transitions used in this study. 
The pump transition is at 251.08 nm (solid, blue line) with the optical 
emissions seen given with the dashed red lines. The letters in parenthesis 
correspond to the spectral peaks in Fig. 3.
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3. Results and Discussion

Figure 4 shows the average integrated intensity of the 
resonant Fe peak plotted as a function of delay time (black 
squares) for a 500 µs laser spot weld with 1.12 J (2240 W). 
Also shown is the actual laser emission (black line) measured 
by the weld laser photodiode monitor. This shows a 
temporally stable laser emission with an approximate 50 µs 
risetime. The dashed red line is the back-reflection to the weld 
head photodiode during a laser spot weld. 

These data reveal several key features of the Fe emission 
during the laser spot weld. The first is the steep initial rise in 
intensity starting near 125 µs and peaking at 144.6 µs. This 
rise coincides with a decrease in the back-reflection monitor
signal. This behavior is consistent with a keyhole opening 
process, as the keyhole results from the intense vaporization
that creates a cavity in the molten metal surface due to a recoil 

force. The creation of the keyhole was accompanied by an 
increase in absorptance of the weld laser light [17], which was
also the cause of the decreasing back-reflected signal. 

Once the Fe emission peaks, it steadily declined until the 
end of the laser pulse. This is interpreted to result from some 
iron vapor redepositing inside the keyhole as it continues to 
deepen with prolonged laser exposure thereby lowering the 
overall amount in the vapor plume. A spectral signal from Fe 
was clearly visible for times significantly longer than the 
duration of the weld pulse (between 500 µs and 1000 µs). In 
fact, the signal-to-noise improved slightly during this time as 
the weld plume is no longer contributing to background noise. 
This signal is evidence of evaporation from the molten metal 
weld pool and should relate to the solidification rate.

Figure 5 shows the results from progressively lower weld 
laser input energy. One first notices that the keyhole 
formation, as evidenced by the peak in Fe emission, occurred
at later times with respect to weld laser illumination as the 
weld laser energy decreases. A previous publication observed
keyhole formation by measuring the time-dependent laser 
absorptance during a laser spot weld [17]. In that work, the 
keyhole formation time (“Time-to-Keyhole”) was determined 
by a dramatic increase in absorptance. These results are 
plotted in Fig. 6 as a function of weld laser power density 
along with the values determined form this work from the 
peak intensity of the Fe emission. The excellent agreement of 
these values over a range of power densities supports our 
interpretation of the main time-dependent spectral feature as 
being from keyhole formation.

Additionally, the relative rate at which the keyhole is 
formed can be observed from Fig. 5. The slope of the intensity 
leading to the peak emission gradually decreases with 
decreasing weld laser energy meaning that keyhole formation 
is not as rapid even once initiated. Also noteworthy is the 
behavior of the Fe emission once the weld laser pulse has 
ended. The intensity of the post-weld laser Fe emission 
increased with lower weld laser energy. We are as yet unable 
to definitively state the reason for this.

Fig. 4. The integrated intensity of an iron spectral peak plotted as a function 
of pump delay time (black squares). The solid black line represents the actual 
weld laser emission. The dashed red line is the weld laser back reflection.

Fig. 5. The time-dependent emission of Fe from the weld pool determined 
from LIF spectroscopy at different values of weld laser energy. The solid 
black line represents the temporal profile of the weld laser pulse used for the 
spot weld.

Fig. 6. The time needed for keyhole formation determined by dynamic 
absorptance measurements during laser spot welding in ref. [17] are given with 
the black squares. The red stars show those values from this work.
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4. Conclusions

We demonstrated that LIF can be used to observe the time-
dependence of individual element loss during a 500 µs laser 
spot weld of 316L stainless steel by monitoring iron emission.
The data reveal dynamics of laser welding including keyhole 
formation and weld pool cooling. These results quantitatively 
agree with previous work that observes keyhole formation 
through dynamic absorptance measurements. The ability to 
spectroscopically measure weld pool dynamics allows for the 
possibility that such a technique can be used as a real-time, 
element specific weld pool monitor.
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