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Abstract The industrial sector is increasingly concerned with
energy consumption, due to the environmental burden and
increased cost. An action plan requires the study of energy
efficiency in manufacturing processes, especially energy-
intensive processes. The energy consumption, during the as-
sembly, plays a significant role on the product’s final energy
and eco-evaluation. In this paper, there is a presentation of an
in-depth study of the energy efficiency of joining processes.
The laser welding process is also discussed in detail, since it
has been an increasingly indispensable part of competitive
manufacturing throughout the world, and it is a thermal pro-
cess with relatively low energy efficiency. Important out-
comes, regarding the dependence of energy efficiency and
weld pool geometry on process parameters, have been
derived.

Keywords Energy efficiency . Laser welding .Weld pool
geometry . Joining process . Sustainablemanufacturing

1 Introduction

Laser processing has been an increasingly indispensable part
of competitive manufacturing throughout the world [1–5].

Specifically, laser welding (LW) [6, 7] has been widely used
in the automotive, aerospace, electronics, and heavy
manufacturing industries to join a variety of materials. In the
last few years, a new laser process, the remote laser welding
(RLW) has emerged. RLW [8, 9] has been developed and
implemented to improve the productivity and flexibility of
conventional LW. In the automotive industry, high-power la-
sers are used for welding many components, such as transmis-
sions, catalytic converters, exhaust systems, closures, and
tailor-welded blanks [10, 11].

Manufacturing the products of the future by incorporating
economic, social, and environmental sustainability is a major
challenge for today’s manufacturing industry. The need to-
wards sustainable manufacturing has been more imminent
than ever before. State regulations, along with the increasing
energy prices, exert a new pressure on manufacturing enter-
prises. Thus, the industrial sector has to reduce energy con-
sumption both for cost saving and environmental friendliness,
in its attempt to find new flexible ways to produce “more with
less” [12] and furthermore evolve from the strategy “maxi-
mum gain from minimum capital” to “maximum gain from
minimum resources” [13].

The investigation of the manufacturing processes, from an
energy point of view, indicates that only a small fraction of the
energy input actually adds value to the final product [14] and
an amount of 20–40% of the energy used in industry is of no
added value [15]. Furthermore, the largest amount of energy is
used for the creation of stable process conditions and periph-
eral functions [16, 17].

Although the energy spent on the process itself is a small
percentage of the overall energy consumption [19], the recent-
ly developed systematic approaches for the improvement of
energy efficiency in manufacturing systems [18] show that
process models, focusing on the process itself, along with
the specific machine peripherals consumption and their
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dependence on the process variables, are required for the re-
alization of a holistic approach. For the optimization of energy
efficiency, the determination of a large set of process param-
eters is required. The study of the processes is considered
necessary for a number of reasons [14, 18]:

& The study of the processes provides the deeper possible
understanding of the energy transformations that take
place during the manufacturing process.

& Simple analytical models that lead to qualitative and quan-
titative results, adaptable to a wide range of applications,
may be applied.

& Although the energy spent at process level is minor, an
appropriate selection of process variables may also alter
the consumption of machine peripherals that correspond
to a larger percentage of energy consumption. As an ex-
ample, the consumption of a cooling unit depends on the
processing speed [16].

& Processing time is a function of the process variables.
Thus, the selection of appropriate process parameters has
consequences for both the machine peripherals’ consump-
tions (machine level) and the production planning (line
and factory levels).

& Non-conventional processes, allowing space for signifi-
cant energy gains at process level, have not been adequate-
ly studied.

The above points clarify the fact that a complete anal-
ysis, addressing the problem of energy efficiency maxi-
mization, requires process modelling, focusing on the en-
ergy efficiency, not only through the description of the
energy consumption at process level, as a function of the
process variables, but also of other process aspects, such
as the processing time. However, this subject has limited
presence in literature [14] especially for the non-
conventional processes [20]. Indicatively, regarding the
conventional process, Draganescu et al. [21] have related
the use of experiments, machine tool efficiency, specific
consumed energy, and consumed energy to several ma-
chining variables of a milling process. Fysikopoulos et al.
[22] studied the laser drilling and grooving process from
an energy efficiency point of view, having neglected all
other parameters and focused only on the interaction of
laser beam with the material. Pastras et al. [20] have
presented an analytical and numerical approach of evap-
oration laser drilling, towards the theoretical specification
of the process parameters that maximize energy
efficiency.

Regarding the LW process, a number of studies, attempting
to model different welding states and various configurations,
such as lap or butt welding, using either analytical [23, 24],
semi-empirical, or empirical methods [25–27], have been car-
ried out. However, none of the above deal with the energy

efficiency of the laser welding process. In this paper, the LW
process will be investigated under the prism of energy effi-
ciency, along with important weld geometry key performance
indicators (KPIs). This will be realized with the use of the
numerical model previously developed by Pastras et al. [28].

2 The numerical model for keyhole LW modelling

This numerical model [28] takes into account the physics
of both heat conduction and phase transitions during the
process, as well as laser defocusing, while it neglects
plasma formation and multiple reflections of the laser
beam in the keyhole walls. The model’s basic simplifying
assumption is a static approach to the process; instead of a
moving laser head performing a stitch, the laser head is
considered being stationary, but it is “on” only for as
much time as the laser interacts with a given point, at
the center of the stitch, namely the spot diameter divided
by the scanning speed.

The method’s mathematics is a combination of finite
differences, the enthalpy method, and “life and death of
elements” techniques from the finite element method.
Specifically, cylindrical coordinates are adopted to take
advantage of the problem’s rotational symmetry, while
radius, depth, and time are considered discretized, as in
finite difference problems. The temperature field is
substituted by a three-dimensional matrix, containing
the elements Tijk, corresponding to the material’s tem-
perature at time ti = (i − 1)Δt, radius rj = (j − 1)Δr,
and depth zk = (k − 1)Δz.

In order for phase transitions to be taken into account,
another field, corresponding to the enthalpy density, is intro-
duced. This field has to be connected to the temperature, in
such a way so as for the latent heats of fusion and evaporation
to be taken into account. Specifically,

T Uð Þ ¼

U
ρc

; U < ρcTm;

Tm; ρcTm < U < Um;
U−ρLf

ρc
; Um < U < ρ cTv þ Lf

� �
;

Tv; ρ cTv þ Lf
� �

< U < Uv;

8>>>>><
>>>>>:

ð2:1Þ

where ρ, c, Tm, and Tv are the material density, specific heat,
melting temperature, and evaporation density, respectively.
The quantities Um and Uv are the required enthalpy densities
for the melting and vaporization phase transition, respectively.
They are equal to

Um ¼ ρ cTm þ Lf
� �

; ð2:2Þ

Uv ¼ ρ cTv þ Lf þ Lv
� �

; ð2:3Þ
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where Lf and Lv are the latent heat of fusion and evapora-
tion, respectively. Then, the finite difference formulation

of the heat equation, taking into account the latent heats,
can be written as

Uiþ1; j;k−Ui; j;k

Δt
¼ k

Ti; jþ1;k−2Ti; j;k þ Ti; j−1;k

Δr2

�
þ 1

r j

T i; jþ1;k−Ti; j;k

Δr
þ Ti; j;kþ1−2Ti; j;k þ Ti; j;k−1

Δz2

�
; ð2:4Þ

Tijk ¼ T Uijk
� �

; ð2:5Þ

Equations (2.4) and (2.5) together with the appropri-
ate boundary conditions, corresponding to the influx of
energy, due to the laser beam, can be integrated time
slice by time slice, providing the final solution for the
temperature field.

The most significant complication that appears in this for-
mulation is the fact that once the keyhole formation has
started, several vertices of the lattice have to be removed and
the boundary conditions have to be applied to different verti-
ces and not to the k = 1 ones. Thus, at every time slice and
every radius, the first non-gaseous vertex is determined by

bzij ¼ min kjUijk < ρ cTv þ Lf þ Lv
� �� � ð2:6Þ

and the boundary conditions are applied to this vertex. The
appropriate boundary condition is in the form of Eq. (2.4),
with k = bzij and with the addition to the right hand side of
the influx of energy from the laser beam, which is determined
by reflectivity, laser power, and spot size and once a keyhole
has been formed by defocusing, along with the angle between
the laser beam and the keyhole walls. More details are provid-
ed in [28].

This model is selected for the study of the energy efficiency
of laser welding, for its simplicity, as well as the fact that it
takes into consideration the major factors determining the en-
ergy losses during the process. Some indicative results of the
model for the temperature field are depicted in Figs. 1 and 2.
The solid lines in these figures correspond to the phase sepa-
rating surfaces.

3 Weld pool geometry

An important outcome of the model [28] is the connection
between certain weld pool geometry key performance indica-
tors (KPIs) and the process variables. Several KPIs are used
for the estimation of a laser weld’s strength. The selection of
the appropriate KPIs depends on the weld geometry. For lap
welding, the most usual selections are (Fig. 3) as follows:

1. Weld length (d)
2. Penetration depth (p)

3. Interface width (s)
4. Top surface concavity (ct)
5. Bottom surface concavity (cb) (only when full penetration

is succeeded)

In the case of butt welding, the most usual selections are
(Fig. 4) as follows:

1. Weld length (d)
2. Depth of penetration (p)
3. Top surface weld width (w)
4. Top surface concavity (ct)
5. Bottom surface concavity (cb) (only when full penetration

is succeeded)

In the case of lap welding, the weld strength is heavily
correlated with the interface width, while for butt welding
with the depth of penetration. Concavities can serve as a
non-invasive monitoring measurement and at the same time,
they are important for aesthetic reasons.

The model [28] can directly predict the values of these cer-
tain weld pool geometry KPIs. The penetration depth and in-
terface width require the determination of the boundary be-
tween the solid and liquid phases, or, in other words, the melt-
ing temperature isothermal. Both of the boundaries in the ver-
tical and radial directions should be specified; the first one for
the determination of the penetration depth and the second one
for the determination of the interface width. These boundaries
can be calculated in a similar way as the boundaries between
the liquid and gaseous states, described by Eq. (2.6), but for the
time instant t = tmax, corresponding to i = Nt. Thus,

mzj ¼ min kjUNtjk < Um
� �

; ð3:1Þ
mrk ¼ min jjUNtjk < Um

� �
: ð3:2Þ

Then, for lap welding, if the thickness of the top plate is
considered equal to dt, the penetration depth is equal to

p ¼ mz1−1ð ÞΔz−dt: ð3:3Þ

The determination of the interface width requires the radial
boundary between the solid and liquid phases, as given by
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Eq. (3.2), for k being equal to the value that corresponds to the
depth of the surface separating the two plates. It is possible
that no k corresponds exactly to this depth, with the closest
value being equal to k = round (dt/Δz + 1). Thus, the interface
width equals

s ¼ 2 mrround dt
Δzþ1ð Þ−1

� 	
Δr: ð3:4Þ

In this modeling approach, the concavity of the top
surface is considered being the result of material loss
due to evaporation. It is assumed that the weld acquires
no porosity that alters the volume of the materials in-
volved in the process. Thus, for the determination of the
top concavity, it is required that the volume of the key-
hole be calculated. To this effect, it suffices to calculate
the boundaries between the gaseous and liquid phases in
the vertical direction. Similarly to (3.1),

vz j ¼ min kjUNtjk < Uv
� �

: ð3:5Þ

The volume can be estimated as a numerical integral. One
should not forget the appropriate factors for the cylindrical
coordinate system.

Vv ¼ 2πΔr2Δz ∑
j¼1

Nr

j vz j−1
� �

: ð3:6Þ

Assuming that at the end of the process all molten
material flows to the bottom of the keyhole, the concavity
can be approximated by a cylinder with radius equal to
the boundary between the solid and liquid states, at the
surface of the top plate. The latter is equal to (mr1 − 1)Δr,
resulting in

ct ¼ Vv

π mr1−1ð Þ2Δr2
¼ 2Δz

mr1−1ð Þ2 ∑
j¼1

Nr

j vz j−1
� �

: ð3:7Þ

In the case of butt welding, the calculations re-
quired for the weld pool geometry KPIs are simpler.
The depth of penetration is given by a formula similar

Fig. 2 Laser power 5 kWand scanning speeds 4 m/min (left), 3 m/min (center), and 2 m/min (right)

Fig. 1 Laser power 15 kW and scanning speeds 4 m/min (left), 3 m/min (center), and 2 m/min (right)
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to (3.3), but without contribution due to the top plate
thickness; thus,

p ¼ mz1−1ð ÞΔz: ð3:8Þ

Similarly, the top surface weld width is given by a formula
similar to (3.4), but at the workpiece surface, given by k = 1;
thus,

w ¼ 2 mr1−1ð ÞΔr: ð3:9Þ

Finally, the top surface concavity is given by the same
expression as for lap welding, namely Eq. (3.7).

3.1 Dependence of weld pool geometry KPIs on process
variables

The study of the dependence of the weld pool geometry KPIs
on the process variables requires the model’s application to a
given material and laser source, for various values of the pro-
cess variables. Specifically, the current study focuses on the
dependence of the weld pool geometry KPIs on the laser pow-
er and the scanning speed, which have a drastic effect on the
process dynamics.

For the example case studied, the material properties given
in Table 1, the laser properties in Table 2, and the lattice
variables in Table 3 have been used. The material properties
used are typical thermal properties of mild steels and the laser
properties are typical values of CO2 laser sources.

For lap welding, it is assumed that the thickness of the top
plate is equal to dt = 1 mm. The laser power is assumed to take
values between 1 and 17.5 kW, while the scanning speed
between 1.5 and 12 m/min.

Figures 5 and 6 show the dependence of the penetration
depth on the laser power and scanning speed in the case of lap
welding. As intuitively expected, the penetration depth in-
creases when the laser power does so or when the scanning
speed decreases. It is interesting to be noted that the sensitivity
of the penetration depth to the changes of the laser power is
stronger at smaller scanning speeds, while the sensitivity of
the penetration depth to the changes of the scanning speed is
not greatly affected by the laser power.

Figures 7 and 8 show the dependence of the interface width
on the scanning speed and the laser power in the case of lap
welding. Similarly to the penetration depth, the interface
width decreases as the scanning speed increases and increases
as the laser power increases. Additionally, the curves of Fig. 7
cross the horizontal axis at the same location as the curves of
Figs. 5 and 8 cross the horizontal axis, at the same points as the
curves of Fig. 6. This is expected, since for each scanning
speed, there is a critical laser power for the penetration of
the bottom plate, which is noticeable both in the penetration
depth and interface width curves. Similarly, for each laser
power, there is a critical scanning speed for the penetration
of the bottom plate. As shown in Figs. 5 and 7, the critical
scanning speed is an increasing function of the laser power,
while, as shown in Figs. 6 and 8, the critical laser power is an

Table 1 The material
thermal properties used
for the graphs exposing
the outcome of the model

Symbol Value Units

T0 300 K

Tm 1680 K

Tv 2861 K

k 66 W/m K

α 16.4 × 10−6 m/s2

R 0.8 –

ρ 7775 kg/m3

Lf 200 kJ/kg

Lv 6090 kJ/kg
Fig. 3 Example of some of the used joint weld pool geometry KPIs in lap
welding

Fig. 4 Example of some of the used weld pool geometry KPIs in butt
welding

Table 2 The laser
variables used for the
graphs exposing the
outcome of the model

Symbol Value Units

r0 0.25 mm

δf 0 –

M 1.3 –

λ 10.6 μm

P 4.0 kW

v 2.8 m/min
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increasing function of the scanning speed. Finally, in Figs. 7
and 8, it is evident that when the scanning speed or the laser
power approaches the corresponding critical values, the inter-
face width tends to zero at a very steep rate, unlike the pene-
tration depth, as shown in Figs. 5 and 6. This is due to the
shape of the molten pool, sketched in Fig. 3. The surface
separating the weld pool from the solid region is parallel to
the separating surface of the two plates and thus, to the direc-
tion the interface width is measured, the moment that the weld
pool first reaches the bottom plate. This results in a very fast
increase of the interface width, just after the penetration of the
bottom plate has been achieved.

Figure 9 shows the dependence of the top surface concavity
on the laser power and scanning speed. The top surface con-
cavity decreases as the scanning speed increases, while it in-
creases as the laser power does so. It can be seen that for every
scanning speed, there is a critical laser power, where the top
surface vanishes. This critical laser power is an increasing
function of the scanning speed and it takes quite small values,
ranging from 500 to1000 W. This critical laser power corre-
sponds to the laser power that is sufficient for the initiation of
the evaporation phase transition.

Figures 10 and 11 show the dependence of the top surface
welding width on the laser power and the scanning speed in
the case of butt welding. The behavior of the curves is quali-
tatively similar to that of the interface width, in the case of lap
welding. The penetration depth for butt welding is given by
the curves in Figs. 5 and 6 shifted by the thickness of the top
plate.

4 On the energy efficiency of joining processes

A systematic approach to the definition of the process level
energy efficiency of most processes has been presented by
Fysikopoulos A. et al. [18]. The energy efficiency of joining
processes is defined as the ratio of the volume of the joint to
the energy required for the formation of this volume:

Eef ¼ result

energy required for the result
; ð4:1Þ

where

result ¼ V joint: ð4:2Þ

The aforementioned definition follows the general princi-
ple that the energy efficiency should be defined as an intensive
quantity and, consequently, the “result” as an extensive quan-
tity. However, the main objective of a successful energy effi-
ciency definition is its ability to provide comparisons of dif-
ferent processes, machines, or production line configurations,
in order to identify the most energy efficient ones. Taking this
into consideration, the main result, in a welding operation, is
the successful addressing of the strength requirements; thus,
the most energy efficient process is the one that achieves the
given strength requirements with the smallest energy con-
sumption. According to the above statement, the result in the
energy efficiency definition should be considered proportional
to the strength achieved.

Fig. 5 The dependence of penetration depth on scanning speed for
various laser powers in the case of lap welding

Fig. 7 The dependence of interface width on scanning speed for various
laser powers in the case of lap welding

Fig. 6 The dependence of penetration depth on laser power for various
scanning speeds in the case of lap welding

Table 3 The lattice
variables used for the
graphs exposing the
outcome of the model

Symbol Value Units

zmax 3 mm

Nz 150 –

rmax 1 mm

Nr 50 –

tmax 8 msec

Nt 1600 –
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In general, an explicit relationship, between the geometric
characteristics of a weld and its strength, is difficult to be
determined. However, it is clear that the joint volume is not
directly connected to the joint strength, as the process may
have physically altered a large volume, in an inappropriate
region though. The most reasonable choice of a result, being
proportional to the joint strength is the area of the interface
formed between the two welded pieces. Thus, the energy ef-
ficiency definition has to be modified as

Eef ¼ result

energyrequiredfor theresult
; ð4:3Þ

where

result ¼ Ainterface: ð4:4Þ

It has to be noted that the definition of the machine tool
level result for welding processes may need further consider-
ations. For example, in lap welding, two stitches of the same
length are characterized by about the same interface area;
however, their strength may be quite different, depending on
their shape (a different result should correspond to a circular, a
polyline, or a straight stitch). Similarly, the combined result of
several stitches strongly depends on their orientation, position,
and shape and certainly it cannot be considered as being equal
to the addition of the result for each stitch.

This study focuses on the cases of butt and lap welding. At
this point, it is crucial to be stated that among others, a good
weld should generate the least possible heat-affected zone

(HAZ) in order to prevent the alteration of material properties,
as much as possible. Some typical quality issues are depicted
in Fig. 12.

The first case to be studied is the butt configuration
(Fig. 13).

σ ¼ F
pd

; ð4:5Þ

where F is the tensile force, p is the weld throat or penetra-
tion depth, and d is the length of the weld. The average stress
in a butt weld, due to shear loading (τ) (Fig. 13b), is

τ ¼ F
pd

: ð4:6Þ

From the above equations, it is obvious that the two major
factors affecting the strength of a butt weld are the penetration
depth (p) and the weld length (d). Actually, the strength is
proportional to their product, namely the area of the interface
as discussed above. Consequently, the most efficient weld is
the one that generates the less molten volume and HAZ and at
the same time limits the effect of vaporization. Equations (4.3)
and (4.4) suggest that the energy efficiency in the case of butt
welding should be defined as

Eef butt ¼
p−ctð Þd
E

; ð4:7Þ

where ct is the top surface concavity and E is the energy
provided for the laser welding process.

Fig. 8 The dependence of interface width on laser power for various
scanning speeds in the case of lap welding

Fig. 11 The dependence of top surface welding width on laser power for
various scanning speeds in the case of butt welding

Fig. 9 The dependence of top surface concavity on laser power for
various scanning speeds

Fig. 10 The dependence of top surface welding width on scanning speed
for various laser powers in the case of butt welding

Int J Adv Manuf Technol (2017) 92:1243–1253 1249



The second case is the lap welding configuration. The two
factors, playing an important role on the lap joint strength, are
the thickness of each material and the width of their intersec-
tion (Fig. 14) [30–32]. In case that each sheet’s thickness is
smaller than 5mm [30] (i.e., LWapplications), the result of the
lap welding process can be considered equal to the intersec-
tion area as discussed above. More specifically, Eqs. (4.3) and
(4.4) suggest that

Eef lap ¼
sd
E
; ð4:8Þ

where E is the energy provided to the process, s is the welding
interface width, and d is the length of the weld.

4.1 Laser welding process and the dependence of energy
efficiency on process parameters

In this section, the most energy efficient selection of parame-
ters for the laser welding process, using butt and lap welding
configuration, will be determined. In the following, different
process parameters corresponding to the same result are com-
pared. As a consequence, the laser power and the scanning
speed are related, and thus, the energy efficiency will be plot-
ted versus the laser power only. For the better interpretation of
the results, an analysis of the mechanisms that absorb energy

is performed. One way of dividing the absorption of energy by
the material is the following:

1. Energy is absorbed for heating the material that finally
will form the weld pool, to the melting temperature and
for its latent heat of fusion.

2. Energy is absorbed for heating the material that finally
remains solid at temperatures below the melting point.

3. Energy is absorbed for heating the material that has finally
molten to temperatures below the evaporation point.

4. Energy is absorbed for the heating and the latent heats of
fusion and evaporation of the material that has finally
evaporated.

The first part of the absorbed energy is actually the only
one that contributes to the result, since it is proportional to the
weld pool volume and, consequently, it is connected to the
interface area. The second and third parts correspond to the
energy wasted on heat. The fourth part is a large one, since the
latent heat of evaporation typically is larger than that of fusion
or the energy required in order for the material to be heated up
to its evaporation point. This part of the energy consumption
may appear as energy loss, since it is responsible for a reduc-
tion in the weld pool volume. On the other hand, the evapo-
ration may absorb a large amount of energy, but simultaneous-
ly it enables the laser beam to get into deeper regions of the
workpiece, enlarging the weld interface area.

Fig. 12 Examples of various
incomplete fusions in welds

Fig. 13 A typical butt joint
[29]Either for the tension or the
compression loading (Fig. 13a),
the average normal stress (σ) is
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In the following sections, the parameters of Table 1,
Table 2, and Table 3 are going to be used.

4.2 Laser butt welding

Figures 15 and 16 depict the energy efficiency as a function of
laser power. For each curve, the scanning speed is fixed in
such a way so as for a specific given penetration depth, in a
butt welding configuration, to be achieved. The appropriate
scanning speeds can be determined by finding the intersection
of the curves in Fig. 5, with a horizontal line corresponding to
the desired penetration depth. The figures show that the use of
extra power increases the energy efficiency. This trend can be
explained since the use of higher power results in less process
time and, thus, less energy losses due to heat conduction.
Thus, the trend “the faster the better” in terms of energy effi-
ciency, which is also observed in other processes, e.g., [16, 18,
20], is being followed for the LW process as well.

Another important outcome of Figs. 15 and 16 is that as the
desired penetration depth increases, the energy efficiency rap-
idly drops. This is something expected, since higher penetra-
tion depths require longer process times and the energy losses
are increased due to heat conduction. The twofold effects of
evaporation, which highly increase the energy consumption
on the one hand and give access to deeper regions on the other,
are also important. A special comment for the 0.1-mm pene-
tration depth should be made, since this depth is close to the
conduction welding region; consequently, negligible evapora-
tion is achieved. For this reason, all the energy induced into
the workpiece is used for melting and increasing the welding
region, resulting in a higher energy efficiency of the process.

4.3 Laser lap welding

Moving to the lap welding configuration, Fig. 17 presents the
energy efficiency as a function of the laser power for different
interface widths. The appropriate scanning speeds can be de-
termined as the crossing points of the curves in Fig. 7, with a
horizontal line corresponding to the desired interface width. It
is observed that a higher laser power results in increased en-
ergy efficiency. This can be attributed to the same reasons as
those in the butt welding case. Additionally, the smaller the
welding interface is, the higher its energy efficiency. In butt
welding, it was true that lower penetration corresponds to
higher energy efficiency. The two trends are similar and can
be attributed to the same physical reasons.

Moreover, it can be observed that for the test cases present-
ed, the lap welding is a less efficient configuration than that of
butt welding. This is expected, considering that in order for a
lap weld to start being formed, the entire upper sheet should
have been penetrated, while in the case of butt welding, it
starts being instantly formed.

It is not simple to directly estimate the errors induced by the
simplifying assumptions of the welding model in the calcula-
tion of energy efficiency. The most reliable method for the
estimation of the errors is the comparison with experiments.
In [28], comparison of the model with experiments shows er-
rors in penetration depth p in the order of 20%. The errors in the
top surface weld width w are expected to be mainly affected by
errors in spot size diameter and focusing and be smaller, of
order 5%. It is more difficult to estimate the error interface
width s in the case of lap welding. Approximating the shape
of the weld pool with a conical shape, the interface width can be
approximated by s = wdt/p. Assuming canonical error

Fig. 14 Geometrical, loading,
and support conditions of tensile-
shear loaded lap joint model
[30–32]

Fig. 16 Butt welding energy efficiency as a function of laser power
investigating different penetration depths

Fig. 15 Butt welding energy efficiency as a function of laser power
investigating different penetration depths
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distributions inw and p, it turns out that the errors in s are in the
order of 20%. It has to be noted that this error may be consid-
erably larger if the penetration depth is just larger than the top
plate width dt, since such penetration depths correspond to the
steepest parts of the curves, shown in Figs. 7 and 8.

The errors in the calculated energy efficiency can be direct-
ly estimated from the formulas (4.7) and (4.8). The errors from
the energy E and the weld length d are negligible, since these
quantities are well controlled by modern laser machine tools.
Therefore, in both lap and butt welding geometries, the error
in energy efficiency is expected to be in the order of 20%.

5 Conclusions

The study of the connection between the process variables and
the weld pool geometry KPIs has resulted in the following
conclusions:

1. Penetration begins above a critical laser power which is an
increasing function of the scanning speed. Indicatively for
1 mm depth, the critical laser power reaches 4–10 kW,
depending on the scanning speed.

2. Similarly, penetration occurs below a critical scanning
speed, which is an increasing function of the laser power.
For example, for 1 mm depth, this critical laser power can
be as low as 1 m/min, for laser powers around 5 kW.

The study of the connection between the laser welding
process variables and the energy efficiency results in the fol-
lowing conclusions:

1. The “result” in the energy efficiency definition should be
considered proportional to the achieved strength; thus, the
most reasonable choice for a result being proportional to
the joint strength is the area of the interface formed be-
tween the two welded pieces.

2. The two major factors that affect the strength of a butt
weld are the penetration depth and the weld length; there-
fore, the result is the area formed by these two factors.

3. The three factors that play an important role in the lap
joint strength are each material’s thickness, the weld
length, and the width of the intersection. In the case of
LW application, the thickness may be omitted; thus, the
result of lap LW can be considered equal to the intersec-
tion area.

4. For both butt and lap LW, the energy absorbed for heating
up to the melting temperature and for the latent heat of
fusion of the material that has been finally molten is actu-
ally the only one that contributes to the result, since it is
proportional to the weld pool volume and, consequently, it
is indirectly connected to the interface area.

5. The rest are heat energy losses, except for the energy
absorbed for the heating and the latent heats of fusion
and evaporation of the material that has been finally evap-
orated. This may appear to be energy loss, since it is
responsible for a reduction in the weld pool volume. On
the other hand, evaporation may require the absorption of
a large amount of energy, but simultaneously, the laser
beam is given access to deeper regions of the workpiece.

6. The use of higher laser power increases the energy effi-
ciency. Thus, the trend “the faster the better” in terms of
energy efficiency, being observed in laser drilling [20], is
also followed for the LW process.

7. It is observed that as the desired penetration depth in-
creases in butt welding and the interface width gets
higher, there is a rapid drop in the energy efficiency.

8. In general, lap welding is a less efficient configuration
than that of butt welding, since more material has to be
molten in order for the desired strength to be achieved.

9. For high enough scanning speeds or low enough laser
powers, there is no keyhole formation; therefore, the pro-
cess is actually conduction welding. In this case, energy
efficiency appears to be higher than that of keyhole
welding; however, it has to be noticed that the depth of
the molten pool cannot exceed a certain value, making
this option inapplicable when deeper penetration is
required.
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