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ABSTRACT

The use of Al-alloys is increasing in the automotive industry due to the pressing necessity to reduce weight and fuel consumption. Several parts
concerning the car body are assembled through welding, where a high-quality seam is a key requirement. For this purpose, laser welding stands
as an appealing option. On the other hand, laser welding of Al-alloys is a complex process due to the high reflectivity, reactivity, and crack sus-
ceptibility of these materials. In many cases, such issues limit the applicability of the autogeneous welding, which is an advantageous feature of
laser welding. High-brilliance fiber lasers have been an enabling technology for improving the weldability of Al-alloys. However, laser welding
of Al-alloys, especially in a lap-joint configuration, requires robust processing conditions able to maintain seam quality for each weld in high
volumes even with part tolerances and tooling variability. Accordingly, this work discusses the process development and monitoring in laser
welding of 5754 Al-alloy. In particular, the process was carried out in a double lap-joint configuration with 1 mm sheets, commonly used in
automotive applications. A 3kW fiber laser with in-source integrated monitoring capability was employed as the light source. The process
feasibility zone was investigated as a function of laser power and welding speed, while the effect of focal position was investigated for the weld
robustness. Weld seam types and defects were identified, as well as the monitoring signals associated light back-reflected from the process.

Key words: keyhole welding, Al-alloy, double lap-joint, back reflection, remote sensing
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I. INTRODUCTION Laser beam welding has established itself a solution for welding
of aluminum, thanks to the fact that the beam has high energy
density but deliver a low overall heat input. This allows the achieve-
ment of fine welding seam with narrow heat affected zone and very
little thermal distortion.”® However, laser beam welding has to deal

In the last few years, the importance of aluminum and its
alloys has been growing in many industrial sectors and for many
applications. The characteristics which make these materials so
attractive are their low density, high specific strength, good corrosion

resistance, good workability, high thermal and electrical conductiv- with many issues that are connected with the properties of the pro-
ity, and intrinsic recyclability. In the last two decades, the automo- ~ cessed material. First of all, the high reflectivity of aluminum and its
tive industry' has increased the use of aluminum, and it will gain a alloys has been for years a major obstacle to the achievement of con-
central role in the rising market of electric vehicles.”” Aluminum sistent laser welding results in terms of quality and productivity.

alloys are a perfectly suitable choice in the design of lightweight car Nowadays, high-brilliance fiber lasers represent a key tool for
bodies, with the aim of reducing fuel consumption, and in batteries ~ industrial manufacturing in terms of wavelength and available
manufacturing, where it is employed in producing electrodes, ~ power in continuous wave.”* Welding in the keyhole regime” can
conductive busbars, hermetic enclosures, or structural packaging.* be easily achieved, and it has the advantage to create a weld seam
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with high aspect ratio (depth over width), limited heat affected
zone, higher penetration, and good mechanical properties. On the
other hand, the generated keyhole cavity is affected by instability
which can lead to various defects like spatter''' and pore
formation.'”™"* Moreover, cracking'® and loss of low vaporization
temperature alloying elements are common events with detrimental
effects on the mechanical properties.'” To reduce or eliminate the
occurrence of these defects is necessary to find optimal process
parameters.”'® The most significant factors that play a role in laser
welding are the laser power, the welding speed, the focal spot
dimension, and, if present, the chemical composition of the shield-
ing gas."” Their influence on the process result has been widely
examined in the literature.

For quality assessment of the welds, process monitoring is a
promising industrial solution that can be integrated in production
systems with the aim of automatic detection of defective compo-
nents. Various sensors are exploited for this purpose.”’ >
Radiation intensity detectors like photodiodes are a common
choice,””** they offer high temporal resolution and with appropri-
ate filters can detect light at different wavelengths,”” such as visible
light, laser reflected radiation, or infrared.”® Despite several efforts
in the literature, the assessment of quality attributes along with the
use of a noninvasive monitoring device able to detect such changes
remains an open question. Indeed, in lap-joint welds with multiple
layers, the monitoring needs increase due to the higher complexity
of the joint.

Accordingly, the present study is aimed at autogeneous laser
weldability study of 5754 Al-alloy in double lap-joint configuration
in terms of process parameters and weld seams morphology.
In parallel, the monitoring of the process back-reflected light is
performed exploiting the in-source available monitoring system.

Il. MATERIALS AND METHODS
A. Material

The investigated material is aluminum alloy 5754 (AlMg;) in
the form of 1 mm thick sheets. The alloy is not heat-treatable and is
characterized by a percentage of magnesium around 3% of the
weight. It shows good weldability and formability together with good
mechanical properties and good resistance to corrosion. It finds
applications in vehicle bodies in automotive, shipbuilding, food
processing equipment, and welded chemical and nuclear structures.
The nominal ultimate tensile strength (UTS) of the material is in the
range of 220-270 MPa. The chemical composition of the alloy is

ARTICLE scitation.org/journal/jla

TABLE II. Laser source specifications.

Specification Symbol Value
Emission wavelength A 1080 nm
CW emission power p 3000 W
Beam quality M 6.98
Beam parameter product BPP 2.4 mm mrad

(nLIGHT alta™). The delivery fiber core diameter is 100 um.
The laser is specifically designed to safely process highly reflec-
tive materials such as copper or aluminum. Internal hardware-
based back reflection (BR) protection removes back-reflected
light from the fiber and safely dissipates it as heat. The laser is
also equipped with internal photodiode sensors that detect back-
reflected laser light.

The analog output of these photodiodes can be externally read
for real-time process monitoring.”” The laser source specifications
are shown in Table II.

The laser head is equipped with a 75 mm collimating and a
200 mm focal lens producing a theoretical spot size of 267 um on
the focal plane (Laser Mechanisms FiberMINI). A cross-jet of com-
pressed air is used to prevent optics to be damaged by fumes or
spatter. The optical chain specifications and the resultant focal spot
size are shown in Table III.

According to the caustic equation that describes the laser
beam propagation, the diameter of the spot on the workpiece
surface is computed even in defocused conditions. In the following
equation, to compute the beam diameter at a given distance d(z),
the following are considered: dy that represents the waist spot diam-
eter, z, which is the focal distance, z is the considered distance,
thus z — 2, is the defocusing value, and 6 is the divergence angle,

d*(z) = di + (z — 20)*6*. (1)

In order to comprehend the effect of focal position, the Rayleigh
length z, is a representative indicator. It describes the distance from
the focal position, at which the beam diameter is enlarged by a
factor of /2. Accordingly, the Rayleigh length is described as

shown in Table [ id dg (2)

> . Zy = .

" aM A
B. Laser welding system
The laser welding system is composed of the laser source . . .
and the laser welding head containing the collimation and focus- TABLE ll. Optical chain specifications.
ing lenses. The laser source is a high-brilliance 3 kW fiber laser Specification Symbol Value
) ) iy Collimation length feol 75 mm
TABLE I. Nominal chemical composition of Al-alloy 5754. Focal length Froc 200 mm
Alloy Si Fe Cu Mn Mg Cr Zn Ti Others Fiber core d{ameter Peore 100 4m
Focal spot diameter do 267 um

5754 040 040 0.10 0.50 2.60-3.60 0.30 0.20 0.15 0.05 Divergence angle 0 0.036 rad
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The beam size at the Rayleigh length is, therefore, TABLE IV. Fixed and variable parameters in the determination of process feasibility
window.
d(z,) = doV/2. 3) Fixed parameters Values
Power, P (W) 3000
Optical magnification 2.67

The Rayleigh length of the optical configuration was calculated as
743 mm with a beam diameter of 0.378 mm at this length. Variable parameters Values
Figure 1(a) represents the caustic shape of the beam according to
Eq. (1) with the beam radius at the Rayleigh length highlighted.
Figure 1(b) shows the acquired beam profile.

Welding speed, v (m/min) From 1.2 to 14.2
Focal position, f (mm) 0; —2; —4

C. Characterization equipment

12 a
10 In order to obtain images of the cross sections of the weld
seams, the samples were cut, ground, and polished with up to 1 um

€

£ : diamond suspension. Optical microscopy was used to acquire images
@ p of the cross sections of the specimen (Leitz ERGOLUX 200).

<0

% (2) lll. EXPERIMENT

§ 2 A. Determination of the feasibility window

g -4 Autogeneous welding of three sheets of 5754 Al-alloy in lap-
= -6 joint configuration was performed with the aim to detect the
§ 8 boundaries of the process in terms of morphological characteristics
IS 10 of the weld seams. The welds were linear with a length of 100 mm.
g _12 Considering the chosen application, the parameters with the higher

influence on the process are power, welding speed, and focal posi-
03 -02 -01 0 01 0.2 03 tion. In Table IV the values of the fixed and the variable parame-
ters considered in determination of the feasibility window are
shown. The laser power is set at 3 kW. The welding speed was
chosen between the value of 1.2 and 14.2 m/min at 1 m/min incre-
Beam Radius Rayleigh radius ments. The focal position was investigated at 0 mm (focus on the
workpiece surface), at —2 and —4 mm (inside the workpiece),
remaining within the Rayleigh length at all conditions. No shield-
ing gas was used in the experiments. The obtained welds were cate-
gorized qualitatively according to the weld seam appearance.

In Table V the values of spot diameter at the three different
defocusing conditions are shown and the related value of irradiance
computed as

Beam Radius [mm)]

=2 (4)

where P is the laser power and A is the spot area.

TABLE V. Laser beam spot dimension on the workpiece surface at different
defocusing levels and related value of irradiance.

Focal position, Spot diameter, Irradiance,
f(mm) d(mm) I(W/cm?)
0 0.267 5.36 x 10°
6
FIG. 1. (a) Calculated caustic shape of the laser beam and beam radius at —2 0277 4.99 x 105
Rayleigh length is highlighted. (b) Measured beam profile at the focal position. —4 0.303 4.15x10
J. Laser Appl. 31, 022419 (2019); doi: 10.2351/1.5096101 31, 022419-3
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The threshold value for irradiance that distinguishes between
conduction welding process and deep penetration (keyhole)
welding is found in the literature to be approximately 10° W/cm?
for lasers with wavelength around 1070 nm.”** In all the focal
position conditions, the value is above the threshold, deep penetra-
tion welding is expected.

B. Monitoring

The employed laser source has the possibility to monitor
back reflection signal directly from control interface connectors.
This is because monitoring photodiodes are mounted inside the
source to collect reflected radiation coming back from the process.
The BR analog output has been connected with a shielded cable
to a digital oscilloscope (Tektronix TBS-1042). The sampling rate
was 1kHz. The welding process was monitored in order to under-
stand the capability of the BR signal to respond to different
process conditions. Representative conditions for each qualitative
category were identified, and three replicates were produced for
acquiring monitoring signals.

IV. RESULTS
A. Process feasibility and weld bead types

Weld seams obtained at the different conditions of parameters
were found to be crack-free and macrodefects were absent in their
external appearance. Conditions at the highest level of defocusing
and at the higher levels of welding speed showed a weak bonding
of the third layer, which could be easily detached.

Due to machine dynamics, variation in the penetration was
evident with respect to acceleration and deceleration. This phenom-
enon becomes more evident at higher welding speeds. The central
and stationary section of the weld track is considered for the analy-
sis of the results to remove these effects.

The welds obtained were categorized and analyzed according
to morphological characteristics such as penetration, undercut, and
the appearance of the bottom of the seam. The investigated process
conditions are resumed in Table VI, the different colors represent
the four macrocategories identified among the resultant weld
seams. The first one (blue) is a full penetration condition that
occurs at low speed and shows a weld with a wide groove, marked
undercut and a droplike shape of the bottom seam. The second
(yellow) is a full penetration condition with a narrow seam and less
evident undercut, where the bottom side presents “icicle” struc-
tures. The third (orange) is a partial penetration condition, where
the top surface is characterized by overfill. The fourth (red) is a
partial penetration condition but the bond with the third layer is
weak due to lack of penetration.

Cross sections of the welds at midtrack position were also
acquired. Representative images for each category are presented in
Table VII. As represented by the high aspect ratio (depth over
width), it is possible to conclude that the welds are generated in
keyhole regime. It can be seen that at low speed (first category) the
weld is wide, with consistent undercut and dropout due to the
metal flow through the bottom of the workpiece; pores and cavities
are present. By increasing the speed (second category), the seam
becomes narrower with reduced undercut and smaller pores.

ARTICLE scitation.org/journalljla

TABLE VI. The morphological categorization of the weld seams.

Drop-like bottom seam

(1)

Icicles bottom seam

(2)

Partial penetration

(3)

Detachment of 3rd
layer

(4)

At high speed (third and fourth categories), penetration depth
reduces until partial penetration condition, the weld is character-
ized by overfill and the diffused porosity is reduced but large pores
are often present at the root.

For automotive applications, the second category is acceptable
as it shows the full penetration with a simple visual inspection
through the bottom side of the weld seam. The third category is
promising as the weld shape and quality is superior; however, the
penetration depth is not determined without a nondestructive
inspection method. Indeed, the online monitoring signals can be
useful for the purpose.

In order to have a comprehensive index that allow to compare
different conditions taking into account the effect of laser power P,
welding speed v, and spot diameter d, energy density is introduced.

J. Laser Appl. 31, 022419 (2019); doi: 10.2351/1.5096101
© 2019 Laser Institute of America
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TABLE VII. Cross section images for the different categories.

Process
Category Cross section parameters
(1) Droplike Welding speed =
bottom seam 2.2 m/min,
Focal position =
0 mm
(2) Icicles bottom Welding speed =
seam 8.2 m/min,
Focal position =
0 mm
(3) Partial Welding speed =
penetration 11.2 m/min,
Focal position =
0 mm
(4) Detachment of Welding speed =
third layer 11.2 m/min,
Focal position =
—4 mm

ARTICLE scitation.org/journalljla

It is defined as
P
F=—. 5
o (5)

Figure 2 shows the experimented conditions and the corresponding
quality categories of the obtained weld seams and the energy
density index. It can be noticed that at high welding speed the
energy density value varies in a narrow range and the effect of
defocusing plays a significant role in the process outcome. Instead,
in high heat input conditions, the energy density value grows faster
with the decreasing of the speed and is much less sensitive to the
focal position. This can lead to a state in which a robust process
can be conducted at the lower speed allowed by quality and pro-
ductivity constraints. Energy density appears to be a correct indica-
tor to the change of processing conditions. The switches between
categories appear to be approximately at 295, 70, and 50 J/mm®
starting from the first category.

The energy density values in Fig. 2 can be useful for interpret-
ing the formation mechanisms of the different weld seam catego-
ries. In first category conditions, there is a great quantity of energy
delivered to the workpiece. A large keyhole forms piercing through
the whole group of welded sheets, and since the speed is low, the
molten material has time to flow through the bottom before solidi-
fying. Pores are common in this type of weld due to the large
amount of metal vapor generated, which remains entrapped in the
turbulent flow of liquid during solidification. In the second cate-
gory, the energy delivered to the piece is reduced as is the quantity
of molten metal, which still can flow through the bottom. Due to
the rapid solidification of the molten metal and the high melting
point of aluminum oxide, the melt expulsion from the bottom of
the weld seam occurs intermittently, generating the so-called
icicles. The porosity is less because the keyhole is more stable at
faster travel speeds.

In the third and fourth categories, the energy density is not
high enough to produce full penetration welds; hence, the keyhole
does not lead to an open end at the bottom. The motion of the

Energy density [J/mm?]

f[mm] 52 ----- s/ [0 - 53

m}ooeeeooo.oooqoo
0 q" o }o ,.-'o o;"o o oo o‘,r"'o ® 9'
[-4] .b:o'ovo o‘o‘oolotooo‘o
mi’

e 1* category o 2" category v [m/min]
@ 3" category e 4 category

FIG. 2. The chart represents the process conditions, at different values of
welding speed and defocusing, classified with respect to the weld type and the
dashed lines identify the regions of the process that are at the same energy
density level.

J. Laser Appl. 31, 022419 (2019); doi: 10.2351/1.5096101
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liquid metal in this case behaves differently, not being allowed to
flow through the bottom, it tends to rise in the tail of the keyhole 1l
where solidification take place; therefore, a small amount of overfill
is present. Root porosity is generated due to the fact that the 10k
entrapped vapor cannot easily escape from the bottom of the seam.
The fourth category occurs when both energy density and irradi- o-
ance levels are low, losing the penetration between the second and =
third plates. This underlines the importance of irradiance for initi- T 8-
ating a sufficiently stable keyhole along with the energy density in 2
order to penetrate deeper into the workpiece. 7+ |
B. Monitoring signal behavior 6 m
To verify the capacity of the monitored back reflection signal 5= -
for identifying the different process categories and its possible vari-
ations, each experiment was monitored. The laser radiation, after 4l ! : ! ! ! ! .
the keyhole generation, rebounds inside it and is partly absorbed by 0 L 02, 0% 0o 08 L e 18

the material and partly reflected outward. A portion of the reflected
laser beam intercepts the optical path of the incoming beam and is
launched back through the delivery fiber. The recorded signals for
a representative condition of each morphological weld category are
presented in Figs. 3-6. No postprocessing was done on the signals,
and they represent the entire time history of the tracks.

It can be noticed from a visual comparison of the signal with
the bottom of the seam, especially in high-speed welds, that the
initial and final transients of axis acceleration and deceleration FIG. 4. Representative back reflection signal of second category acquired

visible on the sample are clearly identified through the monitoring gﬁgr}gcglr%%e:itsior?gng)p;ﬁd with ths botiom seam, Welding speed =8.2 m/min

M-
M"r
10 -
10+
o
= 9r
T 8- =
® 26 .
7- 1 7 ‘
4s ,
6 _
i | I
5+ _
4 . . . . . . .
0 0.5 1 15 2 25 3 4= ! g g ' : : g
it [6] 0.2 0 0.2 0.4 0.6 0.8 1 12
Time [s]
FIG. 3. Representative back reflection signal of first category acquired during FIG. 5. Representative back reflection signal of third category acquired during
process compared with the bottom seam. Welding speed = 2.2 m/min and focal process compared with the bottom seam. Welding speed = 11.2 m/min and focal
position = 0 mm. position = 0 mm.
J. Laser Appl. 31, 022419 (2019); doi: 10.2351/1.5096101 31, 022419-6
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Signal [V]
[e:]
T

0.2 0 0.2 0.4 0.6 0.8
Time [s]

-
[N}

FIG. 6. Representative back reflection signal of fourth category acquired during
process compared with the bottom seam. Welding speed = 11.2 m/min and focal
position = —4 mm.

signal. In the stationary part of the process, the signal also main-
tains its mean value constant. A preliminary analysis was carried
out to compare the signal mean value of the four weld categories,
only the central part of them was selected.

In Fig. 7, the mean value of the signals and the corresponding
penetration depth d,, are reported. It can be noticed that the signal

75
[ ) Y { ]

_.70
=
3
= 6.5 L3 P ®
e :
=t
3 6.0
€
o
Dsg O]

5.0

18 2 2.2 24 2.6 2.8 3 3.2

Penetration Depth dp [mm]

B 1stcategory A 2nd category @ 3rdcategory @ 4thcategory

FIG. 7. BR mean value of the stationary process with respect to the penetration
depth of the three replicates performed on the representative condition per each
category.
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o
w

BR std. dev. [V]
© o o ©
- N w =

®
L 2
®
Eb

o
o

1.8 2 2:2 2.4 2.6 2.8 3 3.2
Penetration Depth dp [mm]
B 1stcategory A 2nd category

®3rdcategory @ 4thcategory

FIG. 8. BR standard deviation of the stationary process with respect to the pen-
etration depth of the three replicates performed on the representative condition
per each category.

strength is correlated to the weld penetration. The transition from
full (first and second categories) to partial penetration (third and
fourth categories) implies that some of the radiation is no longer
able to escape from the bottom of the weld from the opening of the
keyhole and more is reflected back.””’' Moreover, the signal
strength further increases when the weld penetration is between the
second and third sheets, thus passing from second to first category.

Moreover, the results show that in first and second categories,
which are both characterized by full penetration, signal strength is
remarkably different. In the first category, the amount of reflected
radiation is lower, and this can be explained considering the keyhole
dimension and the penetration capability. The keyhole is reasonably
straight and wide due to the low speed, and the radiation is mainly
absorbed by the material until it can travel through the piece. The
remainder is expected to escape from the bottom end. In the second
category, due to the increased welding speed, the keyhole is narrower
and more inclined. Thus, a higher amount is back-reflected.

The standard deviation was also calculated for the stationary part
of the signals and is reported in Fig. 8. It seems to remain almost
constant except for the lack of penetration condition with —4 mm
focal position, where it increases significantly. This is likely related to
a higher instability of the keyhole at a lower level of irradiance.

It is possible to conclude that the monitored signal shows a
promising capability to identify different welding conditions and
process variations.

V. CONCLUSION

This work investigated autogeneous laser beam welding of alu-
minum alloy 5754. The first step aimed at process comprehension
with the detection of a feasibility region in which the variable
factors chosen were welding speed and focal position. The obtained
results were classified using a qualitative approach to discriminate
different weld seam conditions. Four morphological categories were
selected:

J. Laser Appl. 31, 022419 (2019); doi: 10.2351/1.5096101
© 2019 Laser Institute of America

31, 022419-7


https://lia.scitation.org/journal/jla

Journal of

Laser Applications

(1) Welds in full penetration at low speed with wide groove and
marked undercut on the top surface and droplike aspect on the
bottom.

(2) Welds in full penetration at moderate speed with narrow seam,
little undercut, and icicles on the bottom.

(3) Welds in partial penetration at high speed with overfill on the
top.

(4) Welds in partial penetration at high speed and focal position at
—4 mm, where detachment of the third sheet occurs.

The process categories were also identified by their value of energy
density index that shows higher sensitivity to defocusing when
welding speed is high. The process was less perturbated at lower
speed.

The performed monitoring activity exploited the capability of
an in-source monitoring system able to detect back-reflected radia-
tion. The mean value of the stationary part of the signals was used
to discriminate the different process conditions and to compare
them, highlighting how the phenomena taking place during the
process influence the outcomes in terms of morphology. The stan-
dard deviation of the back reflection was also computed, and it
resulted effective to identify process disturbances related to defo-
cusing. The signals show a promising capability to follow the varia-
tions in the resulting welds. Future works will investigate the
relationship between the monitoring signals and the weld geometry,
as well as its strength.
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