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1. Introduction

Applications for laser beam welding (LBW) have
increased steadily in recent years because the many ad-
vantages of laser processing are being recognized and
utilized to produce better products with greater productivi-
ty and at lower cost. Katayama et al. [1] highlighted that
laser welding phenomena are satisfactorily understood and
provided in-depth analysis of existing methods for deep
penetration LBW.

Duley [2] compared laser beam welding and tradi-
tional welding process. LBW is more efficient due to high-
er welding speeds, lower heat input and better quality.
Another important factor is material savings: in mass-
production of parts with greater seam length (meters long)
and high thickness (16-20 mm) with LBW there is no need
for beveling or filling material in single-pass welding.
These results are achieved with the use of a keyhole weld-
ing technology that provides high levels of weld shape
factor, defined by the width to depth ratio. With traditional
welding methods this factor is usually around 3:2 for good
quality welds, while with LBW the factor can be 1:10, or
even more narrow and deep, with acceptable beam quality.

Gobel et al. [3] investigated laser beam welding
process and concluded that with the use of high power
fiber lasers (HPFL) welding can be improved in terms of
productivity, reduced heat input and reduced distortion.
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Fig. 1 Laser beam welding process [4]

The schematic view of LBW process in butt joint
configuration is presented on Fig. 1. The main parameters
of the LBW process are laser power Lp, welding speed vw
and focal point position in relation to the top surface of the
welded joint fpp. Additional parameters include protection
from oxidation (e.g. type of shielding gas used), edge sur-
face preparation, use of filler materials, and preheating
techniques or other methods to increase the effectiveness
of penetration or improve metallurgical aspects. In analysis
of existing applications by Quintio et al. [5], Katayama et

al. [6], Katayama et al. [1] and research to date by Zhang et
al. [7] were mentioned laser welding and it can be noticed
that there is a tendency to focus on optimizing the laser and
process parameters and relatively little attention has been
paid to the physical parameters of material, like surface
preparation of the joint edges.

Methods of improvement of laser beam welding
efficiency with surface modifications have been discussed
during last 40 years. Arata and Miyamoto in 1972 [8] in-
vestigated absorption characteristics of CO- laser beam in
various conditions using a calorimeter. In 1988 according
to their findings, absorption level has a tendency to in-
crease with the surface roughness level until the surface
melts and absorption decreases to constant level. Covelli et
al. [9] studied laser beam welding of 4 mm stainless steel
with a CO, 4 kW laser and concluded that weld properties
are not affected by the surface roughness. Ricciardi and
Cantello [10] suggest using surface coatings to increase
absorption during CO- laser processes.

Up to date research shows that with use of high
power lasers, the surface roughness has a large effect on
absorption, due to the multiple reflection undulations and
is an important component of weld quality optimization, as
it strongly modulates the local absorptivity during the laser
welding process. Bergstrém et al. [11] recorded, by reflec-
tance measurements, a trend of increasing absorption for
increasing roughness above Ra 1.5 um for stainless steels
and above 6 um for low alloyed steels. Kaplan [12] con-
cluded that even a rather low level of roughness (of the
order of 5-7 um) strongly modulates the local absorptivity
across the surface of molten metal. Sokolov et al. [13]
using penetration depth and calorimeter absorbed energy
measurements, a correlation between edge surface rough-
ness and absorption in welding structural steel in a butt-
joint setup was observed. The absorption of structural
steels in butt joint laser welding has a significant depend-
ence on the edge surface roughness at laser powers of
> 10 kW, as shown in Fig. 2.

Although the experimental data are uncontested,
the mechanisms standing behind this correlation are not yet
totally understood. In empirical experiments conducted
thus far, the edge surface preparation was applied to the
whole surface and the effect of varied or asymmetrical
edge surface preparation was not investigated.

From a practical perspective, utilization of find-
ings on the effect of edge surface preparation should not
lead to additional costs when choosing manufacturing
methods in accordance with the surface roughness they
create. However, an increase in the number of processes
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required for edge surface preparation, like additional ma-
chining of the edge surface to create a required roughness
level, would certainly decrease the economic benefits of
using LBW. One hypothesis suggested by Sokolov et al.
[13] claims that edge surface roughness has a critical effect
on welding efficiency only at the very beginning of the
process, when the keyhole is initiated, and that after stabi-
lization of the keyhole it has no effect on the optical or
absorption properties of the edge surface. If this is the case,
machining need be applied only to part of the edge surface,
which would result in considerable cost-savings in meters-
long welds.
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Fig. 2 Penetration depth at different roughness levels, low
alloyed steel S355, thickness 20 mm, welding speed
2 m/min [13, 14]

The purpose of this paper is to evaluate and vali-
date the effect of surface roughness variation along the
joint. The results of this investigation provide initial indi-
cations of optimal edge surface preparations for laser weld-
ing and show whether the effect of surface roughness is
critical only during the initial keyhole formation or
throughout the whole welding process.

2. Experimental

Welding experiments with a high power fiber la-
ser IPG YLR 10000 were performed on low alloyed steel
S355 EN 10025: 2004 [15] plates. The nominal chemical
analysis of the plates is shown in Table 1. Plates of 20 mm
thickness were into test pieces of size 350 mm x 150 mm

Table 1
Nominal chemical analysis and mechanical properties of
S355
Chemical composition, wt%
C Si Mn P S
0.18 0.37 1.39 0.02 0.01
Cr Ni Cu Al N
0.03 0.01 0.02 0.04 0.01
Mechanical properties
Yield Tensile strength, Hardness,
strength, MPa HY
MPa
355 470 180

with a water-jet cutting machine and then processed to the
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desired roughness level with a milling machine or shot
blasted. The surface roughness of the joint edges was
measured with a contact roughness measuring device,
Taylor-Hobson Surtronic 10 Ra, with a measuring range of
0.1-40 um, according EN 10049: 2005 [16].

Four butt joint setup types were used to achieve
constant or varied edge surface roughness in the weld:

e no machining: both edge surfaces of Ra 4.8 —
6.3 um, shot blasted;

e full machining: both edge surfaces to constant
roughness of Ra 6.3 um ;

e partial machining: first 50 mm of the surface to
Ra 6.3 pum and the remaining 300 mm to Ra 3.2 um;

e combination of Type 1 and Type 3: one section is
not machined, as in Type 1, and the second section is partly
machined, as in Type 3. This setup is used to check the
effect of asymmetrical edge surface preparation.

Types of setup are schematically shown in Fig. 3,
numbered and color-coded for easier identification in fur-
ther figures. Thin lines indicate the machining and num-
bers show average edge surface roughness in microns. No
machining was used in setup Type 1: the edge surface was
cleaned from the oxide layer by low-speed shot blasting
with resulting average edge surface roughness from 4.8 to
6.3 pum.

Type 1 Type 2

Type 3

Type 4

Fig. 3 Types of butt joint welding setups used in the
experiments

Table 2

Process and optical parameters, fiber laser IPG YLR
10000

Process parameter Units Value
Laser power kw 10
Welding speed m/min 1.2
Focal point position mm -4
Shielding gas, flow I/min | Argon, 20
Fiber core diameter um 200
Collimation lens focal length | mm 150
Focusing lens focal length mm 300
Focal point diameter pm 400

Single categorical factor randomized design with



4 repetition points was used: the only variable was the type
of setup, total of 16 experiments Welding parameters were
constant during all the experiments and are presented in
Table 2.

Cross sectional cuts of the test welds were made
at distances of 10, 175 and 340 mm from the starting point
of each weld. The weld penetration depths and weld quali-
ty levels were investigated according to 1SO 13919-1:1996
[17]. Hardness test procedure, shown in Fig. 4 was per-
formed according to 1ISO 22826: 2005 [18].

/a”

Fig. 4 Hardness tests procedure (left) and example of the
tested sample (right)

Setups were compared on the following output

parameters:
penetration depth in mm;
process stability: the standard deviation of the
penetration depth results;

e weld quality: quality of level for partial penetra-
tion welds [17];
hardness.

3. Results and discussion
3.1. Penetration depth

The results of all the experiments are shown in
Fig. 5. Mean and standard deviation for penetration depth
at cross-sectional cut distances are presented. To improve
visualization of the data, the plot is divided into two parts:
the upper graph presents Type 1 and Type 2, i.e. results for
constant edge roughness level, and the lower graph shows
Type 3 and 4, i.e. results for varied edge surface roughness
level.

3.2. Quality analysis

Type 1 gave better results than the other setups:
deeper penetration and higher weld quality as can be seen
from Fig. 6, and this setup is the easiest to produce, as
there is no machining, only low-speed shot blasting
(Fig. 7).

Type 2 showed higher process stability than the
other setups. However, quality analysis revealed hot cracks
and other defects at all distances. In other setups, macro-
graphs showed that the welds were of level B or C quality
at the distances of 10 and 175 mm from the beginning of
the weld and that the hot cracks have tendency to appear at
the distance of 340 mm.

Type 3, with varied edge surface roughness, gave
results of worse quality than Type 1 and type 2. It seems
that the air gap volume change caused by the change in the
edge surface roughness disturbs the keyhole, which in turn
results in a decrease in penetration depth, stability and
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quality of the weld.

Type 4 gave a deeper penetration weld and higher
process stability than Type 3, probably due to the reduction
of the air gap volume change.

Overall quality analysis is shown in Fig. 6. Mac-
rosection examples for each setup type are shown in Fig. 8.
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Fig. 7 Macrographs of weld samples at different setup types and different distance from the welding start point

mType 1mType 2 3.3. Hardness tests

oZType 3mType d

b Hardness tests were performed in accordance with
. 80 ISO 22826, 2005 as shown on Fig. 4. Comparison of hard-
= 80 ness tests results shows that with increase in penetration
= 70 depth a significant increase in fusion zone (FZ) hardness
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Fig. 8 Overall quality analysis by setup type [19]-
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3.4. Evaluation

Type 1 was considered to be the most appropriate
choice for the laser beam butt joint welding of S355 struc-
tural steel. This finding corroborates the ideas of Salminen
et al. [20], who concluded that an abrasive water jet cut
joint edge gives deeper penetration with the same line
energy compared with a machined joint edge and that too
high quality a joint edge can decrease the penetration depth
in high power laser welding.

On the basis of the author’s previous research [13,
14] it is possible to hypothesize that Type 1 setup will be
the most appropriate choice in setups with a pre-set air gap,
and Type 1 setups will show deeper penetration than
achieved in the presented experimental set with 0.05-0.1
mm increased air gap at the same process parameters.
Surprisingly, Type 4 was found to be on the second by
penetration depth and weld quality.

Returning to the hypothesis posed at the begin-
ning of this study, it is now possible to state that set-up
with constant roughness level among the edge length gives
more stable process with deeper penetration depth and
higher stability than welding process with varied edge
surface roughness. Taken together, these results suggest
that for increase of the efficiency of laser beam welding
process through edge surface modification, edge surface
parameters are recommended to be constant among the
whole length of the edge.

Modifying surface roughness to improve energy
absorption and welding efficiency should not incur addi-
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tional costs as many manufacturing methods are available
and an appropriate method can be selected in accordance
with the desired surface roughness.

4. Conclusions

In butt joint laser welding of S355 steel of 20 mm
thickness at constant welding parameters a comparison of
four butt joint set-ups was performed. Taken together,
these results suggest that in order to achieve higher produc-
tivity of laser beam welding of butt joints of structural
steel, the joint edge manufacture should be prepared with
an abrasive water jet cut, shot blasted, and should exhibit a
preferable edge surface roughness close to 6.3 pum.

Current standards and recommendations for the
laser beam welding are based on idea that identically pol-
ished edge surfaces without variations in the roughness and
without any gap between the plates is the best setup in butt
joint welding. Such limitations certainly reduces the sector
of possible applications for laser beam welding due to
necessary additional accurate machining to Ra 0.4-1.6 um
and zero gap tolerance. The results of the research show
that even with unequal and varied edge surface preparation
non-constant edge surface roughness and gap of 100-150
pm produce acceptable welds. Further investigation is
required for validation and more accurate investigation of
the phenomenon.

These empirical findings provide further support
for the hypothesis that edge surface topology is an im-
portant factor to be taken into account at the stage of prod-
uct design for laser beam welding.

It is, however, important to recognize the limita-
tions of the findings of this study; namely, the process
parameters (welding speed, power level, focal point posi-
tion), optical parameters (focusing lens focal length, focal
point diameter) and the materials (S355 low-alloyed steel)
used in the experiments. Based on current knowledge,
further experimental investigations are needed to ascertain
the phenomena underlying these results. Investigation of
the correlation between edge surface preparation methods
and weld quality in welding of other materials is recom-
mended.

Acknowledgments

The authors wish to express their gratitude to
Fimecc Oy and the Finnish Funding Agency for Technolo-
gy and Innovation for funding the project via the Trilaser
project of the Innovation and Network research program.
Authors also want to express their gratitude for the Acad-
emy of Finland for participating the funding of the work.
The authors also want to thank Mr. Antti Heikkinen of
Lappeenranta University of Technology for performing the
metallography.

References

1. Katayama, S.; Kawahito, Y.; Mizutani, M. 2012.
Latest progress in performance and understanding of
laser welding, Physics Procedia 39: 8-16.
http://dx.doi.org/10.1016/j.phpro.2012.10.008.

Duley, W.W. 1999. Laser Welding. Wiley, New York.
264p.

3. Gobel, G.; Brenner, B.; Beyer, E. 2007. New applica-

2.


http://dx.doi.org/10.1016/j.phpro.2012.10.008

tion possibilities for fiber laser welding, In Proc. of the

26th Int. Congress on Applications of Laser and Elec-

tro-Optics ICALEOQ: 102-108.

lon, J.C. 2005. Laser Processing of Engineering Mate-

rials. Norfolk: Biddles Ltd, 574p.

. Quintino, L.; Costa, A.; Miranda, R.; Yapp, D.;

Kumar, V.; Kong, C.J. 2007. Welding with high pow-

er fiber lasers - A preliminary study, Materials & De-

sign 28(4): 1231-1237.

http://dx.doi.org/10.1016/j.matdes.2006.01.009.

Katayama, S.; Yousuke, K.; Masami, M. 2010. Elu-

cidation of laser welding phenomena and factors affect-

ing weld penetration and welding defects, Physics Pro-

cedia 5: 9-17.

http://dx.doi.org/10.1016/j.phpro.2010.08.024.

Zhang, M.; Chen, G.; Zhou, Y.; Liao, S. 2014. Opti-

mization of deep penetration laser welding of thick

stainless steel with a 10 kW fiber laser, Materials &

Design 53: 568-576.

http://dx.doi.org/10.1016/j.matdes.2013.06.066.

. Arata, Y.; Miyamoto, I. 1972. Some Fundamental

Properties of High Power Laser Beam as a Heat Source

(Report 2), Transactions of the Japan Welding Society

3(1): 152-162

Covelli, L.; Jovane, F.; De lorio, I.; Tagliaferri, V.

1988. Laser welding of stainless steel: influence of the

edges morphology, CIRP Annals-Manufacturing Tech-

nology 37(1): 545-548.

http://dx.doi.org/10.1016/S0007-8506(07)61697-7.

10. Ricciardi, G.; Cantello, M. 1994. Laser Material In-
teraction: Absorption Coefficient in Welding and Sur-
face Treatment, CIRP Annals - Manufacturing Tech-
nology 43(1): 171-175.

11. Bergstrom, D.; Powell, J.; Kaplan, A.F.H. 2007. The
absorptance of steels to Nd:YLF and Nd:YAG laser
light at room temperature, Applied Surface Science
253(11): 5017-5028.
http://dx.doi.org/10.1016/j.apsusc.2006.11.018.

12.Kaplan, A.F.H. 2012. Local absorptivity modulation
of a 1 um-laser beam through surface waviness, Ap-
plied Surface Science 258 (24): 9732-9736.
http://dx.doi.org/10.1016/j.apsusc.2012.06.020.

13.Sokolov, M.; Salminen, A.; Somonov, V.; Kaplan,
A.F. 2012. Laser welding of structural steels: Influence
of the edge roughness level, Optics & Laser Technolo-
gy 44: 2064-2071.
http://dx.doi.org/10.1016/j.optlastec.2012.03.025.

14.Sokolov, M.; Salminen, A. 2012. Experimental inves-
tigation of the influence of edge morphology in high
power fiber laser welding, Physics Procedia 39: 33-42.
http://dx.doi.org/10.1016/j.phpro.2012.10.011.

225

15.EN 10025: 2004. Hot rolled products of structural
steels.

16.EN 10049: 2005. Measurement of roughness average
Ra and peak count RPc on metallic flat products.

17.1S0 13919-1: 1996. Welding - Electron and laser-beam
welded joints - Guidance on quality levels for imper-
fections - Part 1: Steel.

18.1S0 22826: 2005. Destructive tests on welds in metallic
materials -- Hardness testing of narrow joints welded
by laser and electron beam (Vickers and Knoop hard-
ness tests).

19. Sokolov, M.; Salminen, A.; Kuznetsov, M.; Tsibuls-
kiy, 1. 2011. Laser welding and weld hardness analysis
of thick section 355 structural steel, Materials & De-
sign 32(10): 5127-5131.
http://dx.doi.org/10.1016/j.matdes.2011.05.053.

20. Salminen, A.; Lappalainen, E.; Purtonen, T. 2014. A
Study of the Basic Phenomena During the High Power
Fibre Laser Welding of Thick Section Low Alloyed
Steel, Lasers in Engineering (Old City Publishing) 28.

M. Sokolov, P. Salminen

THE EFFECT OF JOINT PREPARATION ON THE EF-
FICIENCY OF FIBER LASER WELDING OF LOW-
ALLOYED STEELS

Summary

The paper studies the effect of butt joint edge sur-
face preparation on welding efficiency of low-alloyed steel
S355 of 20 mm thickness. Welding was performed with a
high power fiber laser with a wavelength of 1070 nm at
power level 10 kW. The quality of edge surface machining
and post-processing was varied in the experiments. Based
on the results, recommendations for edge surface prepara-
tion for butt joint laser welding are presented. The investi-
gation shows that to achieve higher productivity in laser
beam welding of butt joints of structural steel, the joint
edge preparation should be carried out with an abrasive
water jet cutting followed with shot blasting, and should
exhibit a preferable edge surface roughness close to
6.3 pm.

Keywords: Laser welding, low-alloyed steel; butt joint;
edge preparation.
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