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Full penetration laser beam welding of thick duplex steel plates
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Full penetration high power bead-on-plate laser beam welding tests of up to 20mm thick 2205
duplex steel plates were performed in PA position. A contactless inductive electromagnetic (EM)
weld pool support system was used to prevent gravity drop-out of the melt. Welding experiments
with 15 mm thick plates were carried out using IPG fiber laser YLR 20000 and Yb:YAG thin disk
laser TruDisk 16002. The laser power needed to achieve a full penetration was found to be 10.9
and 8.56 kW for welding velocity of 1.0 and 0.5m min~ ', respectively. Reference welds without
weld pool support demonstrate excessive root sag. The optimal value of the alternating current
(AC) power needed to completely compensate the sagging on the root side was found to be
~1.6 kW for both values of the welding velocity. The same EM weld pool support system was used
in welding tests with 20 mm thick plates. The laser beam power (TRUMPF Yb:YAG thin disk laser
TruDisk 16002) needed to reach a full penetration for 0.5m min~" was found to be 13.9kW. Full
penetration welding without EM weld pool support is not possible—the surface tension cannot stop
the gravity drop-out of the melt. The AC power needed to completely compensate the gravity was
found to be 2kW. © 2016 Laser Institute of America. [http://dx.doi.org/10.2351/1.4944103]
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I. INTRODUCTION

Modern high-power laser sources allow advanced thick-
plate welding applications and enable a stable single-pass
welding process even for thick metal plates. The advantages
of keyhole mode laser beam welding, such as high welding
speed and low heat input, are well known. An especially
high weld quality is achieved in single pass PA position full
penetration keyhole laser beam welding. The laser beam
forms a narrow weld pool with nearly parallel side walls.
This results in very low buckling and bending of the work-
piece, see, e.g., Ref. 1. However, for full penetration welding
of thick metal parts, the surface tension cannot compensate
the hydrostatic pressure in the melt. This can result in sag-
ging of the root side of the weld or even a complete drop-out
of the melt, when the workpiece thickness is above some
threshold, see Fig. 1.

The hydrostatic pressure of liquid metal on the root side
of the weld pool is

Prn = pgoh, (D

where p is the density of the melt, go=9.81m s is the
gravity acceleration, and / is the plate thickness.

Gravity dropout takes place when the hydrostatic pres-
sure exceeds that of the surface tension
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Psurf = V/R, (2)

where 7 is the surface tension coefficient and R is the curva-
ture radius. The Laplace pressure (2) reaches its maximum
value at o =90° and R =w/2, where o is the contact angle,
and w is the width of the weld pool, see Fig. 2. The weld
pool remains stable when the hydrostatic pressure does not
exceed the maximum value of the Laplace pressure

2
Pr < W’y? (3&)

or

hw < 21

cap’ (3b)
where lwp:[y/(pgo)]l/2 is the capillary length. Figure 2
shows also the stability threshold for liquid steel (p =6.9
x 10°kgm >, y=1.8Nm', and /., 2 5.3 mm).

Welding tests with all high-power laser types (solid state
fiber or thin disk, as well as CO, beam sources) show that
for up to approximately 16 mm thick steel, the welds can be
formed in the flat position.” Fusion zones normally exhibit
depth-to-width ratios in the range of 10:1, resulting in very
low energy input and minimum distortion as well as

© 2016 Laser Institute of America
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FIG. 1. Gravity drop-out of the melt in a full penetration welding of 20 mm

thick S235JR steel plate using 13.9kW laser power (YLR 20000 IPG) with-
1

out weld pool support, the welding velocity was 0.5 m min™ .
relatively high welding speed.” A backup bar can be used if
it is necessary to weld thicker materials in the flat position.
However, backup bars usually become fused to the weldment
and are difficult to remove.

Increasing welding speed is one method of reducing the
weld width and increasing the Laplace (surface) pressure
supporting the weld pool. However, there are some reasons
to renounce too narrow seams:

* To achieve the needed penetration depth, it is necessary to
increase the laser beam power, too. For example, in single
pass welding of 20 mm thick plates with welding velocity
1.8 m min~' the weld pool remains stable,” see Fig. 3. The
weld width was 2.3mm (root side) with a sagging
~1.1mm. However, the needed laser beam power of
18 kW is too large for many industrial applications.

* High power laser joining of thick metal parts with large
welding velocity and narrow weld cross section requires
precise workpiece fit-up and accurate alignment of the
beam with the joint line. The demands that these require-
ments put on welding fixtures, edge preparation methods
and fit-up tolerances can act to dissuade potential users of
laser welding technology, particularly if large components
or fabrications, assembled from a number of smaller sub-
components, are to be welded.*

* Another consideration in selecting laser parameters for
welding thick plates is the cooling rate. Because of the
high speed and minimum heat input associated with the
laser welding process, cooling rates are very high, leading
to high hardness in steels with high carbon or high carbon
equivalency. By selecting laser welding conditions that
produce wider fusion zones and lower welding speeds,
cooling time can be increased, resulting in less fusion
zone hardness while still maintaining many of the advan-
tages of laser welding.”
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FIG. 2. (Left) maximum of the Laplace pressure, on the root surface of the
weld pool. The contact angle is 90°, both the curvature radius R and the sag-
ging are equal to the half-width of the weld pool w. (Right) the stability
threshold w(h) for liquid steel, see Eq. (3b).
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FIG. 3. Laser-arc hybrid weld of 20mm thick AISI 316L stainless steel
with 18 kW laser power and 1.8 m min~" welding velocity, see Ref. 3.

e For many applications, filler material is required to com-
pensate for joint fit-up or to change chemical composition
in the weld metal. Extremely narrow weld pool cross sec-
tion in combination with the short solidification time block
an effective mixing of the filler material in the weld pool,
see Ref. 3.

The idea to use oscillating [alternating current (AC)]
magnetic fields for weld pool control to reduce sagging and
to prevent gravity drop-out of the melt in high power laser
beam welding of thick metal plates was developed in the
frame of the International Thermonuclear Experimental
Reactor (ITER) collaboration.’

Oscillating magnetic fields are widely used in metallur-
gical applications to control the melt dynamics in many
industrial processes: crystal growth, casting, etc., see, e.g.,
Ref. 6. However, implementation of this technology in laser
beam welding requires significant modification of the design
of the AC magnet system. First welding tests with 8 kW
(TRUMPF) disk laser (full penetration welding of up to
12 mm thick stainless steel plates) were performed at IFSW
in Stuttgart.”

Welding tests with high-power lasers (20kW IPG Yb-
fiber laser and 16kW TRUMPF thin disk laser) were per-
formed at BAM in Berlin, see recent review in Ref. 8. It was
found that the AC power of 200 W at 450 Hz is enough for
full compensation of the gravity forces in welding of 30 mm
thick Al-alloy plates.” For welding tests with 20mm thick
austenitic stainless steel in Ref. 10, the optimal value of the
AC power was found to be 3 kW at 3 kHz, see Fig. 4.

Computer simulations of the electromagnetic (EM) weld
pool support process were performed at the BAM using the
commercial finite element solver comsoL MULTIPHYSICS.' The
results of these simulations were used to optimize the param-
eters of the EM weld-pool support system. Note that austen-
itic stainless steel grades are nonferromagnetic.

The objective of the present study was to utilize the elec-
tromagnetic weld pool support technology in high power
laser beam welding of ferromagnetic metals. Note that the
Curie temperature for all ferromagnetic materials is lower
than the melting temperature. However, the metal aside the
heat affected zone remains ferromagnetic, see Fig. 5.
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18 kW
= -6 mm
f = 2575 Hz

FIG. 4. PA position lap welding of lap welding of two 10 mm thick steel
plates [S235JRC (up) and AISI 304 (bottom)] without and with the EM weld
pool support, see Ref. 10. Laser beam power and welding speed were 18 kW
and 0.5m min ", respectively.

Welding tests were performed on 15 and 20 mm thick
plates of stainless duplex steel 2205 (1.4462). This alloy has
a mixed two-phase microstructure of grains of (nonmagnetic)
austenitic and ferritic steels, each having a content of about
50%. The static magnetic permeability p, is much larger as 1
but much lower than that for mild steel grades, see Fig. 6.

This fact allows the usage of a relatively simple model
of ferromagnetic processes in the welded sample. The algo-
rithms of computer simulation of the weld pool dynamics
were modified to take into account ferromagnetic effects in
the welded parts: nonlinear temperature-dependent magnetic
permeability with hysteresis and saturation.'? The results of
these calculations were used to optimize the parameter of the
EM weld pool support process in high power laser beam
welding of 15 mm thick duplex steel plates. Additional opti-
mization of the design of the AC magnet was performed
using a cold analog model—a plate of duplex steel with aus-
tenitic inclusion simulating the demagnetized region around
the weld pool. The results of the welding tests confirm the
results of computer simulations—the EM weld pool support
also works in welding of ferromagnetic materials.
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FIG. 5. Hot nonferromagnetic regions surrounded by ferromagnetic cold
metal. T,, T,,, and T are isotherms relating to the evaporation, the melting,
and the Curie temperatures, respectively.
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FIG. 6. Static magnetic permeability of duplex steel 2205 and carbon steel
from Ref. 11.

The same EM weld pool support system was also suc-
cessfully used in welding tests 20 mm thick plates. It was
found that the AC power needed for a full compensation of
the gravity is proportional to the plate thickness.

The next objective of the study was to compare the oper-
ation of the EM weld pool support system in combination
with two high power solid state laser beam sources: 20 kW
IPG Yb-fiber laser YLR-20000 and 16kW TRUMPF
Yb:YAG thin disk laser TruDisk 16002, see Table 1.
Naturally, welds performed with two different laser systems
demonstrate different geometry of weld pool cross sections.
However, the AC power needed for complete suppression of
the root sagging was found to be independent of the welding
speed. The only parameter determining the necessary value
of AC power for a given value of the AC frequency is the
thickness of the welded sample.

Il. PHYSICAL BACKGROUND

The inductive EM weld pool support system utilizes
eddy currents produced by an oscillating magnetic field gen-
erated by an AC magnet. Since the melt is nonferromagnetic
(u-~1), a simple analytical model based on the standard
skin effect theory (see, e.g., Ref. 13) can be used to obtain a
qualitative description of electromagnetic processes in the
melt. The skin depth 6 (the penetration depth for the AC
magnetic field) is

TABLE I. Parameters of two laser and optical systems used in welding
tests.

YLR-20000, TruDisk 16002
Laser beam source IPG photonics TRUMPF
Max. beam power (kW) 20 16
Wave length (nm) 1070 1030
BPP(mm x mrad) 11.5 8
Focal length (mm) 350 250
Laser spot (um) 560 500
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FIG. 7. Skin depth ¢ as a function of the AC frequency f for liquid steel
(6~0.75 x 10° Sim™") and aluminum (¢ =4 x 10° Sim™").

& = (mpoaf) 2, @)

where f is the frequency, o is the electrical conductivity of
the melt, and pp=1.256 x 10°°H mfl, see Fig. 7.

Two magnet poles are located left and right aside the
weld pool, see Fig. 8. The magnetic field B is directed per-
pendicularly to the welding direction, whereas the electric
current density j is directed parallel to it. The resulting
Lorentz force Fi =j x B is directed along the z-axis and is
able to support the weld pool. Its averaged over time value is

B 2z
F =L - 5
@) = e (- Z), ®
where By, is the rms-value of the applied magnetic field. This
force can be also expressed as a gradient of the EM pressure
pEM(Z) = DPm eXp(—2Z/5), (6)

where p,, is the EM pressure on the root surface of the
sample

v = B%/(Z,UO)' )

The EM pressure can partially (or fully) compensate the
hydrostatic pressure, i.e., it is necessary to replace the
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FIG. 8. Scheme of the EM weld pool support in full penetration PA position
welding.

®B

magnet pole

FIG. 10. Cross sections of two welds performed with 1.0m min~
velocity without (left) and with (right) the EM weld pool support, see pro-
cess parameters in Table II.
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welding direction

FIG. 9. AC magnet system used in welding tests: 1—cover plate, 2—magnet
poles, 3—ceramic protection of poles and coils, 4—magnet coils, 5—shield-
ing gas nozzle on the root side (was not used in all welding tests).

hydrostatic pressure p,, in Eq. (3) with the difference
(pn — pm)- The aim of the welding experiments was to find
conditions for an ideal compensation: p,=p,, From the
practical point of view, the most important parameter of the
EM weld pool support is the AC power Psc needed for ideal
compensation. For nonferromagnetic metals Pac is simply
proportional to the EM-pressure. But in welding of ferro-
magnetic steel grades, the relation between p,, and Pac is
nonlinear and can be found using experimental data for the
concavity/convexity of the root seem as a function of the AC
power supply.

lll. EXPERIMENTAL SETUP

All welds were produced by traversing the sample rela-
tive to the laser optic head and the AC magnet, which were
mounted stationary.

All welding experiments (full penetration bead-on-plate
welding) were performed in PA position, see Fig. 8. The dis-
tance between the magnet poles and the sample was 2 mm.
The cross section of magnet poles was 25 x 25 mm?, with
25 mm gap between the poles, see Fig. 9. The shielding gas

A3-1

A2-3

! welding
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A5-1

A7-2

FIG. 11. Cross sections of two welds plate performed with 0.5m min~' weld-
ing velocity without (left) and with (right) weld pool support, see Table II.

(industrial grade argon, 261 min~") was supplied only to the
front side of the weld pool.

IV. RESULTS AND DISCUSSION
A. Welding of 15 mm thick plates

The first series of welding tests were performed with the
IPG fiber laser, see Table I. The focal position was
z=—4mm.

Both welds shown in Fig. 10 were performed using
10.9kW laser beam (IPG), the welding velocity was 1.0m
min~'. The reference (without weld pool support) weld A3-1
demonstrates ~2.2mm weld width on the root side with
~1.3mm sagging. The surface tension can prevent the grav-
ity drop-out and the melt remains stable, in accordance with
the stability criterion in Eq. (3), see Fig. 2. However, the sag
is too large and additional mechanical treatment would be
needed to improve the quality on the root side.

The EM weld pool system can completely eliminate this
sagging. The concavity/convexity oscillations on the root
side of the weld A2-3 are smaller than 0.5mm. The AC
power supply of 1.55kW is much smaller than the laser
beam power and does not influence the width of the weld.

For many applications, the weld width of 1.7mm is too
narrow. We have already discussed the possibility to use the
EM weld pool support to reduce the welding speed to
increase the weld width.

Avilov et al. 022420-5

TABLE II. Process parameters for welding of 15 mm thick plates with the
IPG laser.

Weld # A3-1 A2-3 A5-1 A7-2
Laser power (kW) 10.9 10.9 8.56 8.56
Welding speed (m min~ ") 1.0 1.0 0.5 0.5

AC frequency (kHz) 0 24 0 1.18
AC power (kW) 0 1.55 0 1.57

TABLE III. Process parameters for welding of 15mm thick plates with
TRUMPF laser.

Weld # F3-4 F3-2 F2-3 F1-1
AC frequency (kHz) 0 1.21 1.77 2.5
AC power (kW) 0 1.41 1.59 1.98

FIG. 13. Cross sections of four welds performed using the TRUMPF laser
without and with weld pool support, see process parameters in Table III.

FIG. 12. Root side of two weld performed without (A5-1) and with weld
pool support (A7-2).

FIG. 14. Root side of welds F3-4 and F2-3.
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TABLE 1IV. Parameters of the EM weld pool support in 13.9kW
(TRUMPEF) laser beam welding of 20 mm thick plates.

Weld # D2-3 D3-1 D4-2
AC frequency (kHz) 0.665 1.79 2.53
AC power (kW) 2.03 1.86 2.15

Additionally, it reduces also the laser beam power
needed to reach a full penetration. Both welds shown in
Fig. 11 were performed with 8.56kW laser beam power;
the welding velocity was 0.5m min~'. Weld A5-1 was per-
formed without weld pool support and demonstrates 3.8 mm
weld width on the root side and ~3.1 mm sag. These values
are close to the instability region on Fig. 2.

Weld A7-2 was performed with 1.57 kW weld pool sup-
port and demonstrates almost constant seam width of
~2.7mm from the front to the root side of the sample.

Figure 12 shows photos of the root side for both welds
performed with 0.5m min~'. The reference weld A5-1 dem-
onstrates large irregular saging. The weld width of the root
side of weld A7-2 performed with EM weld pool support
remains stable.

Note that the AC power needed to compensate the grav-
ity is practically independent of the geometry of the weld
cross section, the laser beam power, and the welding
velocity.

The same EM weld pool system was used in welding
tests with the TRUMPF thin disk laser (8.6 kW beam power).
The welding velocity was 0.5m min~ ', the focal position
z=—4mm. The process parameters of the EM weld pool
support are summarized in Table III.

Figure 13 shows cross sections of four welds listed in
Table III. Naturally, weld cross sections obtained in welding
test with different lasers and optical systems are also differ-
ent. In particular, the weld width on the root side is larger as
that observed in welding tests with the IPG laser.
Nevertheless, the EM weld pool support works perfectly.
The optimal value of the AC power needed for full compen-
sation of the gravity slightly increases with increasing
frequency.

Figure 14 shows irregular root surface of the reference
weld F3-4. The seam oscillates left and right; the sagging is
also irregular. The EM weld pool support (weld F2-3) com-
pletely eliminates the sagging and stabilized the root surface
of the seam.

FIG. 15. Cross sections of three welds listed in Table IV.

Avilov et al.
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FIG. 16. Root side of weld D2-3.

B. Welding of 20 mm thick plates

Welding tests with 20 mm duplex steel were performed
using the TRUMPF laser. The laser beam power and the
welding velocity were fixed at 13.9kW and 0.5m min™",
respectively. The focal position was z=—6mm. For this
welding velocity full penetration welding of 20mm thick
steel plates without weld pool support is not possible, see
Fig. 1. Parameters of the EM weld pool support needed to
compensate the gravity are summarized in Table IV.

Figure 15 shows cross sections of three welds listed in
Table IV. The weld width on the root side is larger than
~6 mm, but the EM weld pool support works perfectly. The
optimal value of the AC power needed for full compensation
of the gravitational forces is ~2kW or 100 W per mm of the
plate thickness /. Note that the same value of the AC power
per plate thickness was also observed in welding test with
15 mm duplex plates, i.e., the AC power needed for full com-
pensation of the hydrostatic pressure is proportional to the
plate thickness.

Figure 16 shows the root surface of the reference weld
D2-3. EM weld pool support completely eliminates the sag-
ging and stabilized the root surface of the seam.

V. CONCLUSIONS AND OUTLOOK

e The results of bead-on-plate full penetration high-power
laser beam welding of up to 20 mm thick duplex steel
2205 plates in PA position were presented. An inductive
contactless electromagnetic weld pool support system
was successfully used to prevent gravity drop-out of the
melt.

e For 15mm thick plates full penetration was observed to
occur at 10.9kW or 8.56kW laser power (YLR 20000,
IPG) for 1.0 or 0.5m min~ ' welding speed, respectively.
The electromagnetic weld pool support system operating
at 2.4 or 1.18 kHz needs about 1.6 kW AC power to com-
pletely compensate the weld sagging.

* Welding tests with 20mm thick plates were performed
with a TRUMPF Yb:YAG thin disk laser TruDisk 16002.
Full penetration was observed to occur at 13.9kW laser
beam power and 0.5m min~' welding speed. The electro-
magnetic weld pool support system operating at 665 Hz
needs about 2.03kW AC power to prevent the gravity
drop-out of the melt and completely compensate the weld

sagging.
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» The results of welding tests show that the inductive weld
pool support can be used in full penetration welding of
thick plates of ferromagnetic steel grades.

e The results of the welding experiments performed with
EM weld pool support offer perspectives for the proposed
technology. In particular, this technology allows deep
penetration laser beam welding in PE (overhead)
position.

» The magnet must be located downside the welded sample.
The penetration depth for AC magnetic fields ¢ must be
smaller than the plate thickness, i.e., the upper side of the
sample is free from AC magnetic fields. It means that the
EM weld pool support can also be used in hybrid laser-arc
welding.
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