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AUTOMATED LASER WELDING OF AISI 304 STAINLESS STEEL BY DISK LASER

The automated laser welding process of 2.0 mm thick sheets of AISI 304 stainless steel was investigated. The disk laser with
a beam spot diameter of 200 um was used for bead-on-plate and next for autogenous butt joints welding. The influence of basic
welding parameters such as laser power, welding speed, and focal spot position on fusion zone configuration, quality of joints,
microstructure changes, and microhardness distribution across the joints were analysed and presented in this paper. The results
have shown that stiffening of the 2.0 mm thick sheets is crucial for providing high quality and reproducibility of butt joint in a case
of AISI 304 stainless steel due to relatively low thermal conductivity and simultaneously high thermal expansion. Relevant drop
of microhardness in the weld zone was observed. The mean value of microhardness of the base metal was 230 HV0.1, while the
microhardness in fusion zone of the test welds was ranged from 130 to 170 HV0.1. Additionally the microstructure changes in the
weld metal and also in the heat affected zone of test joints is described.
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1. Introduction

Modern chrome-nickel type stainless steels are widely used
in almost all branches of industry such as chemical, gas, petro-
leum, food processing, automotive, acrospace, nuclear or even
cryogenic application [ 1-5]. Among stainless steels, the austenitic
stainless steels (ASS) having face-centred cubic structure (fcc)
and different characteristics such as weldability, corrosion resist-
ance, and mechanical properties are about 70% [3-7]. The most
popular in this group is the AISI 304 stainless steel containing
18% of chromium and 8% of nickel with austenitic structure.
The AISI 304 has potentially wide range of application because
of satisfactory corrosion resistance, good formability, and high
mechanical properties such as high ultimate strength, high yield
point, high strength/weight ratio, and at the same time high
ductility [1-3,8-12].

The austenitic AIST 304 stainless steel exhibits good weld-
ability and variety welding processes can be applied for joining
of components made of this steel. For example, high quality
joints of austenitic AISI 304 stainless steel are produced by
electric resistance welding, fusion arc welding or electron beam
welding [1,13-15]. The AISI 304 stainless steel with a typical
chemical composition required by the standard is character-
ized by a stable single-phase austenitic structure. However, in
a case of lower content of nickel (below 8%) the structure may
be unstable, and under high cooling rates a small content of
a ferrite delta may occur also. Due to single-phase austenitic

structure, lower thermal conductivity compared to mild steel,
and higher thermal expansion coefficient, low heat input of
welding is recommended in a case of such type of steel. Single-
phase austenitic steels are susceptible for hot cracking during
welding [16,17]. Moreover, efficient protection of the welded
region must be provided to avoid the harmful influence of gases
in the ambient air [18-20].

The continuous development of laser generators and laser
welding devices allows also the development in the field of laser
welding technology [8,21]. Lasers as a heat source are attractive
for joining of austenitic stainless steels because they provide high
power density thanks to focusing the laser beam into very small
spot, usually 100+300 pm in diameter, and thus high penetration
depth, high welding speed, and thus low heat inputs [22,23].
Particularly noteworthy are the new generations of solid state
lasers such disk lasers and fiber lasers [1,15,24]. They provide
very high output power at low beam divergence, flexibility
of beam delivery by fiberglass, and also very high efficiency
[24-26]. However, elaboration of welding technology and putting
it into practice requires investigations of the influence of weld-
ing parameters and welding conditions on the course of weld-
ing process and on the performance of the joints [1,15,27,28].

Therefore, investigations on automated laser welding of butt
joints of AISI 304 stainless steel were undertaken using a solid
state disk laser. The influence of basic laser welding parameters
on shape, quality, microstructure, and microhardness distribu-
tion was analysed.
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2. Materials and experimental procedure

The samples for welding tests were laser cut from a 2.0 mm
thick sheet of AISI stainless steel at delivery conditions into
coupons 100 mm long and 40 mm wide. The AISI 304 steel is
chrome-nickel type steel characterized by satisfactory corrosion
resistance and austenitic microstructure in general. The chemical
composition determined for the investigated AISI 304 steel is
given in Table 1. The welding trials were conducted by means
of a fully automated stand composed of a disk laser generator
with maximum output power of the laser beam up to 3.3 kW,
a laser welding head coupled with the generator by a fiberglass
with 200 pm core diameter, a 3D positioning system, clamping
devise with root protection gas nozzle, and automated shield-
ing gas delivery system. The samples to be welded were fixed
and stiffened in a clamping device which was mounted on the
table below the laser head. All the process parameter, as well
as the sample movement were controlled by the CNC system.
Shielding gas argon was delivered to the weld region by cylin-
drical nozzles 10 mm in diameter prior to the welding and the
flow rate was kept constant at 12 I/min. At the beginning stage
of the study bead-on-plate welding tests were done in a wide
range of welding parameters in order to determine the welding
conditions that allow to provide a full penetration and a narrow
weld at relatively low heat inputs, Table 2. Both the bead-on-
plate and butt joints welding tests were conducted as autogenous
laser welding by melting of the sheets and edges to be welded.
Beside the top weld region protection additionally root shielding
was applied by argon flow via longitudinal nozzle at 5 I/min.
After the initial tests of bead-on-plate welding the parameters
considered as optimal were chosen for laser welding of real butt
joints. The quality of bead-on-plate welds and butt joints was
evaluated by visual inspection, macrographs and micrographs
observation by light microscopy and also the Vickers microhard-
ness measurements on the across sections were done according to
PN-EN ISO 6507-1 standard. The cross sections were prepared
by grinding and subsequent polishing by diamond suspension
of 6 um, 3 pm, and 1 pm respectively. The microstructure was
revealed by etching in the reagent composed of iron chloride
FeCls, hydrochloric acid HCI, and water H,O, in proportions
1:1:4. Regions of base metal (BM), heat affected zone (HAZ),
and weld metal (WM) were observed and analysed. Results of
the study are presented in Figs. 1-15 and Table 2.

3. Results and discussion

As can be seen in Fig. 1, the surface of bead-on-plate welds
both on the face and root is smooth and even in a case of welds
produced at the focal spot set on the top surface of the sheets,
Table 2. In other cases surfaces from the root side are humped
with slight but clear undercuts, Fig. 1. Moreover, in a case of
the bead No.4 produced at the focal spot set 1.0 mm over the
top surface, lack of penetration of 2.0 mm thick sheet occurred.
Thera are no traces of spatter on the surfaces of the sample after

TABLE 1

Chemical composition of the investigated 2.0 mm thick sheet of AISI
304 stainless steel

Concentration of elements, wt.%

C Cr Ni Mn Si P S Mo Fe

0.02 |18.07| 7.8 | 1.31 | 0.39 | 0.03 | 0.004 | 0.25 | rest

TABLE 2

Parameters of bead-on-plate welding and butt joints welding
of 2.0 mm thick sheets of AISI 304 stainless steel using disk laser

Trumpf TruDisk 3302
Output Welding Energy | Focal spot
Blsgd power, speed, input, position, | Remarks
’ kW m/min J/mm mm

1 1.0 0.5 120 0 UF, EFR
2 1.0 1.0 60 0 SF, EP, C
3 1.0 1.5 40 0 ERR, EC
4 1.0 1.5 40 +1 EC, SF
5 1.0 1.5 40 -1 ucC, Sp
6 1.0 1.5 40 -1.5 SF, ERR
7 1.0 2.0 30 -1 UC, SP
8 1.0 3.0 20 -1 UG, SP
9 1.5 4.0 22.5 -1 UC, SP

Other parameters: Shielding gas Ar, flow rate of shielding gas from the
weld face side; 12 1/min, from root side; 5 1/min, laser beam spot diameters;
200 pm,

Quality assessment; UF — uneven face, EFR — Excessive weld face rein-
forcement, SF — Smooth weld face, C — crater, EC — Excessive convexity,
EP — excessive penetration, ERR — excessive root reinforcement, UC — un-
dercut, SP — spatter

a)

Fig. 1. A view of the bead-on-plate welds produced by disk laser melting
of 2.0 mm sheet of AISI 304 stainless steel (bead No. 1 to 9 from left,
Table 3); a) weld face; b) root surface

bead-on-plate laser welding. In a case of the butt joints the high-
est quality determined during visual inspection was exhibited by
the joint No.1 welded at output power 1.0 kW, welding speed



2.0 m/min, and focal spot set 1.0 mm below the top surface (set
of parameters No. 7, Table 2), Fig. 2. In the case of the two other
test joints some imperfections such as humping, incomplete
penetration and fusion, uneven face, Figs. 3,4.

Observations of macrostructure of the bead-on-plate welds
revealed single pores in root region for the bead No. 3, 4 and
also in the middle region for the bead No. 1, Figs. 5,7,9. The
porosity of weld metal is a typical problem during laser welding

a)

Fig. 2. A view of the butt joint of 2.0 mm sheet of AISI 304 stainless
steel laser welded by the disk laser at output power 1.0 kW, welding
speed 2.0 m/min, and focal spot position —1.0 mm (Table 3); a) weld
face, b) root surface

a)

Fig. 3. A view of the butt joint of 2.0 mm sheet of AISI 304 stainless
steel laser welded by the disk laser at output power 1.0 kW, welding
speed 3.0 m/min, and focal spot position —1.0 mm (Table 3); a) weld
face, b) root surface
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Fig. 4. A view of the butt joint of 2.0 mm sheet of AISI 304 stainless
steel laser welded by the disk laser at output power 1.5 kW, welding
speed 4.0 m/min, and focal spot position —1.0 mm (Table 3); a) weld
face, b) root surface

at the keyhole mode, when high power density of the laser beam
causes partial evaporation of the irradiated metal. The tendency
to formation of pores is related to the stability of the keyhole.
When the keyhole is unstable the vapours of the welded metal
may be trapped inside the keyhole. To eliminate the porosity
caused by the instability of the keyhole, precise selection of laser
welding parameters is required. As can be seen, the shape of the
fusion zone and also the depth/width ratio of the welds depend
strongly on the welding parameters and conditions. Influence
of the welding speed on the weld shape is illustrated in the case
bead-on-plate welds from 1 to 3. Those beads were produced at
constant output power of 1.0skW, focal spot set on the top surface
of sheets to be welded, and different welding speed, Table 2,
Fig. 5. The weld shape is changed from wide columnar for the
bead produced at the lowest welding speed of 0.5 m/min thus the
highest energy input of 120 J/mm, to the shape in X configuration
(hourglass like shape) for the bead produced at medium welding
speed of 1.0 m/min and also medium energy input of 60 J/mm,
up to the shape in T configuration (mushroom like shape) for
the bead produced at the highest welding speed of 1.5 m/min
and energy input of 40 J/mm, Fig. 5. For comparison the depth/
width ratio for the bead-on-plate welds is 0.5 for the bead pro-
duced at energy input of 120 J/mm, 0.86 for the bead produced
at energy input of 60 J/mm, and 1.17 for the bead produced at
energy input of 40 J/mm, Fig. 6. In turn, the influence of focal
spot position on the penetration depth, shape, and depth/width
ration is illustrated in the case bead-on-plate welds from 3 to 6.
Those beads were produced constant output power of 1.0 kW,
welding speed of 1.5 m/min, thus constant energy input 40 J/
mm, Table 2. As can be seen, rising the focal plane over the top
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Fig. 5. Macrostructure on cross sections of the simulated welds produced on AISI 304 steel sheets 2.0 mm thick by bead-on-plate laser welding
at 1.0 kW of output power and different welding speed (Table 3); a) 0.5 m/min, b) 1.0 m/min, c¢) 1.5 m/min
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Fig. 6. Influence of the welding speed on the depth/width ratio of the weld during bead-on-plate laser welding of 2.0 mm thick sheet of AISI 304
stainless steel at constant laser beam output power 1.0 kW and focal spot set on the top surface of the sheets to be welded, Table 3

surface of the sheet at the distance of 1.0 mm resulted in lack of
penetration for the 2.0 mm thick sheet but the T configuration of
the bead was maintained, Figs. 5,7,8. On the other hand, setting
the focal plane 1.0 mm below the top surface of the sheet resulted
in clear change in the shape to double-T configuration (dumbbell
like shape), Fig. 7b. Further decreasing the focal plane to 1.5 mm
below the top surface caused another change in shape to T con-

figuration, Fig. 7¢,8. In a case of autogenous, single pass welding
the double-T configuration of the fusion zone is favorable for
providing the proper geometry and quality of the weld face and
root. Therefore, next three bead-on-plate welds were produced
at such focal spot position and lower energy inputs as a result of
increasing the welding speed, Table 2. The shape configuration
of the beads produced at the focal spot set 1.0 mm below the
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Fig. 7. Macrostructure on cross sections of the simulated welds produced on AISI 304 steel sheets 2.0 mm thick by bead-on-plate laser welding
at 1.0 kW of output power, welding speed 1.5 m/min, and different focal spot positions (Table 3); a) I mm over the top surface, b) 1 mm below

the top surface, ¢) 1.5 mm below the top surface

o
=)

/

o 12 o S
o | —
S
Kl
208
=
=
2 0,6
a
04
0,2
0
-1,5 -1 0 1

Focal spot position relative to the top surface of the sheet, mm

Fig. 8. Influence of the focal spot position on the depth/width ratio of the weld during bead-on-plate laser welding of 2.0 mm thick sheet of AISI
304 stainless steel at constant laser beam output power 1.0 kW and welding speed 1.5 m/min, Table 3

top surface is similar double-T configuration, Fig. 9. However,
the depth/width ratio depends on the welding speed and energy
input, and it is ranged in 1.5+2.5 for the investigated range of
parameters, as shown in Fig. 10. Due to the favorable shape of
fusion zone the focal spot position 1.0 mm below the top surface
of the 2.0 mm thick sheet (beam focused in the middle of the

thickness, Fig. 8) was considered as optimal, and the test butt
joints were produced at such focal spot position. However, in the
case of butt joints the macrographs indicate clear displacement
of the sheets, and also incomplete fusion of the joint No. 3, and
single small pores in the weld metal of joint No. 1 and 2, Fig. 11.
Nevertheless, the diameter of the single pores is less than 100 pm.



1668

Fig. 9. Macrostructure on cross sections of the simulated welds produced on AISI 304 steel sheets 2.0 mm thick by bead-on-plate laser welding
at constant focal spot positions 1 mm below the top surface and different energy inputs (Table 3); a) 30 J/mm (1.0 kW, 2.0 m/min), b) 22.5 J/mm

(1.5 kW, 4.0 m/min), ¢) 20 J/mm (1.0 kW, 3.0 m/min)
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Fig. 10. Influence of the energy input of bead-on-plate laser welding of 2.0 mm thick sheet of AISI 304 stainless steel on the depth/width ratio

of the weld (at focal spot positions 1 mm below the top surface), Table 3

The microstructure of the as-received (delivery condition)
2.0 mm thick sheet of stainless AISI 304 steel is shown in Fig. 12.
As can be seen the micrograph exhibits strongly strained band
microstructure which is characteristic after rolling deformation.
Observations of the micrographs of the welds in the region of
fusion line reveal that the width of the heat affected zone HAZ

is negligible about a few microns. This is due to the high power
density of the laser beam as a heat source but also due to rela-
tively low thermal conductivity of the austenitic stainless steel.

In general, the fusion zone of the welds is composed of very
fine dendritic grains. As can be seen in the Fig. 13 showing the
microstructure of the weld produced at the highest heat input of
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Fig. 11. Macrostructure on cross sections of butt joint of AISI 304 steel sheets 2.0 mm thick welded by the disk laser at different energy input
(Table 3); a) 30 J/mm (1.0 kW, 2.0 m/min), b) 22.5 J/mm (1.5 kW, 4.0 m/min), ¢) 20 J/mm (1.0 kW, 3.0 m/min)

120 J/mm (laser power 1.0 kW and welding speed 0.5 m/min),
along the fusion line partially melted grains from the side of
base metal occur. From those partially melted grains, epitaxially
grown columnar grains can be observed, which are perpendicu-
lar to the fusion line. Within those grains fine dendrites can be
identified. The secondary arm spacing depends on the welding
parameters, mainly laser output power and welding speed,

thus heat input and related cooling rate of the weld metal. The
direct observations of the fusion zone under scanning electron
microscope (SEM) allowed to roughly estimate the secondary
arm spacing. Thus, the estimated secondary arm spacing for the
welds produced in the investigated range of parameters is ap-
proximately 5+8 um, indicating high cooling rates. The frontal
surfaces of dendrites meet in the middle of the welds forming
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the crystallization line, as can be seen on the cross section in
Fig. 13a. Presence of the crystallization line may lead to deterio-
rate of mechanical performance of the joints because impurities
present in the alloy and eutectics with low-melting point may
accumulate in this region.

Detailed observations of micrographs and analysis of the
weld metal microstructure indicate that the microstructure is
mainly austenitic (Fey) with a small share of delta (Fed) ferrite.
It should be noted that the microstructure of the AISI 304 steel
is austenitic in general. However, the single-phase austenitic
microstructure may be obtained just under thermodynamic equi-
librium conditions. Since the solidification of this type of steel,
with the classic chemical composition, begins with the formation
of d-phase (L + 8) as the primary product of solidification, the
ferrite delta may also occur in the microstructure, especially
when the cooling rates are rapid, like during laser processing.
The presence of delta ferrite in laser welded joints are also
confirmed by other investigators, such as S. Katayama et al.
[1]. The share of the delta ferrite is similar for all of the studied

welds, so it can be concluded that the laser welding parameters
in the investigated range have no significant influence on the
microstructure of weld metal.

Microhardness measurements performed on the cross
sections of the butt joints in the middle of the sheet thickness
showed that the base metal of AISI 304 stainless steel exhibits
microhardness in the range from 230HVO0.1 to 250HVO.1,
Fig. 15. While the microhardness in the fusion zone drops down
below 200HVO0.1, Fig. 15. The lowest drop in microhardness was
observed in a case of the test joint welded at the lowest energy
input of 20 J/mm (power of 1. kW, welding speed 3 m/min).
In this case the distribution of microhardness bas very stable
across the fusion zone at a level of 180~195HVO0.1, Fig. 15. On
the other hand the butt joint welded at the highest energy input
of 30 J/mm have shown most significant drop of microhardness
ranged within 131+159HVO0.1, Fig. 15. So it is evident that the
welding parameters, especially energy input affect the micro-
hardness in the fusion zone thus mechanical properties of the
joints. A significant decrease in hardness in the weld metal is

o't
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Fig. 13. Microstructure of the bead-on-plate weld No.1 on 2.0 mm thick sheet of AISI 304 stainless steel produced at the energy input 120 J/mm
(Table 3); a) middle region of fusion zone, b) fusion line (from left weld metal, fusion line, HAZ)

Fig. 14. Microstructure of the bead-on-plate welds on 2.0 mm thick sheet of AISI 304 stainless steel produced at different energy input (Table 3);

a) bead No.9 (22.5 J/mm), b) bead No.8 (20 J/mm)
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Fig. 15. Microhardness distribution on the cross section of butt joints of AISI 304 steel sheets 2.0 mm thick welded by the disk laser at different
energy input (Table 3); a) Joint No.1, 30 J/mm (1.0 kW, 2.0 m/min), b) Joint No.2, 22.5 J/mm (1.5 kW, 4.0 m/min), c) Joint No.3, 20 J/mm (1.0

kW, 3.0 m/min)

unfavorable, as it will cause a reduction in mechanical proper-
ties of the welded joints. However, the base metal of AISI 304
stainless steel sheet was strain hardened after cold rolling. The
melting and subsequent solidification of the welded material
causes a loss of the strengthening effect. On the other hand the
mainly single-phase austenitic steel is susceptible to grain growth
during solidification and also during heat treatment. While the
hardness and also mechanical properties are related to the grain
size, low energy inputs of welding are beneficial because they
lead to providing a fine-grained microstructure of welds. For
this reason the weld metal of the joint produced at the highest
energy input of 30 J/mm showed the lowest microhardness in
the weld metal, as can be seen in Fig. 15.

4. Summary

The autogenous laser welding process of chrome-nickel
type austenitic AIST 304 steel was investigated. The influence
of basic process parameters and technological conditions on
the weld quality and fusion zone configuration was determined.
In the range of optimal parameters high quality welds can be
produced with double-T configuration of the fusion zone and
the depth/width ratio up to 2.5. The welds produced within
optimal parameters exhibit very narrow HAZ and fine dendritic
microstructure of the weld metal consisting of mainly austenite
(Fey) with a small share of delta (Fed) ferrite. Microhardness
of the investigated 2.0 mm thick sheets of AISI 304 steel is
ranged in 230-250HVO0.1, while in the fusion zone clear drop

of microhardness occur. The obtained results indicate that the
drop of microhardness in the fusion zone is clearly related to
the energy input of laser welding. The higher energy input
of laser welding, the higher drop of microhardness in the weld
metal.
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