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Laser Welding of T-Joints Made of Thin Austenitic Sheets 

Abstract: The article presents test results concerning the CO₂ and Yb:YAG 
laser welding of thin-walled T-joints made of steel X5CrNi18-10 (steel 304), 
X6CrNi18-10 (steel 304H) and X15CrNiSi25-21 (steel 310) selected as stainless 
steels potentially useful in the production of ribbed pipes (finned tubes) intend-
ed for operation in boilers of supercritical parameters. Welding tests were per-
formed using two different laser sources, i.e. a CO₂ gas laser and a Yb:YAG solid 
state laser. The tests involved the determination of the appropriate angle of laser 
beam insertion into the interface of sheets, enabling the obtainment of proper-
ly shaped welds. Non-destructive tests classified the joints as representing qual-
ity level B in accordance with standard 13919-1. Selected joints were tested for 
the distribution of alloying constituents in the joint area. It was ascertained that 
laser welding made it possible to maintain the uniform distribution of alloying 
constituents without their significant depletion in the weld area. The tests were 
financed using the funds of project PBS1/A5/13/2012.
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Introduction
The necessity of reducing the emission of pol-
lutants defined in EU directives, e.g. 2001/77/EC, 
2001/80/WE and 1997/97/23/WE requires chang-
es in the design and construction of new flue 
gas desulphurisation units and the revamping 
of existing power units or the construction of 
new units having supercritical parameters. As 
units having supercritical parameters are op-
erated at higher temperature and under higher 
pressure than those having subcritical parame-
ters, they require to be made of materials char-
acterised by higher creep and heat resistance. 
The notion of “supercritical parameters” refers 
mainly to power units intended for operation 

at a steam temperature of 565÷620°C and un-
der a pressure of 30 MPa whereas the notion 
of ultrasupercritical parameters refers to a stem 
temperature of 650÷720°C, a pressure of 35 MPa 
and a net efficiency of 45-50% [1-3].

Structural key elements of boilers used in 
power engineering are tubular elements of heat 
exchangers, including fin tubes with continuous 
or incised fins. Depending on the parameters of 
working media and flue gas, such elements can 
function as heaters, fuel economisers or super-
heaters. Fin tubes are used in order to multiply 
the area of heat exchange with the environment 
(approximately 30 times in comparison with 
smooth pipes). As a result, boilers utilising fin 
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tubes can be fully optimised in terms of boil-
er heated areas and, consequently, in terms of 
boiler dimensions and weight. The use of fin 
tubes in industrial (power generation) boilers 
significantly increases their efficiency [5].  

Welded fin tubes are usually made of weld-
able unalloyed steels (e.g. P235) and low al-
loy steels (e.g. C-Mo and C-CrMo steel grades 
15Mo3, 13CrMo4.4 and 10CrMo4.10 according 
to DIN 17175). When designing units character-
ised by supercritical parameters, it was revealed 
that, because of the decrease in creep and oxida-
tion resistance, the use of classical and marten-
sitic steels in the power industry faces its limit 
at an operating temperature of 650°C. Design-
ing elements enabling the obtainment of high-
er steam output parameters (up to 720°C and 
35 MPa) required the use of austenitic steels 
(e.g. Super304 H) and/or nickel alloys (e.g. In-
conel 617) [4].

Industries use many various technologies 
when making fin tubes, e.g. technologies en-
abling the production of divided joints (strip 
wound on a smooth tube) or welded joints 
maintaining metallic continuity between 
tubes and fins, characterised by better ther-
mal efficiency. One of the most advanced weld-
ing technologies used when making tube-fin 
joints (T-joints with butt welds) is laser weld-
ing. The use of a concentrated heat source en-
ables the formation of precise welds at very 
high welding rates, whereas appropriately ad-
justed process parameters ensure the satisfac-
tion of acceptance criteria concerning pressure 
equipment [5].

The article contains certain results of the task 
entitled Development of Technological Guidance 
on the Laser Welding of Austenitic Steels and 
Nickel Alloys performed at Instytut Spawalnict-
wa within the project Technology of the Laser 
Welding of Fin Tubes Made of Austenitic Steels 
and Nickel Alloys Intended for Operation in Boil-
ers of Supercritical and Ultrasupercritical Pa-
rameters financed by the National Centre for 
Research and Development (PBS1/A5/13/2012).

Tests 
The purpose of the tests was to determine the 
possibility of using the CO₂ gas laser and the 
Yb:YAG solid-state laser when making T-joints 
of selected austenitic steels imitating the tube–
fin joint used in fin tubes. The laser welding 
tests were performed in the Welding Technol-
ogies Laboratory of the Welding Technologies 
Department at Instytut Spawalnictwa. The laser 
welding technological tests were performed on 
two different stations equipped with two differ-
ent types of laser resonators.

TRUMPF LaserCell 1005

The Lasercell TLC 1005 laser welding machine 
manufactured by Trumpf (Fig. 1) is equipped 
with a TLF type CO₂ gas laser having a pow-
er of 3.8 [kW] and emitting a radiation beam 
having a wavelength of 10.6 μm. The machine 
constitutes a laser processing centre used for 
the cutting and welding of flat (2D) and spa-
tial (3D) elements. The working motion of the 
tool incorporates movements of 5 axes (x-ax-
is and y-axis and two axes of rotation, i.e. B – 
±120° and C – n × 360°). The laser welding tests 
involved the use of a welding head provided 
with a focusing mirror having focal length f = 
270 mm. The head makes it possible to obtain 
a laser beam focus having a diameter of ap-
proximately 550 µm. The distribution of pow-
er density measured using a UFF100 laser beam 
analyser is presented in Figure 2. 

Laser Processing Robot Station Equipped 
with the Solid-State Laser

Presently, robot stations provided with disc la-
sers belong to the most advanced and technical-
ly complicated welding systems used in various 
industries. The principal elements of the station 
are the following (Fig. 3): 
 – KUKA–KR 30/2 HA industrial robot (nominal 
lifting capacity: 30 kg; workspace: approx-
imately 28.7 m3, positioning repeatability: 
±0,1 mm), 

 – Laser TruDisk 12002 – Yb:YAG type laser 
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having a maximum power of 12 kW (laser 
beam quality identified using parameter BPP 
≤ 8 mm × mrad), 

 – set of optical fibres connecting the resona-
tor with the welding head, including an op-
tical fibre having a diameter of 300 µm (used 
in the tests),

 – set of technological heads, including the CFO 
welding head used in the tests (fkol = 200 mm, 
fog = 300 mm, dog = 0.45 mm). 

The distribution of power density measured us-
ing the UFF100 laser beam analyser is present-
ed in Figure 4.

Test T-joints were made after placing and fix-
ing flat bars using special fixtures ensuring the 
stable positioning and individual joint com-
ponents. After laser cutting, the flat bars were 
degreased using acetone. Tack welds were not 
used.

An integral part of the fixtures was a nozzle 
enabling the flow of shielding gas used for the 
protection of weld roots. The nozzle was a tube 
having an internal diameter of 6 mm. The exter-
nal surface of the nozzle was perforated (along 
its entire length) with openings having a diam-
eter of 1 mm. The diameter of nozzle openings 
and their arrangement provided the laminar 
flow of shielding gas protecting the weld rot. 
When the CO₂ gas laser was used, the weld face 
was protected by an additional side shielding 
gas nozzle having an internal diameter of 6 mm. 
The above named nozzle was used instead of a 
coaxial nozzle as the former provided the bet-
ter protection of the weld face. Laser welding 
performed using the Yb:YAG solid-state laser 
involved the use of a multi-tube shielding gas 
nozzle. The shielding gas used in the tests was 
argon.

Fig. 1. Lasercell 1005 – the 3D laser processing centre equipped with the CO₂ laser having a power of 3.8 kW installed 
at Instytut Spawalnictwa: a – main view , b – welding head and fixtures for the laser welding of T-joints

Fig. 2. Power density distribution of the CO₂ laser beam in the laser beam focus in the welding head 
used during the tests and having focal length f = 270 mm

a) b)
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The macroscopic tests of the welded joints 
were performed using an SMZ 168 stereoscop-
ic microscope manufactured by Motic. The 
chemical composition tests of base materials 
were performed using a Q4 TASMAN 170 spark 
emission spectrometer made by Bruker. The 
tests of the welds in terms of the EDS meth-
od-based chemical composition in micro-ar-
eas were performed using a Zeiss Evo MA10 
scanning electron microscope provided with 
an EDS Bruker XFlash® 5010 spectrometer. The 
results obtained in the tests were analysed us-
ing the SmartSEM GUI software programme.

Test Materials
Steels used in the laser welding tests are present-
ed in Table 4.1. The technological laser weld-
ing tests involved the making of T-joints using 
flat bars (30 × 100 × 1 mm and 30 × 100 × 3 mm). 
The 3 mm thick flat bar constituted the shelf 

(flange) of the T-joint and simulated the wall 
of a fin tube. The 1 mm flat bar was the web 
of the T-joint and simulated band iron wound 
on a tube (the fin of a fin tube). Appropriate-
ly-sized specimens were cut out of steel sheets 
using laser. The test materials were subjected 
to chemical composition analyses. The results 
of chemical composition analyses are present-
ed in Table 1. It should be noted that various 
thicknesses of the same material grade were 
characterised by different contents of chemical 
elements (restrained within the range defined 
by related standards). Only steel 310 revealed 
the chromium content amounting to 23.39% 
(1 mm thick sheets) and 23.55 % (3 mm thick 
sheets) and was lower than the chromium 
content variability range of 24.0% to 26.0%, 
defined by PN-EN 10095:2002: Heat Resisting 
Steels and Nickel Alloys.

Fig. 3. TruLaser Robot 5120 – robot station for laser processing equipped with 
the TruDisk 12002 disc laser: a – main view, b – fixtures, c – view of the station 

and the positioning of the CFO head

Fig. 4. Distribution of laser beam power density of the Yb:YAG TruDisk 12002 laser used in the tests in the laser beam 
focus for the CFO welding head

a) b) c)
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Tests and Analysis of Test Results
The initial parameters of the laser welding of the 
T-joints made of steel 304 (3 mm + 1 mm) were 
obtained when remelting the 1 mm thick sheet 
made of steel 304. For each type of laser (CO₂ 
and Yb:YAG) and three levels of laser beam 
power, welding rates (Table 2) were adjusted 
in a manner ensuring the obtainment of the 
full penetration of sheets for properly placed 

“scales” containing faces and roots. The weld-
ing parameters were used during the welding 
of the test T-joints and were accordingly mod-
ified in relation to base materials used in the 
tests. Because of a relatively low welding rate of 
1.5 m/min, tests involving the use of the CO₂ la-
ser and a power of 2200 W were not performed.

The tests revealed significant differences in 
welding rates obtained using the CO₂ and the 
Yb:YAG solid-state laser. The differences could 
be attributed to various laser radiation wave-
lengths, various power density in the focus-
ing point (various laser beam focus diameters) 
and various power density distribution in the 
focus (Fig. 2 and 4). The shorter Yb:YAG laser 
radiation beam is better absorbed by materials 

being welded; lower laser beam power ensures 
the obtainment of the same penetration depth. 
The differences could result from different la-
ser designs and methods used when measuring 
laser beam power also used for adjusting ener-
gy pumping the active medium of the laser. In 
cases of disc lasers, measurements performed 
in the resonator are scaled in relation to meas-
urements of laser beam power at the optical 
fibre output. Because of constant power loss-
es in the optical fibre, calibration performed 
once is responsible for the fact that the adjust-
ment of appropriate power level in laser set-
tings corresponds to the actual power of laser 
beam striking the material, reduced by losses 
(if any) resulting from the condition of work-
ing head optics (e.g. impure protective glass). 
In cases of CO₂ lasers, power measured at the 
resonator output is also scaled in relation to 
the power of the laser beam striking the mate-
rial, after passing through the system of mir-
rors transporting laser radiation to the working 
head. The status of mirrors is variable in time 
and may cause the reduction of the actual pow-
er of the laser beam striking the material.

Table 1. Chemical compositions of the austenitic steels used in the tests

Chemical 
element

Content  [% by weight]
304 (X5CrNi18-10, 1.4301) 304H (X6CrNi18-10, 1.4948) 310 (X15CrNiSi25-21, 1.4841)

1 mm 3 mm 1 mm 3 mm 1 mm 3 mm
C 0.024 0.022 0.049 0.050 0.054 0.053
Si 0.358 0.284 0.460 0.345 1.62 1.83

Mn 1.45 1.76 1.63 1.23 1.36 1.46
P 0.003 0.005 0.004 0.004 0.002 0.001
S 0.003 0.003 0.003 0.003 0.002 0.002

Cr 17.49 17.93 17.96 17.79 23.39 23.55
Mo 0.332 0.369 0.0360 0.209 0.167 0.141
Ni 9.98 9.20 9.16 9.03 19.97 20.07
Cu 0.418 0.511 0.433 0.235 0.260 0.199
Al <0.001 0.002 0.003 0.007 0.010 0.037
Co 0.185 0.179 0.119 0.188 0.251 0.255
Nb 0.019 0.011 0.008 0.006 0.005 0.006
Sn 0.010 0.010 0.008 0.006 0.006 0.007
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Effect of the Laser Beam Position 
in Relation to the Joint Axis on the 
Process of Laser Welding 
The obtainment of proper T-joints having butt 
welds with full penetration is influenced not 
only by welding linear energy parameters (laser 
beam power and welding rate), but also by the 
proper positioning of the T-joint–laser beam 
system (Fig. 5). The laser beam should melt 
the interface of elements being welded, which, 
when solidifying, form a weld. Because of the 
joint shape (T-like shape), the direction of la-
ser beam propagation cannot be adjusted in 
accordance with the axis of the interface of el-
ements being joined. The proper adjustment of 
the geometrical parameters of the system: angle 
of laser beam insertion in the interface area – α 
[°], the position of the laser beam focus in rela-
tion to the T-joint flange surface – a [mm] and 
the shift of the laser beam focus in relation to 
the interface of sheets being joined (laser beam 
defocusing degree) f [mm] are decisive for the 
obtainment of properly shaped welds.

The initial welding tests performed using the 
CO₂ laser revealed that the most favourable 

positioning of the laser beam involved its focus-
ing on the interface of elements being welded, 
without making any additional shifts (parame-
ter a = 0 mm and f = 0 mm). Any changes, par-
ticularly those of parameter a disturbed welding 
and led to the obtainment of improper joints, or 
in extreme cases, to the complete lacks of joints. 
The position of a was determined optically, by 
observing the position of red coloured pilot la-
ser radiation beam. To a significant extent, the 
accuracy of such positioning depends on the 
operator’s subjective impression, whereas the 
co-axiality of the laser beam (CO₂ laser) and of 
the red pilot laser beam (He-Ne laser) depend on 
the accuracy of pilot laser adjustment. Because 
of various wavelengths of CO₂ and pilot laser 
radiation, the optimum adjustment of the sys-
tem proved difficult and the pilot laser beam fo-
cus was shifted in relation to the CO₂ laser focus 
along the optical axis of laser beam propagation.

The Yb:YAG solid-state laser proved to offer 
the significantly greater possibility of changing 
parameters a and f. In many welding tests, an-
gle α remained unchanged, only the distance of 
laser beam focus f (Fig. 5) from the interface of 
sheets making up the T-joint (laser beam defo-
cusing degree) and the position of the laser beam 
focus a (Fig. 5) in relation to the T-joint flange 
surface were modified. Welding tests were per-
formed using a beam power of 2.2 kW and a re-
duced welding rate of 3 m/min. The welding 
rate was reduced in order to ensure the obtain-
ment of an appropriate penetration depth. The 
reduced welding rate was also used in welding 
tests involving the defocusing the laser beam so 
that welding imperfections, if any, would only 

Table 2. Selected output parameters for the melting of 1 mm thick sheets made of steel 304 in relation to different types 
of lasers used in the tests

TruLaserCell 1005 with the CO₂ laser TruLaser Robot 5120 with the TruDisk Yb:YAG laser
Laser beam 
power [W]

Welding rate 
[m/min]

Welding linear 
energy [kJ/mm]

Laser beam 
power [W]

Welding rate 
[m/min]

Welding linear 
energy [kJ/mm]

2 200 1.5 0.0880 2 200 5 0.0264
3 000 3.5 0.0514 3 000 7 0.0257
3 800 4.0 0.0570 3 800 9 0.0253

Fig. 5. Scheme of laser welded T-joint with the character-
istic quantities of the laser beam position in relation to the 

interface of sheets being welded
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result from the inappropriate positioning of the 
laser beam and not from overly low heat input 
to the joint. Exemplary macrostructures of the 
welded joints made of steel 304 are presented in 
Figure 6. The tests revealed that the range of la-
ser beam defocusing degree enabling the obtain-
ment of proper joints was relatively wide ranging 
from f = 0 mm to f = 4 mm. The laser beam de-
focusing amounting to f = 4 mm significantly 
reduced the penetration depth (Fig. 6 j l) and in 
cases of higher laser welding rates might result 

in lacks of penetration. In addition, the increase 
in the laser beam defocusing degree above f = 
3 mm deteriorated the aesthetics of the weld face, 
causing the formation of intermittent under-
cuts and incompletely filled grooves. The weld-
ing tests performed using modified positions of 
the laser beam in relation to the T-joint flange 
surface a revealed the significant importance 
of this parameter as regards the obtainment of 
proper welds. Failure to lift the laser beam in 
relation to the T-joint flange surface resulted in 

a = 0 mm a = 0.2 mm a = 0.5 mm

f =
 0

 m
m

f =
 2

 m
m

f =
 3

 m
m

f =
 4

 m
m

Fig. 6. Exemplary macrostructures of the T-joints made of steel 304 at various laser beam defocusing degrees f and 
various positions of the Yb:YAG laser beam in relation to the surface of the T-joint flange a
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the increased probability of lacks of penetration 
in weld roots (Fig. 6 a). The above-named im-
perfection is nearly impossible to detect using 
visual tests; the entire image of the imperfection 
is only possible on metallographic specimens. 
The shape of the weld root run is asymmetric 
because of different heat discharge conditions in 
this area. The lack of intense heat discharge near 
the T-joint flange surface increased the volume 
of molten metal and led to the partial melting of 
the flange surface. The molten metal surround-
ed the unmelted joint interface area (Fig. 7). The 
increased laser beam defocusing degree slight-
ly increased the width of the weld, not ensuring 
the obtainment of proper penetration. Only de-
focusing f = 4 mm led to the sharp decrease in 
penetration depth and the increase in the weld 
width (Fig. 4.14j). Changing the beam position 
within the range of a = 0.2 mm÷0.5 mm ena-
bled the obtainment of a proper weld root. The 

further increase in distance a resulted in weld-
ing process instability. When a = 1 mm, the laser 
beam punctured the T-joint flange without melt-
ing the interface on the weld face side (Fig. 8). 
On the basis of related analysis, the parameters 
selected for further Yb:YAG laser welding tests 
were a = 0.2 mm and f = 2 mm.

CO₂ laser welding of T-Joints
Tests involving welding performed using the 
CO₂ laser were conducted for two different la-
ser beam values adjusted on the control panel 
(Table 3). The laser beam was focused on the 
interface of elements being joined and was led 
at an angle of 16o in relation to the surface of 
the T-joint base. Exemplary macrostructures 
as well as weld faces and weld roots of properly 
made joints are presented in Figures 9÷12. The 
joints were characterised by very good quality 
revealed in visual and macroscopic tests. The 
weld roots of the joints were properly shaped. 
In some cases, the weld faces revealed slight 
undercuts only visible in macrographic pho-
tographs at large magnification.  

Fig. 7. Weld root of the T-joint made of steel 304 
using f = 0 mm and a = 0 mm

Fig. 8. Weld face of the T-joint made of steel 304 using 
parameters a = 1 mm and f = 2 mm

Table 3. Process parameters used during the CO₂ laser welding of 3 mm + 1 mm steel T-joints

Material
Number 
of set of 

parameters

Laser beam 
power [W]

Welding rate 
[m/min]

Linear en-
ergy 

[kJ/mm]

Position of laser beam 
focus

f [mm] a [mm]
304 

(X5CrNi18-10)
1 3000 3.5 0.0514 0 0
2 3800 4.0 0.0570 0 0

304H 
(X6CrNi18-10)

3 3000 3.5 0.0511 0 0
4 3800 4.0 0.0570 0 0

310 
(X15CrNiSi25-21)

5 3000 3.5 0.0514 0 0
6 3800 4.0 0.0570 0 0
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Fig. 9. Macrostructure of the CO₂ laser welded T-joint made of steel 304 a) parameters no. 1, b) parameters no. 2 (Table 3)

Fig. 10. Macrostructure of the CO₂ laser welded T-joint made of steel 304H a) parameters no. 3, b) parameters no. 4 (Table 3)

Fig. 12. Exemplary view of the face and root of the weld of the CO₂ laser welded T-joint made of steel 310,
parameters no. 5, Table 3

Fig. 11. Macrostructure of the CO₂ laser welded T-joint made of steel 310 a) parameters no. 5, b) parameters no. 6 (Table 3)
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The joints welded using the CO₂ laser beam 
having a power of 3800 W were tested using 
an electron microscope provided with an EDS 
spectrometer. The purpose of the microscop-
ic test was to record any possible changes in 
contents of alloying components caused by the 
burning or the evaporation of alloying compo-
nents during laser welding. The excessive deple-
tion of alloying components in the weld could 
change the properties of steel in the weld area, 
which could significantly compromise the de-
sired properties of structure in operation. The 
analysis of the chemical composition involved 
micro-areas located in three zones: the base 
material of T-joint shelf – zone no. 1, weld area 

– zone no. 2 and the base material of the web 

Fig. 13. Marked areas on the cross-section of the CO₂ 
laser welded T-joint subjected to the analysis of the chem-
ical composition involving the use of electron microscope 

with the EDS spectrometer

Zone no. 1 (base material, t = 3 mm)
Chemical element [wt.%] [at.%]

Fe 52.88 51.69
Mg 2.47 2.46
Cr 24.86 26.10
Ni 18.45 17.16
Si 1.34 2.60

Total 100.00 100.00

Zone no. 2 (weld)
Chemical element [wt.%] [at.%]

Fe 53.39 52.36
Mg 2.55 2.54
Cr 24.12 25.41
Ni 18.87 17.60
Si 1.07 2.09

Total 100.00 100.00

Zone no. 3 (base material t = 1 mm)
Chemical element [wt.%] [at.%]

Fe 53.59 52.53
Mg 2.75 2.74
Cr 23.79 25.04
Ni 18.72 17.45
Si 1.15 2.24

Total 100.00 100.00

Fig. 14.  Exemplary result concerning the chemical composition analysed in the individual zones 
of the CO₂ laser welded T-joint made of steel 310 (parameters no. 6, Table 3)
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– zone no. 3 (Fig. 13-14). In addition, the tests 
involved the analysis of the distribution of al-
loying components on the cross-section of the 
joint (Fig. 15). The tests revealed that the pro-
cess of laser welding did not trigger any signifi-
cant changes in percentage contents of alloying 
components (Mn, Cr, Ni, Si) in the individual 
test zones of the T-joint. The percentage con-
tents of individual alloying components in the 
weld was restricted between the values of per-
centage contents of individual alloying compo-
nents in the base material of the flange and web 
of the T-joint. Only steel 310 revealed a slight 
decrease in the content of silicon (increasing 
the melting point and recrystallization point 
of the steel (Fig. 14).

Yb:YAG laser welding of T-Joints
Tests involving welding performed using the 
Yb:YAG laser were conducted for three different 
laser beam values adjusted on the control pan-
el (Table 4). The laser beam was positioned at 

an angle of 16° in relation to the surface of the 
T-joint base; the parameters of the laser beam 
focus position in relation to the interface be-
tween the test sheets were f = 2 mm and a = 
0.2 mm. Exemplary macrostructures as well 
as weld faces and (easily visible) weld roots of 
properly made joints are presented in Figures 
16÷19. The T-joints made of steel 310 welded 
using the laser beam having a power of 2.2 kW 
and 3 kW (parameters no. 13 and 14, Table 4) 
revealed single local weld root area reductions 
indicating process instabilities or difficulties 
connected with the formation of roots in steel 
310. The joints welded using a power of 3.8 kW, 
made of all steel grades (parameters no. 9, 12 
and 15, Table 6), were characterised by properly 
shaped weld roots, often wider than weld faces 
(containing slight porosity-like irregularities). 
If subjected to operation in aggressive envi-
ronments, such irregularities could favour the 
deposition of sediments precipitated from the 
environment surrounding the structure.

Fig. 15. Exemplary distribution of chromium (Cr) and nickel (Ni) on the cross-section of the CO₂ laser welded T-joint 
made of steel 310 (parameters no. 6, Table  3)
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Table 4. Process parameters used during the Yb:YAG laser welding of 3 mm + 1 mm steel T-joints

Material Number of set 
of parameters

Laser beam 
power [W]

Welding rate 
[m/min]

Linear ener-
gy [kJ/mm]

Position of laser beam 
focus

f [mm] a [mm]

304 
(X5CrNi18-10)

7 2200 9 0.0147 2 0.2

8 3000 11 0.0164 2 0.2

9 3800 11 0.0207 2 0.2

304H 
(X6CrNi18-10)

10 2200 9 0.0147 2 0.2

11 3000 11 0.0164 2 0.2

12 3800 11 0.0207 2 0.2

310 
(X15CrNiSi25-21)

13 2200 9 0.0147 2 0.2

14 3000 11 0.0164 2 0.2

15 3800 11 0.0207 2 0.2

Fig. 18. Macrostructure of the Yb:YAG laser welded T-joint made of steel 310 a) parameters no. 13, b) parameters no. 14, 
c) parameters no. 15 (Table 4)

Fig. 16. Macrostructure of the Yb:YAG laser welded T-joint made of steel 304 a) parameters no. 7, b) parameters no. 8, 
c) parameters no.  9 (Table 4)

Fig. 17. Macrostructure of the Yb:YAG laser welded T-joint made of steel 304H a) parameters no. 10, b) parameters no. 11, 
c) parameters no. 12 (Table 4)

http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/


No. 5/2016168 BIULETYN INSTYTUTU SPAWALNICTWA

Similar to the tests of the joints made us-
ing the CO₂ laser, the joints welded using the 
Yb:YAG laser beam having a power of 3800 W 
were tested using an electron microscope pro-
vided with an EDS spectrometer. The purpose 
of the microscopic test was to record any pos-
sible changes in contents of alloying compo-
nents caused by the burning or the evaporation 
of alloying components during laser welding. 

The analysis of the chemical composition in-
volved micro-areas located in three zones: the 
base material of T-joint shelf – zone no. 1, weld 
area – zone no. 2 and the base material of the 
web – zone no. 3 (Fig. 13, 20). In addition, the 
tests involved the analysis of the distribution 
of alloying components on the cross-section 
of the joint (Fig. 21). The tests revealed that 
the process of laser welding did not trigger any 

face root

Fig. 19. Exemplary view of the face and root of the weld of the Yb:YAG laser welded T-joint made of steel 304H, 
parameters no. 11, Table 4

Fig. 20. Chemical composition analysed in the individual zones of the Yb:YAG laser welded T-joint made of steel 304H 
(parameters no. 12, Table 4)

Zone no. 1 (base material, t = 3 mm)
Chemical element [wt.%] [at.%]

Fe 71.76 70.91
Mn 3.17 3.18
Cr 17.19 18.24
Ni 7.63 7.17
Si 0.25 0.49

Total 100.00 100.00

Zone no. 2 (weld)
Chemical element [wt.%] [at.%]

Fe 71.63 70.66
Mn 3.29 3.29
Cr 17.10 18.12
Ni 7.56 7.09
Si 0.42 0.83

Total 100.00 100.00

Zone no. 3 (base material ≠1 mm)
Chemical element [wt.%] [at.%]

Fe 70.71 69.76
Mn 3.39 3.40
Cr 17.81 18.87
Ni 7.71 7.23
Si 0.37 0.73

Total 100.00 100.00
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significant changes in percentage contents of al-
loying components (Mn, Cr, Ni, Si) in the indi-
vidual test zones of the T-joint. The joints made 
of steel 304H and 310 revealed a slight decrease 
in nickel content.

Summary
The tests revealed that it was possible to make 
proper T-joints with butt welds made of laser 
beam welded alloy steels. The making of the 
above named joints was possible using both gas 
(CO₂) and solid state (Yb:YAG) lasers.  

It was ascertained that during the laser weld-
ing of T-joints with butt welds, the obtainment 
of full penetration was influenced by the posi-
tion of the interface (i.e. edges) of elements be-
ing joined and the position of the laser beam. 
Because of the focused laser beam shape in the 
space (laser beam caustic curve) and due to the 

type of a joint, the direction of laser beam prop-
agation could not be set in accordance with the 
axis of the interface of elements being joined. 
For this reason, it was necessary to adjust an 
appropriate laser beam inclination angle in re-
lation to the surface of the T-joint flange. The 
minimum laser beam inclination angle α = 16° 
adjusted in the tests enabled the obtainment of 
properly shaped welds. In addition, the slight 
defocusing of the Yb:YAG laser beam, i.e. f = 
2 mm enabled the obtainment of an aesthet-
ic weld face, whereas lifting the laser beam by 
a = 0.2 mm resulted in the full penetration of 
the weld root.

Changing the type of laser used for the weld-
ing of T-joints required changes in primary 
process parameters, i.e. laser beam power val-
ues and welding rates. The tests revealed that 
the use of a solid-state laser having the same 

Fig. 21. Distribution of chromium (Cr) and nickel (Ni) on the cross-section of the Yb:YAG laser welded T-joint made 
of steel 304H (parameters no. 12, Table  4)
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laser beam power adjusted on 
the operator control panel in-
creased the welding rate mul-
tiple times. The rate obtained 
when welding steel joints using 
a beam power of 3 000 W was 
nearly three times higher when 
the Yb:YAG laser was used than 
the welding rate obtained us-
ing the same beam power and 
the CO₂ laser (Tables 3 and 4, 
Fig. 22). Such a significant in-
crease in the welding rate was 
primarily caused by the differ-
ence in the absorption of laser 
radiation having a given wavelength. A nearly 
ten times shorter electromagnetic wave gener-
ated by Yb:YAG lasers was better absorbed by 
metallic materials.  

The laser welding of 3 mm and 1 mm thick 
T-joints was not accompanied by significant 
percentage changes in contents of alloying com-
ponents in the weld and in the base material.

The research was financed using funds of 
project PBS1/A5/13/2012.
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