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Laser Welding and Heat Treatment of Steel 0OH15N7M2J

Abstract: The article presents the results of tests concerning the mechanical and
structural properties of single-spot and twin-spot laser beam welded joints made
of a steel strip, the chemical composition of which corresponds to that of steel
oH15N7M2J. In addition, the article presents the comparison concerning the ge-
ometry of joints made using the single and twin-spot laser beam. The test joints
were subjected to heat treatment involving austenitisation, cold treatment and
ageing. The study also involved the comparison of the mechanical and structur-
al properties of the joints subjected and those not subjected to the above named

heat treatment.
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Introduction

Precipitation hardened corrosion resistant mar-
tensitic steels, often referred to in scientific pub-
lications as controlled transformation steels,
combine good strength characteristic of mar-
tensitic structures with good ductility, usually
characteristic of austenitic steels. One of such
steels is steel oH15N7M2] according to PN-EN
10088-2:2005, characterised by high fatigue
strength, excellent corrosion resistance, plas-
tic workability and small strains accompany-
ing heat treatment. In the supersaturated state,
the steel structure is austenitic. Only after long
cold treatment at a temperature below 78°c
is it possible to obtain a martensitic-austenit-
ic structure. Further hardening of the steel is
obtained through ageing at a temperature en-
suring the dispersive precipitation of inter-
metallic phases in the matrix, leading to the
significant increase in mechanical properties.

The above-presented steel is used when mak-
ing sheets/plates, rods and wires, out of which
high strength corrosion resistant elements are
manufactured [1-4].

Laser welding is the process of joining met-
als, during which heat necessary for melting
a given material is obtained by absorbing the
monochromatic electromagnetic wave. The
possibility of obtaining considerable power
density at an area where a laser beam is focused
(high laser beam power over a very small area)
is responsible for the fact that welds obtained
through keyhole welding are relatively narrow
and deep, whereas the area of the heat affect-
ed zone (HAZ) is very limited. Very high metal
heating and melting rates as well as equally fast
cooling are responsible for the fact that both the
weld and the HAZ do not reveal any significant
grain growth and structural changes may sig-
nificantly differ from those occurring during
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arc welding processes. In some cases, it is con-
venient to split the laser beam into two com-
ponent beams focused at two different points
(bifocal welding). Depending on the distance
between each other, the beams can form a com-
mon wider gasodynamic channel or two sepa-
rate channels, thus affecting the solidification
of metal and structural changes, if any. The fo-
cusing of the beam at two points in the tandem
system reduces the cooling rate of elements
during welding, may reduce welding stresses,
and, in cases of materials susceptible to hard-
ening, could temper the martensitic structure
or prevent entire hardening [5-7].

The work involved tests concerning the effect
of single-spot and twin-spot laser beam weld-
ing on the structure and mechanical proper-
ties obtained directly after welding and after
treatment involving hardening, cold treatment
and ageing.

Test Materials

The tests concerned the effect of laser welding
parameters on the properties of joints made of
precipitation hardened martensitic-austenitic
steel oH15N7M2]. The test joints were made us-
ing 0.8 mm thick, 65 mm wide and 100 mm long
strips of the steel in the supersaturated state.
The tests also involved the verification of
chemical composition using spark source op-
tical emission spectrometry and a Q4 TASMAN
spectrometer manufactured by Bruker. The
chemical composition test results are presented

in Table 1. In addition, the tests concerned the
mechanical properties of the strip used. The
results of the above named tests are present-
ed in Table 2.

Test Joints

The welding tests involving the above named
steel were performed using the keyhole weld-
ing technique, a solid state laser, integrated with
a robotic system for laser processing, installed
at Instytut Spawalnictwa in Gliwice (Fig. 1). The
welding station was equipped as follows:

— Laser TruDisk 12002 - a Yb:YAG solid-state
laser (Trumpf) having a maximum power of
12 kW and laser beam quality designated by
the parameter of Bpp < 8 mm-mrad (Fig. 1a)

- Cro head (Trumpf) used for single-spot la-
ser welding (Fig. 1b). The head was connect-
ed to the laser source using an optical fibre
having a diameter of 200 um and a focusing
lens having a focal length of fog = 300 mm.
The diameter of the laser beam focus amount-
ed to 300 pum.

- D70 head (Trumpf) provided with a system
enabling the twin-spot focusing of a laser
beam (Fig. 1c); the head was connected to
the laser source using an optical fibre hav-
ing a diameter of 600 um and a focusing lens
having a focal length of fog = 200 mm; the di-
ameter of a single laser beam focus amount-
ed to 600 um.

The distribution of power density (laser beam
power distribution) between two focuses was

Table 1. Chemical composition of the steel used in the tests — chemical analysis result

Steel designation
c_|

Si | Mn |

Chemical composition, % by weight
Cr

|Mo Ni|Cu|Co|A1

0H15N7M2]

| 0024 | 016 | 141 | 1714 | 214 |

91 | 022 | 0084 | 089

Table 2. Mechanical properties of the strip in the supersaturated state corresponding in terms of chemical composition
to steel 0H15N7M2]

Designation of tested
steel equivalent

Tensile strength Rm,
MPa

Yield point Re, MPa Elongation A5, %

1030

0H15N7M2J

804

23,9

Note: values averaged from three measurements
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monitored using a UFF100 laser beam analyser
manufactured by Prometec (Fig. 1c). The shield-
ing gas (Ar) was blown via a side nozzle at a flow
rate of 12 |/min.

As regards the pyo head, the twin-spot laser
beam is obtained by placing a special optical
module across the laser beam, thus splitting
the beam and changing its trajectory. After-
wards, the beam is focused on two spots by
standard focusing lenses, as in classical laser
welding. The distance between the focuses of
the laser beam is affected by the inclination
of the optical module plane. The laser beam
power distribution is influenced by the posi-
tion of the optical module in relation to the
laser beam. The maximum distance between
the beam focuses adopted when making the
test joints amounted to 4 mm, i.e. the maxi-
mum distance available for the head used in
the tests (D70). It was assumed that the tests
would be performed with a beam power dis-
tribution of 50:50 and 60:40 (the first value de-
fines the percentage fraction of beam power
in the pilot focusing point of the

Fig. 1. TruDisk 12002 disc laser integrated with the robotic
station. Main view (a), CFO head for keyhole welding (b),
D70 head with the bifocal system fixed to the wrist of the

industrial robot and the UFF100 laser beam analyser (c)

tandem system). The change in Assumed
power density distribution con-

sisted in the manual change in the

distribution of
twin-spot laser
beam power

Distribution of power density between individual
focuses, 4 mm away from each other, position
f = 0 mm (direction of welding along y-axis)

position of the optical module in
relation to the laser beam. Each
change in the above named po-
sition entailed a change in power
distribution between individual
focuses and in each case was ver-
ified by measuring density distri-
bution between the two focuses.

50:50%
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In the tests, the verification of the
actual power density distribution
was performed using the UFF100
laser beam analyser manufac-
tured by Prometec. The graphic
representation concerning the re-
sults of the measurement related

60:40%
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to the power distribution of the

Note: location of the focus on the surface of workpieces - f =0 mm.

twin-spot laser beam is shown in
Figure 2.
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Fig. 2. Graphic presentation of twin-spot laser beam power distribution,
performed using a UFF100 device manufactured by Prometec

39



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

[@)ov-ne |

In order to determine the effect of single and
twin-spot laser welding parameters on the me-
chanical properties and the structure of 0.8 mm
thick butt joints made of steel oH15N7M2], it
was necessary to make test joints using vari-
ous sets of process parameters. The initial tests
enabled the selection of 3 sets of single-spot la-
ser welding parameters (Table 3) and 4 sets of
twin-spot laser welding parameters (Table 4).
Parameters were selected in a manner ensuring
the obtainment of the proper quality of joints
(according to adopted parameters), i.e. with
the penetration across the entire thickness of
the base material and without spatters, burn-
throughs, undercuts etc.

Visual Tests

The making of the test joints was followed
by their visual inspection performed in ac-
cordance with standard PN-EN 1S0O 17637:2011E
Non-destructive tests of welds. Visual testing of
fusion-welded joints. The tests aimed to deter-
mine the correctness of weld geometry and to
enable the selection of joints for further tests by
eliminating those failing to meet the require-
ments of quality level B according to PN-EN 1s0
13919-1 Welding. Electron and laser beam weld-
ed joints. Guidance on quality levels for imper-
fections. Steel.

Table 3. Parameters of the single-spot laser beam welding

of 0.8 mm thick sheets made of steel 0H15N7M2]

Joints nos. 11 and 12 (welding parameters -
Table 3) revealed the entire penetration across
the thickness of the base material; the geom-
etry of the weld face and of the weld root was
unchanged along the entire length. Joint no. 13
revealed local burn-throughs and spatters in
the welded joint area. Despite the foregoing,
the latter joint was also selected for macro and
microscopic metallographic tests as well as for
cross-sectional hardness measurements. All of
the twin-spot laser beam welded joints (Table
4) revealed the entire penetration of the base
material and the unchanged and proper geome-
try of the weld face and weld root along the en-
tire length of the joint. All of the joints revealed
the depletion of weld metal, which was proba-
bly caused by the evaporation of steel compo-
nents characterised by high vapour pressure
at welding temperature. Because of the thick-
ness of the sheets being welded (0.8 mm), the
visual inspection concerning the depletion of
weld metal and the measurement of possible
dimensions of characteristic welding imper-
fections, such as undercuts or the incomplete
filling of the weld groove and qualifying such
observed imperfections as representing a given
quality level according to standard PN-EN 150
13919-1 was very difficult. The assessment of the
quality of the joints was possible only after per-

forming macroscopic metallographic tests.

Heat Treatment of Laser Welded

Specimen no. 11 12 13 Joints Made of Steel 0OH15N7M2]J
Beam power, kW 1.5 2.5 45 The obtainment of appropriately high me-
Welding rate, cm/min 350 780 1500  chanical properties of precipitation hard-
Linear energy, kJ/mm 0.0257 | 0.0187 | 0.0180 ened high-alloy austenitic steels is ensured

Table 4. Parameters of the twin-spot laser beam welding of 0.8

mm thick sheets made of steel 0HI15N7M2]

by properly performed heat treatments. As
regards the tested high-alloy steel corre-
sponding, in terms of the chemical com-

Specimen no. 21 | 22 | 23 | 24  position, to steel oH15N7M2], in accordance

Beam power, kW 4 4 3 with the steel data sheet, the process of heat
Welding rate, cm/min | 1080 | 1080 | 840 | 840  treatment consisted in 1-hour long aus-
Beam power distribution,% | 50:50 | 60:40 | 5050 | 0:40  Lenitisation at a temperature 950°C, cool-
ing in oil, 1-hour long cold treatment at

Linear energy, kJ/mm 0.039 {0.039 | 0.035 | 0.035 a temperature of -80°c and 3-hour long
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ageing at a temperature of 510°C. As regards
the single-spot laser beam welded joints, the
heat treatment involved joints nos. 11, 12 and
13 (welding parameters — Table 3). In terms
of the twin-spot laser beam welded joints, the
heat treatment involved all of the welded joints
(welding parameters — Table 4).

The process of heat treatment was performed
in the laboratory of Testing of Materials Weld-
ability and Welded Constructions Department
at Instytut Spawalnictwa. The heat treatment
process is presented in Figure 3.

T,oc.‘

60 min

950}
890

180 min

510
480

t, min

Welding linear energy — 0,0180 kJ/cm - specimen no. 13

Fig. 3. Scheme of the temperature-time parameters used
during the heart treatment of steel 0OH15N7M2]

Metallographic Tests

Macroscopic Metallographic Tests

The structure of the welded joints made of steel

oH15N2M2]J was revealed by electrolytic etching.
The macroscopic metallographic tests were per-
formed using a Nikon Eclipse MA200 light mi-
croscope. The macroscopic metallographic tests

were performed using all of the selected sets of
parameters. The macrostructures of the sin-
gle-spot laser beam welded joint made of steel

OH15N7M2J are presented in Figure 4, whereas

those of the twin-spot laser beam welded joint
are presented in Figure 5.

As regards the single-spot laser beam welded
joints, the decrease in welding linear energy from
0.0257 kJ/cm to approximately 0.0180 kJ/cm
only slightly affected the width of the weld. In
turn, the geometry of the welded joints was

No. 4/2016

Fig. 4. Macrostructure of the single-spot laser beam
welded joints made of steel 0H15N7M2]J using a linear
energy of 0.0257 kJ/cm - specimen no. 11 (a), 0.0187 kJ/
cm - specimen no. 12 (b) and 0.0180 kJ/cm - specimen
no. 13 (¢)

significantly influenced by the welding rate. In
the case of the welded joint made using a weld-
ing rate of 350 cm/min (Fig. 4a) and 780 cm/min
(Fig. 4b), the welds revealed almost parallel fu-
sion lines, which reduced stresses in the weld
and minimised the angular strain of the joint.
After increasing a welding rate to 1500 cm/min
(Fig. 4¢), the weld geometry changed signifi-
cantly; the volume of the crystallising metal of
the weld above its neutral axis was significantly
greater than the volume of the weld metal below
the axis. The areas of the single-spot laser beam
welded joints subjected to the macrostructural
tests did not reveal welding imperfections dis-
qualifying the joints as made improperly.

The twin-spot laser beam welded joints made
of steel oH15N7M2J did not reveal the significant

BIULETYN INSTYTUTU SPAWALNICTWA 41
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Welding linear energy - 0,039 kJ/cm (beam power
distribution ratio: 50%:50%) — specimen no. 21

Welding linear energy - 0,039 kJ/cm (beam power
distribution ratio: 60%:40%) — specimen no. 22

Welding linear energy - 0,035 kJ/cm (beam power
distribution ratio: 50%:50%) — specimen no. 23

Welding linear energy - 0,035 kJ/cm (beam power
distribution ratio: 60%:40%) — specimen no. 24

Fig. 5. Macrostructure of the twin-spot laser beam welded joints made of steel 0H15N7M2] using a linear energy of
0.039 kJ/cm with the beam power distribution ratio of 50%:50% - specimen no. 21 (a), using a linear energy
of 0.039 kJ/cm with the beam power distribution ratio of 60%:40% - specimen no. 22 (b), using a linear energy
of 0.035 kJ/cm with the beam power distribution ratio of 50%:50% - specimen no. 23 (c) and using a linear energy of
0.035 kJ/cm with the beam power distribution ratio of 60%:40% - specimen no. 24 (d)

effect of the laser beam power distribution
(between the focuses) on the joint geometry.
However, in each case (Fig. 5a-d), numerous
welding imperfections (undercuts) were ob-
served; the imperfections were restricted within
quality level B according to standard PN-EN 15O
13919-1. In addition, the twin-spot laser beam
welded joints revealed a decrease in the active
cross-section of the joint caused by the deple-
tion of the weld metal. It should be emphasized
that the significant depletion of the weld metal,
decreasing the active cross-section of the joint,
undoubtedly reduced its strength.

Microscopic Metallographic Tests

Similar to the macroscopic tests, the micro-
scopic metallographic tests of the welded joints
were performed using a Nikon Eclipse MA200
metallographic light microscope. The micro-
structural observations involved the base mate-
rial and the welded joint, i.e. the weld and the
heat affected zone. The tests were performed
on the joints made using the single-spot laser
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beam having a linear energy of 0.018 kJ/cm in
the state before and after the heat treatment.
The test results are presented in Figure 6 and 7.

As regards the welded joint made of steel
OH15N7M2] in the pre-heat-treatment state, the
weld material was the dendritic mixture of aus-
tenite with ferrite delta (Fig. 6¢). In turn, the base
material structure contained strain-induced aus-
tenite with numerous slide lines, strain bands
and some amounts of martensite (Fig. 6b). The
strain effects were not visible or only slightly vis-
ible in the heat affected zone; the content of mar-
tensite was close to o, the slide lines and bands
were hardly visible (Fig. 6d). The structure of the
base material contained few coagulated precip-
itates (Fig. 6d), affecting the steel hardening to
a very little degree.

The heat treatment of the welded joint signit-
icantly changed the microstructure of the joints
and of the base material. The base material mi-
crostructure was almost entirely composed
of austenite; the chemical composition might
also include some amount of ferrite delta) (Fig.

No. 4/2016
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7b). The base material contained
numerous dispersive precip-
itates. Taking into considera-
tion the chemical composition
of the steel and the effect of the
heat treatment, it could be sup-
posed that precipitated particles

were M,3Cs carbides and inter-
metallic phases such as Ni;Mo,
Fe,Mo, (Fe,Ni),Mo, Nis;Al and
NiAl The supposition needs to
be fully confirmed using more
detailed X-ray tests as well as the
accurate analysis of the chemi-

cal composition of precipitates
using energy dispersive spec-
trometry (EDS). The structure
of the weld subjected to the heat
treatment was the mixture of

Fig. 6. Macro and microstructure of the joint made of steel 0H15N7M2]
using a linear energy of 0.0180 kJ/cm in the state before and after the heat
treatment: joint macrostructure (a), base material microstructure (b), weld

(¢) fusion line and HAZ (d)

martensite (formed after cold
treatment) as well as ferrite del-
ta and other precipitates. The
detailed analysis of the above
named precipitates will be the
subject of further studies (Fig.
7¢). In addition, the fusion line

(Fig. 7d) contained chain-like
precipitates of hardening phas-
es. Such an arrangement of hard
phases can significantly reduce
joint plasticity and even lead to
joint brittleness.
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Tensile Tests

The tensile tests involved the sin-
gle-spot laser beam welded joint
made using the set of parameters
no. 12 in Table 3 and the twin-
spot laser beam welded joint made using the
set of parameters no. 22 in Table 4. The tensile
tests involved both the specimens directly after
welding (not subjected to the heat treatment)
and those subjected to the heat treatment. The
tensile tests were performed using a testing ma-
chine (model 4210) manufactured by Instron.

No. 4/2016

BIULETYN INSTYTUTU SPAWALNICTWA

Fig. 7. Macro and microstructure of the single-spot laser beam welded joint

made of steel 0OH15N7M2J using a linear energy of 0.0180 kJ/cm in the state

after the heat treatment: joint macrostructure (a), base material microstruc-
ture (b), weld (c) fusion line and HAZ (d)

Specimens for the tensile tests were prepared in
accordance with the requirements specified in
standard PN-EN 15O 4163:2013. Each of the joints
was subjected to 3 tensile tests. The tensile test
results are presented in Table 5 and Figure 8.
The tensile test results revealed that both as
regards the single and twin-spot laser beam
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Table 5. Tensile test results related to the joints made of steel 0H15N7M2], laser welded using the single-spot (no. 12)
and twin-spot beam (no. 22)

Specimen Heat Tensile strength, R,, MPa Average, R, MPa Standard
(Table 3 and 4) | Treatment 1 2 3 > deviation MPa
12 No 610 562 584 585 24.1
12 Yes 984 1027 999 1003 21.8
22 No 541 572 529 547 22.2
22 Yes 978 953 942 958 18.4

Note: In each case, the specimen ruptured in the weld

1200 | without heat treatment Il “after heat treatment

1003

1000 - 358

800 -

600

400 -

Tensile strength Rm, MPa

200 -

OH1SN7M2J (1)

OH1SNTM2)(2)

Fig. 8. Tensile strength of the single-spot (1) and twin-
spot (2) laser beam welded joints made of steel 0H15N-
7M2] not subjected and subjected to the heat treatment

Fig. 9. Photographs of the exemplary laser-beam
welded specimen after the tensile strength test — rupture
in the weld

welded joints, the test specimens ruptured in
the weld (Fig. 9), which means that in each case
the strength of the welded joint was lower than
that of the base material, both as regards the
joints subjected to the heat treatment and those
which remained in the state directly following
the welding process. The tensile strength of the
single-spot laser beam welded joints directly af-
ter welding amounted to 585 MPa, constituting
approximately 56% of the base material hard-
ness (Table 2, Table 5). The tensile strength of
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the same joints subjected to the heat treatment
amounted to 1003 MPa, constituting approxi-
mately 97% of the base material hardness. In
turn, the tensile strength of the twin-spot laser
beam welded joint not subjected to additional
heat treatment amounted to 547 MPa, consti-
tuting approximately 53% of the base material
hardness, whereas the tensile strength of the
twin-spot laser beam welded joint subjected to
the heat treatment amounted to 958 MPa, con-
stituting approximately 93% of the base materi-
al hardness. Therefore, it can be assumed that it
is possible to make a weld characterised by ten-
sile strength similar to that of the base material.
It should be noted that the weld geometry al-
ways constitutes a geometrical notch (depletion
of metal on the weld face side) leading to the
accumulation of stressed in the transition area
between the weld face and the base material.

Cross-Sectional Hardness
Measurements of Welded Joints

Cross-sectional hardness measurements of
the welded joints were performed by means of
a KB50BVZ-FA testing machine manufactured
by KB Priiftechnik, using an indenter load of
9.81 N (aVv1). Hardness was measured in both
directions from the weld axis. The distance
between measurement points amounted to
0.2 mm and the measurement line was located
in the middle of the weld thickness. Hardness
tests only involved the single-spot laser beam
welded joints in relation to each set of welding
parameters used. Hardness tests involved both
the joints subjected and not subjected to the
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heat treatment. The primary objective concern-
ing cross-sectional hardness measurements of
the welded joints was to determine the effect
of the welding process on changes in the hard-
ness of the welded joints as well as to identify
the effect of the heat treatment and precipita-
tion processes on the hardness increase in the
individual areas of the welded joints. Cross-sec-
tional hardness measurements involving the
twin-spot laser beam welded joints were omit-
ted as changes in the width of the weld and that
of the heat affected zone do not affect hardness.
The results of the hardness tests involving the
single-spot laser beam welded joints are pre-
sented in Figure 10.

-—11
——12
- 13

== 110c

Hardness HV1

—— 120

19-1.7-15-13-11-09-07-05-03-0101 03050709 11 1315 17 19

Distance from the weld axis, mm

Fig. 10. Results of the cross-sectional hardness measure-
ments of the single-spot laser beam welded joints made
of steel OH15N7M2] before (11-13) and after the heat
treatment (11oc-130c¢)

The cross-sectional hardness measurement
of the single-spot laser beam welded joints
made of steel oH15N7M2] revealed that the
process of welding increased the hardness of
the weld metal if compared with that of the
base material. The hardness of the base mate-
rial amounted to 315-343 HV1 and increased in
the weld metal to approximately 360-375 HV1,
where the direct effect of welding linear ener-
gy on the increase in the weld metal hardness
was not observed. The significant increase in
the hardness of both the base material and the
weld was caused by the heat treatment. After
the heat treatment, the hardness of the base
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material increased to 470-505 HV1, i.e. by more

than 150 HV1. This could be attributed to the

precipitation process taking place during age-
ing and the precipitation of numerous harden-
ing phases, the identification of which will be

possible after the use of X-ray and microscopic

techniques of greater resolution. The hardness

of the weld increased to a lesser degree, i.e. to

430-470 HV1, by approximately 100 Hv1 in rela-
tion to the hardness of the welded joint preced-
ing the heat treatment.

Conclusions

1. Single and twin-spot laser beam welding
enables the obtainment of high-quality joints of
thin-walled elements made of steel oH15N7M2J.

2. The heat treatment of laser welded joints
made of steel oH15N7M2J leads to the precip-
itation of dispersive phases in the austenitic
matrix.

3. The tensile strength of the single and twin-
spot laser beam welded joints not subjected
to further heat treatment amounts to 585 MPa
and 547 MPa respectively, i.e. 53% and 56% of
the base material in the as-delivered state. The
heat treatment of the joints increases the ten-
sile strength to a tensile strength value close to
that of the base material, i.e. to 1003 MPa and
958 MPa respectively, constituting 97% and 93%
of the base material tensile strength. Such sig-
nificant hardening is caused by the occurrence
of precipitation phenomena.

4. The heat treatment of laser welded joints
made of steel oH15N7M2J increases the hard-
ness of the base material from approximate-
ly 300 HV1 to approximately 500 Hv1 and that
of the weld from approximately 370 HV1 to ap-
proximately 450 Hv1, which can be attributed
to the effect of precipitation hardening.

5. Single-spot laser beam welding causes
the less intense evaporation of the weld metal
than that accompanying twin-spot laser beam
welding.
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