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The paper presents displacement and strain fields measured at various stages of tension of flat samples in order to compare
the effect of different technological parameters on mechanical properties of welded joints. Results of measurements are
also compared with the results of tensile test of the base material to determine the impact of welding process on changes of
mechanical properties of tested steel. The measurement of displacements and strains in tensed flat specimens made of S355
steel, hybrid welded using electric arc and laser beam is in the scope of this work. Welding process is performed using Yb:YAG
laser and electric arc in GMAW method. D70 Trumpf laser head with maximum power up to 12 kW is used in welding tests
with a spot diameter of the laser beam d=0.8 mm. Welded joints are made for different technological parameters of the process
with laser beam heat source leading in the tandem. Tension tests of flat samples are performed in accordance with norm PN-EN
ISO 6892-1. Dantec Q-400 ISTRA multi-camera 3D correlation system is used for strain and displacement measurements. The
method of measurement is based on the correlation of digital images recorded by the three cameras. Surface of tested samples
is covered with a layer of white and black paint. The measurement took place by tracking movements of spots covering the
surface of the sample, loaded by longitudinal force. 6 Ref., 4 Fig.
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Introduction

Today’s facilities are characterized by high
functional diversity, which, while maintaining high
quality of workmanship, is very difficult. Products are
increasingly demanding, and consequently products
have increasingly complex 3D geometry. Measurement
tools should combine the speed of collection of
measurement points with high accuracy. The use of a
non-invasive measurement method makes it possible to
detect defects much faster without the need for specialist
preparation of test specimens [1-3].

Coupled thermal, structural and mechanical
phenomena occurring in welding process have a
direct impact on the quality of welded joint. The
material in the weld and adjacent region is heated
to various temperatures resulting in a variety of
structures that occur in the joint and heat affected
zone (HAZ), having different mechanical properties
in comparison to base material. Theoretical and
experimental analysis of mechanical behaviour of
welded joint is still one of the fundamental industrial
problems. In the welding process using a laser beam a
high welding speeds are obtained with a good quality
of welds and a narrow thermal influence zone which
is helpful in increasing the quality and mechanical
properties of the joint as well as the production
efficiency. One of the modern welding technologies is
laser-arc hybrid welding, which combines laser beam
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welding with classical electric arc welding cooperating
in a single process. This method has many advantages
in comparison to welding process with electric arc or
laser beam heat sources used separately. Advantages of
laser-arc hybrid welding process include higher welding
stability, higher melting efficiency, easier input of
additional material to the welding pool and a lower input
power under the same welding penetration.

The investigations about laser-arc hybrid
welded steel have been reported widely and
applied successfully in a wide range of the industry.
These studies include analytical modeling of
thermomechanical phenomena occurring in the process
and experimental research on plasma formation,
liquid material flow through the welding pool,
microstructure composition as well as the analysis
of welding deformations and mechanical properties
of welded joints, performed in both destructive and
nondestructive tests. One of usually performed tests
on welded joints is the classical tension test. The
standard for this type of testing is the norm PN-EN ISO
6892-1. This test allows the determination of basic
mechanical properties of welded joints. However,
the development in new measurement systems,
such as 3D multicamera correlation system allows
the analysis of deformations at the surface area of
tensed sample in control area determined for cameras
used in the experiment. The knowledge about strain
distribution in the joint combined with the analysis
of the microstructure of welded joint is essential
in determining the material properties in separate
joint zones, like the weld, HAZ and transition zone.
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Moreover, the results of such studies are an excellent
base for verification of developed theoretical models.

Considering above facts, the main objective of
this study are experimental studies on strain during
tension of samples welded by laser-arc hybrid
technology using GMAW method and Yb:YAG
laser beam. Dantec Q-400 Istra multi-camera 3D
correlation system is used to measure the distribution
of strains during performed tests made on the base
material and welded joint. Presented results include
tension diagrams as well as a comparison of strain
fields measured for the entire tension cycle.

Experimental set-up, hybrid welding

Laser beam emitted by D70 Trumpf laser head
with maximum power up to 12 kW is used with
electric arc in GMAW method (Fig. 1). Laser head
is equipped with collimator lens having a focal
length f =200 mm, and a focusing lens with a focal
length /=400 mm. The diameter of the beam is set by
changing the optical fiber supplying the laser beam to
the head. Optical fiber is used in the research having
a diameter 0.4 mm. For used optical system double
magnification is achieved giving laser focus diameter
d=0.8 mm. Butt welding is performed for sheets

-
Welding direction

Fig. 1. Scheme of hybrid welding process (a); hybrid laser head
Yb: YAG + MIG (b)

made of S355 steel. Welding process proceed without
a gap in the shielding gas 82% Ar + 18% CO,, the
gas flow is 18 I/min, wire speed 6m/min and welding
speed set to v=1 m/min. The distance between heat
sources d=2 mm. Laser beam is the leading heat
source in the tandem.

Samples are welded in the system with leading
laser beam in the tandem as well as in inversed
system with leading arc. Laser beam power is set to
Q=3 kW, arc voltage U=19 V and current /=190 A in
the welding experiment.

Strain measurement system

Samples for the tension test were made from welded
joints according to norm PN-EN ISO 6892-1. Universal
strength machine Zwick&Roel Z100 is used with
extensometer Multisens in all performed tension tests.
The accuracy of the strength machine is up to 0,1N
in force and 1pum in displacement. Universal strength
machine cooperates with Dantec Q-400 Istra multi-
camera 3D correlation system [4-6]. Measurement
system is composed of optical cameras used to
record strains or deformations. The Timing Box is
an interface between the control computer and the
sensors for synchronization and analog recording
of data, and to power-up cameras and PC computer
with a number of network cards, allowing for the
introduction of signals from cameras and different
sources, transmitted via ethernet and installed
dedicated Istra4D software.

In the experiment the system of three cameras
was used. Cameras are mounted on the beam which

Fig. 2. Tension test: universal strength machine Zwick&Roel
7100, dimension of samples used in the test, Q-400 Istra multi-
camera 3D
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Fig. 3. Strain fields in tensed base material and welded joint (t=24 [s])

is supported by two fully adjustable tripods. Optical
cameras used to record strains and derormations
are equipped with 50 mm, mod: 670 mm lenses
and have maximum resolution 4.19 Megapixels,
29 Hz each. This allowed determining the full size
of analyzed sample in the working area of universal
testing machine. Strain fields are measured for the
entire tension cycle. Trigger mechanism is created in
Istra4D software for the measurement. Pictures are
made for every time increment At=0.4 s.
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Results and discussion, strain distributions

Figure 3 presents comparison of strain fields in
tensed base material and welded joint at the various
measurement steps in elasto-plastic range as well
as before the rupture-during the formation of the
neck. It can be observed that the weld and HAZ has
a significantly lower strain compared to the base
material.

Distribution of strain ey along the length of tensed
sample (55 mm in both direction from the center
point of the sample) is illustrated in Fig. 4. Strain
distribution is shown in the central axis y for the base
material and welded joint at different times. Visible
decrease of strain is present in the joint where HAZ is
present. The slight increase of strain in the weld can
be because of the inaccurate selection of an additional
material in GMAW method.

The comparison of strain €y at time t=24s is
presented in Fig. 4c. It can be observed that for the
base material higher values of strain €y are present in
comparison to welded joint.

Conclusions

The use of multi-camera 3D correlation system
allowed the analysis of strain and deformation for
the selected material points, lines or plane throughout

g0

320

240

160

80

240

200

160

120

80

40

1 1 1 i 'l

20 40 60 80 100 y, mm

60 80 100y, mm

Fig. 4. Distribution of strain ¢, in the central axis y of sample for different times of tension: a — the base material; » — welded joint;
¢ — comparison for time t=24 s (for a, b: 1 — 24s, 2 — 28, 3 — 32,4 — 39; for c: /-3 — welded joint 1-3; 4 — base material)
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the measuring sample. Use of the system allowed the
analysis of deformation and strain distributions in the
weld and heat affected zone during tension test. It can
be observed that lower strains occur in heat affected
zone in comparison to the base material which in
reference to pictures of microstructure confirm
partial hardening of this zone. Visible increase of
strain gy in the weld may be due to the inaccurate
selection of an additional material in GMAW method.
Obtained results allowed for a thorough analysis of
mechanical properties separate zones of the joint and
do not limit the tensile test to determine the global
strength and plastic properties of welded material.
Obtained experimental results may be very helpful
in verifying mathematical and numerical models of
thermomechanical phenomena occurring in welding
processes.
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HCCJIEJIOBAHUE CBOMCTB CBAPHBIX
COEJIMHEHMIA [TPY [TOMOILU
CHUCTEM ISTRA 4D KOMIIAHIH DANTEC

PaccmoTpen xapakTep CMEIeHHUs U OIS AeOpMaIin, KOTOPbIe
ObUIM M3MEPEHbI Ha PA3IMYHBIX CTaJMAX PACTKCHUS IUIOCKHX
00pa3sIoB C LEJbI0 CPABHEHMS BIMSHUS PA3IMYHBIX TEXHOJIOTH-
YECKHMX IIapaMeTPOB Ha MEXaHMYECKHE CBOMCTBA CBAapHBIX COe-
JUHEHUH. Pe3ynpraTel m3MepeHHi TakKe CPaBHHUBAIOTCS C pe-
3y/lbTaTaMH HCTIBITAHUS HA PACTSHKEHHE OCHOBHOTO MaTepHaia,
MO3BOJIAIOIINE OIEHUTh BIMSHHME MpoOIlecca CBapKU Ha M3MEHe-
HHSI MEXaHUUYECKHUX CBOMCTB MCITBITAHHOM CTaJIH. Hpe}lCTaBHeHbl
JIaHHbIE CMELIEHHH U ie(OpMaIiii B INIOCKHUX CBAPHBIX 00pa3nax
n3 cranu S355, BHINOIHEHHBIX THOPUIHOI CBAapKOM C HCIIONb-
30BaHHEM D3JIEKTPHUYECKOl Ayrm W jJasepHoro mydka. IIpomecc
cBapkd BBIIONHACS Yb:YAG 5azepoM M SIIEKTPUYECKON Tyroi
MU JTyTOBOM CBAapKe METAJUTMUECKUM 3JIEKTPOJIOM B 3AIIUTHOM

raze. B cBapoYHBIX HCHBITAHUSX HCHONB30Baach Ja3epHas ro-
noBka D70 Trumpfc makcuManbHOW MOIITHOCTHIO 10 12 KBT u
JIMaMETPOM IsiTHA JasepHoro mydka d = 0,8 mm. CBapHbie coe-
JMHEHNS! OBUTH BBITIOJTHEHBI JUIS PA3IMYHBIX TEXHOJOTHYECKUX
nmapaMeTpoB Tpomecca. McmbITanus Ha pacTsKEHHE IUIOCKHX
00pa3noB BBHINONHSIN B cooTBeTCTBUU ¢ HOpMamu PN-EN ISO
6891-1. MHuorokamepHras koppensuonHas 3D cucrema Dantec
Q-400 ISTRA wucmone3oBana s u3MepeHus: aedopmanuii u
cMelleHnil. MeTox M3MepeHUs OCHOBBIBASTCS Ha KOPPEIISIIAU
1 poBBIX N300paXKeHHUI, 3aMHCAHHBIX ITPU OMOIIH TPEX Kamep.
IToBepXHOCTB UCTIBITAHHBIX 00PA3II0B MTOKPHIBAIH CIIOEM OesIol 1
YepHOU Kpacku. M3mepeHue npoBOAUIN MOCPEICTBOM ClEsIIe-
o TIepeMEIIEHHs 32 TOUKaMHU, KOTOPbIE MOKPBIBAIOT TIOBEPXHOCTh
o0pasiia, Harpy)KeHHOTO MPOAOJBHBIM ycuineM. bubmuorp. 6,
puc. 4.
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Ha pacTsDKeHUe, Mo AeopMarin
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JOCJIIJDKEHHS BJIACTUBOCTE 3BAPHIX
3€THAHD 3A JIOTIOMOI' OO0
CHUCTEM ISTRA 4D KOMITAHIi DANTEC

PosrsiHyTO Xapakrep 3mimieHHs i monst nedopmarii, ski Oynu
BUMIPSIHI Ha PI3HUX CTANifAX PO3TATYBAaHHS IUIACKUX 3pasKiB 3
METOI0 TIOPIBHSHHS BIUTUBY Pi3HUX TEXHOJOTIYHHX MapaMmeTpiB
Ha MEXaHIYHI BIACTHBOCTI 3BapHUX 3’€IHaHb. Pe3ynprati BuMmi-
pIOBaHb TaKOX MOPIBHIOIOTHCS 3 pe3ylbTaTaMH BUIIPOOYBaHHS
Ha PO3TATHEHHS! OCHOBHOTO MaTepiaity, 1[0 J03BOJISIFOTh OLIIHUTH
BIUTUB IIPOIIECY 3BapIOBaHHs HA 3MIHN MEXaHIYHNX BIIaCTUBOCTEH
BunpoOyBanoi ctani. [IpencrapneHi naui 3cyBiB i gedopmariii B
IUTaCKUX 3BAPHUX 3paskax 3i crani S355, BUKOHAHUX TiOpUIHIM
3BapIOBAHHAM 3 BUKOPHCTAHHAM €IEKTPHYHOI AYTH 1 Ja3epHO-
ro myuka. [Ipouec 3BaproBanHs BuKoHYBaBcs Yb:YAG mazepom
i eJIeKTPUYHOIO IYIOI0 IIPH JYyrOBOMY 3BapIOBaHHI METaleBUM
€JICKTPOJIOM B 3aXHUCHOMY ra3i. ¥ 3BaplOBaJIbHUX BUIIPOOYBAHHIX
Oy10 po3pobieHo tazepHy roniBky D70 Trumpfc makcuManbHOO
noTykHicTo 10 12 kBT i qiameTpoM miisiMu stazeproro mydka d =
= 0,8 MM. 3BapHi 3’eHaHHs Oy BUKOHAHI TSl Pi3HUX TEXHOJIO-
riYHUX [apamMeTpiB mpouecy. BunpoOyBaHHsS Ha PO3TAT IIACKUX
3pas3KiB BUKOHYBaJH BimmoBigHo 10 HopMm PN-EN ISO 6891-1.
Bbararokamepna xopessniitauii 3D cucrema Dantec Q-400 ISTRA
BUKOPHCTaHA JUTs BUMIpIOBaHHS AedopMalliii i 3cyBiB. Merox Bu-
MipIOBaHHS TPYHTY€ETHCS Ha KOpeJsii udpoBUX 300pakeHb, 3a-
[MCAHKX 3a JJOIIOMOIOI0 TPboX Kamep. [ToBepxHi BUIIPOOyBaHUX
3pa3KiB MOKPUBAIH MIapoM 0101 1 yopHOi papou. BumiproBanHs
MIPOBOIMIIN 32 JIONIOMOTOIO CTEKEHHS 3a MEePEeMIIlCHHSIM TOYOK,
SIKi TOKPUBAIOTH MOBEPXHIO 3pa3Ka, HABAHTAXKEHOTO ITO30BKHIM
3ycwusaM. bibmiorp. 6, puc. 4.
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