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The paper presents displacement and strain ¿elds measured at various stages oI tension oI Àat samples in order to compare 
the eIIect oI diIIerent technological parameters on mechanical properties oI Zelded joints� 5esults oI measurements are 
also compared Zith the results oI tensile test oI the base material to determine the impact oI Zelding process on changes oI 
mechanical properties oI tested steel� The measurement oI displacements and strains in tensed Àat specimens made oI S��� 
steel� hybrid Zelded using electric arc and laser beam is in the scope oI this Zork� Welding process is perIormed using <b�<A* 
laser and electric arc in *0AW method� '�� TrumpI laser head Zith ma[imum poZer up to �� kW is used in Zelding tests 
Zith a spot diameter oI the laser beam d ��� mm� Welded joints are made Ior diIIerent technological parameters oI the process 
Zith laser beam heat source leading in the tandem� Tension tests oI Àat samples are perIormed in accordance Zith norm P1�E1 
,S2 ������� 'antec 4���� ,ST5A multi�camera �' correlation system is used Ior strain and displacement measurements� The 
method oI measurement is based on the correlation oI digital images recorded by the three cameras� SurIace oI tested samples 
is covered Zith a layer oI Zhite and black paint� The measurement took place by tracking movements oI spots covering the 
surIace oI the sample� loaded by longitudinal Iorce� � 5eI�� � )ig�
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Introduction
Today¶s Iacilities are characteri]ed by high 

Iunctional diversity� Zhich� Zhile maintaining high 
Tuality oI Zorkmanship� is very diI¿cult� Products are 
increasingly demanding� and conseTuently products 
have increasingly comple[ �' geometry� 0easurement 
tools should combine the speed oI collection oI 
measurement points Zith high accuracy� The use oI a 
non�invasive measurement method makes it possible to 
detect deIects much Iaster Zithout the need Ior specialist 
preparation oI test specimens >���@�

&oupled thermal� structural and mechanical 
phenomena occurring in Zelding process have a 
direct impact on the Tuality oI Zelded joint� The 
material in the Zeld and adjacent region is heated 
to various temperatures resulting in a variety oI 
structures that occur in the joint and heat aIIected 
]one (+A=)� having diIIerent mechanical properties 
in comparison to base material� Theoretical and 
e[perimental analysis oI mechanical behaviour oI 
Zelded joint is still one oI the Iundamental industrial 
problems� ,n the Zelding process using a laser beam a 
high Zelding speeds are obtained Zith a good Tuality 
oI Zelds and a narroZ thermal inÀuence ]one Zhich 
is helpIul in increasing the Tuality and mechanical 
properties oI the joint as Zell as the production 
eI¿ciency� 2ne oI the modern Zelding technologies is 
laser�arc hybrid Zelding� Zhich combines laser beam 

Zelding Zith classical electric arc Zelding cooperating 
in a single process� This method has many advantages 
in comparison to Zelding process Zith electric arc or 
laser beam heat sources used separately� Advantages oI 
laser�arc hybrid Zelding process include higher Zelding 
stability� higher melting eIIiciency� easier input oI 
additional material to the Zelding pool and a loZer input 
poZer under the same Zelding penetration�

The investigations about laser�arc hybrid 
Zelded steel have been reported Zidely and 
applied successIully in a Zide range oI the industry� 
These studies include analytical modeling oI 
thermomechanical phenomena occurring in the process 
and e[perimental research on plasma Iormation� 
liTuid material IloZ through the Zelding pool� 
microstructure composition as Zell as the analysis 
oI Zelding deIormations and mechanical properties 
oI Zelded joints� perIormed in both destructive and 
nondestructive tests� 2ne oI usually perIormed tests 
on Zelded joints is the classical tension test� The 
standard Ior this type oI testing is the norm P1�E1 ,S2 
������� This test alloZs the determination oI basic 
mechanical properties oI Zelded joints� +oZever� 
the development in neZ measurement systems� 
such as �' multicamera correlation system alloZs 
the analysis oI deIormations at the surIace area oI 
tensed sample in control area determined Ior cameras 
used in the e[periment� The knoZledge about strain 
distribution in the joint combined Zith the analysis 
oI the microstructure oI Zelded joint is essential 
in determining the material properties in separate 
joint ]ones� like the Zeld� +A= and transition ]one� 
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0oreover� the results oI such studies are an e[cellent 
base Ior veri¿cation oI developed theoretical models�

&onsidering above Iacts� the main objective oI 
this study are e[perimental studies on strain during 
tension oI samples Zelded by laser�arc hybrid 
technology using *0AW method and <b�<A* 
laser beam� 'antec 4���� ,stra multi�camera �' 
correlation system is used to measure the distribution 
oI strains during perIormed tests made on the base 
material and Zelded joint� Presented results include 
tension diagrams as Zell as a comparison oI strain 
¿elds measured Ior the entire tension cycle� 

Experimental set-up, hybrid welding
/aser beam emitted by '�� TrumpI laser head 

Zith ma[imum poZer up to �� kW is used Zith 
electric arc in *0AW method ()ig� �)� /aser head 
is eTuipped Zith collimator lens having a Iocal 
length fc ��� mm� and a Iocusing lens Zith a Iocal 
length f ��� mm� The diameter oI the beam is set by 
changing the optical ¿ber supplying the laser beam to 
the head� 2ptical ¿ber is used in the research having 
a diameter ��� mm� )or used optical system double 
magni¿cation is achieved giving laser Iocus diameter 
d ��� mm� %utt Zelding is perIormed Ior sheets 

made oI S��� steel� Welding process proceed Zithout 
a gap in the shielding gas ��� Ar � ��� &2�� the 
gas ÀoZ is �� l�min� Zire speed �m�min and Zelding 
speed set to v � m�min� The distance betZeen heat 
sources d � mm� /aser beam is the leading heat 
source in the tandem�

Samples are Zelded in the system Zith leading 
laser beam in the tandem as Zell as in inversed 
system Zith leading arc� /aser beam poZer is set to 
Q � kW� arc voltage U �� 9 and current I ��� A in 
the Zelding e[periment�

Strain measurement system
Samples Ior the tension test Zere made Irom Zelded 

joints according to norm P1�E1 ,S2 ������� 8niversal 
strength machine =Zick	5oel =��� is used Zith 
e[tensometer 0ultisens in all perIormed tension tests� 
The accuracy oI the strength machine is up to ���1 
in Iorce and ��m in displacement� 8niversal strength 
machine cooperates Zith 'antec 4���� ,stra multi�
camera �' correlation system >���@� 0easurement 
system is composed oI optical cameras used to 
record strains or deIormations� The Timing %o[ is 
an interIace betZeen the control computer and the 
sensors Ior synchroni]ation and analog recording 
oI data� and to poZer�up cameras and P& computer 
Zith a number oI netZork cards� alloZing Ior the 
introduction oI signals Irom cameras and diIIerent 
sources� transmitted via ethernet and installed 
dedicated ,stra�' soItZare�

,n the e[periment the system oI three cameras 
Zas used� &ameras are mounted on the beam Zhich 

)ig� �� Scheme oI hybrid Zelding process (a)� hybrid laser head 
<b� <A* � 0,* (b)

)ig� �� Tension test� universal strength machine =Zick	5oel 
=���� dimension oI samples used in the test� 4���� ,stra multi�
camera �'
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is supported by tZo Iully adjustable tripods� 2ptical 
cameras used to record strains and derormations 
are eTuipped Zith �� mm� mod� ��� mm lenses 
and have ma[imum resolution ���� 0egapi[els� 
�� +] each� This alloZed determining the Iull si]e 
oI analy]ed sample in the Zorking area oI universal 
testing machine� Strain ¿elds are measured Ior the 
entire tension cycle� Trigger mechanism is created in 
,stra�' soItZare Ior the measurement� Pictures are 
made Ior every time increment ǻt ��� s�

Results and discussion, strain distributions
)igure � presents comparison oI strain ¿elds in 

tensed base material and Zelded joint at the various 
measurement steps in elasto�plastic range as Zell 
as beIore the rupture�during the Iormation oI the 
neck� ,t can be observed that the Zeld and +A= has 
a signiIicantly loZer strain compared to the base 
material�

'istribution oI strain İy along the length oI tensed 
sample (�� mm in both direction Irom the center 
point oI the sample) is illustrated in )ig� �� Strain 
distribution is shoZn in the central a[is y Ior the base 
material and Zelded joint at diIIerent times� 9isible 
decrease oI strain is present in the joint Zhere +A= is 
present� The slight increase oI strain in the Zeld can 
be because oI the inaccurate selection oI an additional 
material in *0AW method� 

The comparison oI strain İy at time t ��s is 
presented in )ig� �c� ,t can be observed that Ior the 
base material higher values oI strain İy are present in 
comparison to Zelded joint�

Conclusions
The use oI multi�camera �' correlation system 

alloZed the analysis oI strain and deIormation Ior 
the selected material points� lines or plane throughout 

)ig� �� Strain ¿elds in tensed base material and Zelded joint (t �� >s@)

)ig� �� 'istribution oI strain İy in the central a[is y oI sample Ior diIIerent times oI tension� a ² the base material� b ² Zelded joint�  
c ² comparison Ior time t �� s (Ior a� b� 1 ² ��s� 2 ² ��� 3 ² ��� � ² ��� Ior c� 1±3 ² Zelded joint �±�� 4 ² base material)
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the measuring sample� 8se oI the system alloZed the 
analysis oI deIormation and strain distributions in the 
Zeld and heat aIIected ]one during tension test� ,t can 
be observed that loZer strains occur in heat aIIected 
]one in comparison to the base material Zhich in 
reIerence to pictures oI microstructure conIirm 
partial hardening oI this ]one� 9isible increase oI 
strain İy in the Zeld may be due to the inaccurate 
selection oI an additional material in *0AW method� 
2btained results alloZed Ior a thorough analysis oI 
mechanical properties separate ]ones oI the joint and 
do not limit the tensile test to determine the global 
strength and plastic properties oI Zelded material� 
2btained e[perimental results may be very helpIul 
in veriIying mathematical and numerical models oI 
thermomechanical phenomena occurring in Zelding 
processes�
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ɂɋɋɅȿȾɈȼАɇɂȿ ɋȼɈɃɋɌȼ ɋȼАɊɇɕɏ 
ɋɈȿȾɂɇȿɇɂɃ ɉɊɂ ɉɈɆɈɓɂ 

ɋɂɋɌȿɆ ,ST5A �' ɄɈɆɉАɇɂɂ 'A1TE&

Ɋассмотрен ɯарактер смеɳения и поля деɮормаɰии� которɵе 
ɛɵли измеренɵ на различнɵɯ стадияɯ растяɠения плоскиɯ 
оɛразɰов с ɰелью сравнения влияния различнɵɯ теɯнологи-
ческиɯ параметров на меɯанические свойства сварнɵɯ сое-
динений� Ɋезультатɵ измерений такɠе сравниваются с ре-
зультатами испɵтания на растяɠение основного материала� 
позволяюɳие оɰенить влияние проɰесса сварки на измене-
ния меɯаническиɯ свойств испɵтанной стали� ɉредставленɵ 
даннɵе смеɳений и деɮормаɰий в плоскиɯ сварнɵɯ оɛразɰаɯ 
из стали S���� вɵполненнɵɯ гиɛридной сваркой с исполь-
зованием ɷлектрической дуги и лазерного пучка� ɉроɰесс 
сварки вɵполняся <b�<A* лазером и ɷлектрической дугой 
при дуговой сварке металлическим ɷлектродом в заɳитном 

газе� ȼ сварочнɵɯ испɵтанияɯ использовалась лазерная го-
ловка '�� TrumpIc максимальной моɳностью до �� кȼт и 
диаметром пятна лазерного пучка d   ��� мм� ɋварнɵе сое-
динения ɛɵли вɵполненɵ для различнɵɯ теɯнологическиɯ 
параметров проɰесса� ɂспɵтания на растяɠение плоскиɯ 
оɛразɰов вɵполняли в соответствии с нормами P1�E1 ,S2 
������� Ɇногокамерная корреляɰионная �' система 'antec 
4���� ,ST5A использована для измерения деɮормаɰий и 
смеɳений� Ɇетод измерения основɵвается на корреляɰии 
ɰиɮровɵɯ изоɛраɠений� записаннɵɯ при помоɳи треɯ камер� 
ɉоверɯность испɵтаннɵɯ оɛразɰов покрɵвали слоем ɛелой и 
черной краски� ɂзмерение проводили посредством следяɳе-
го перемеɳения за точками� которɵе покрɵвают поверɯность 
оɛразɰа� нагруɠенного продольнɵм усилием� Ȼиɛлиогр� �� 
рис� ��

Ключевые слова� гиɛридная сварка� ɷлектрическая дуга� ла-
зер� сварнɵе соединения� меɯанические свойства� испɵтания 
на растяɠение� поля деɮормаɰии
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ȾɈɋɅȱȾЖȿɇɇə ȼɅАɋɌɂȼɈɋɌȿɃ ɁȼАɊɇɂɏ 
Ɂ¶ȯȾɇАɇɖ ɁА ȾɈɉɈɆɈȽɈɘ 

ɋɂɋɌȿɆ ,ST5A �' ɄɈɆɉАɇȱȲ 'A1TE&

Ɋозглянуто ɯарактер зміɳення і поля деɮормаɰіʀ� які ɛули 
виміряні на різниɯ стадіяɯ розтягування пласкиɯ зразків з 
метою порівняння впливу різниɯ теɯнологічниɯ параметрів 
на меɯанічні властивості зварниɯ з¶єднань� Ɋезультати вимі-
рювань такоɠ порівнюються з результатами випроɛування 
на розтягнення основного матеріалу� ɳо дозволяють оɰінити 
вплив проɰесу зварювання на зміни меɯанічниɯ властивостей 
випроɛуваноʀ сталі� ɉредставлені дані зсувів і деɮормаɰій в 
пласкиɯ зварниɯ зразкаɯ зі сталі S���� виконаниɯ гіɛридним 
зварюванням з використанням електричноʀ дуги і лазерно-
го пучка� ɉроɰес зварювання виконувався <b�<A* лазером 
і електричною дугою при дуговому зварюванні металевим 
електродом в заɯисному газі� ɍ зварювальниɯ випроɛуванняɯ 
ɛуло розроɛлено лазерну голівку '�� TrumpIc максимальною 
потуɠністю до �� кȼт і діаметром плями лазерного пучка d   
  ��� мм� Ɂварні з¶єднання ɛули виконані для різниɯ теɯноло-
гічниɯ параметрів проɰесу� ȼипроɛування на розтяг пласкиɯ 
зразків виконували відповідно до норм P1�E1 ,S2 ������� 
Ȼагатокамерна кореляɰійний �' система 'antec 4���� ,ST5A 
використана для вимірювання деɮормаɰій і зсувів� Ɇетод ви-
мірювання грунтується на кореляɰіʀ ɰиɮровиɯ зоɛраɠень� за-
писаниɯ за допомогою трьоɯ камер� ɉоверɯні випроɛуваниɯ 
зразків покривали ɲаром ɛілоʀ і чорноʀ ɮарɛи� ȼимірювання 
проводили за допомогою стеɠення за переміɳенням точок� 
які покривають поверɯню зразка� навантаɠеного поздовɠнім 
зусиллям� Ȼіɛліогр� �� рис� ��

Ключові слова� гіɛридне зварювання� електрична дуга� лазер� 
зварні з¶єднання� меɯанічні властивості� випроɛування на 
розтягування� поля деɮормаɰіʀ
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