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Summaries of the articles

J. Matusiak, J. Wycislik, A. Pilarczyk -
I-EcoWelding - Internet system of
guidance supporting calculations of
welding fumes emissions in welding
and allied processes

DOTI: 10.17729/ebis.2016.4/1

The article presents a new tool for environmen-
tal analyses concerning pollutant emissions,
i.e. the I-EcoWelding software programme.
This Internet guidance system is an innovative
tool supporting the decision-making related to
health and safety in production processes and
supporting calculations of pollutant emissions
into work environment during welding and al-
lied processes. The Internet guidance system
helps determine emissions and compositions
of welding fumes during fusion welding, resist-
ance welding, vibration welding of thermoplas-
tics, brazing as well as thermal gas and plasma
cutting. In addition, the system enables calcu-
lating emissions in relation to the entire welding
production of a given company, taking into con-
sideration the duration of a technological pro-
cess or the declared weight of filler metal used.

Z. Mikno, Sz. Kowieski, W. Zhang -
Simulation and optimisation of
resistance welding using the SORPAS®
software programme

DOI: 10.17729/ebis.2016.4/2

The implementation of new materials such as
dual phase (DP) steels, TRIP steels (Transforma-
tion Induced Plasticity Steel) and aluminium
alloys or joining more complex dissimilar mate-
rials (three sheets/plates) having various thick-
nesses and various chemical compositions pose
serious challenges in terms of resistance weld-
ing technologies. The article presents the pos-
sibilities of the professional SOrRpAs® software
programme used for simulating and optimis-
ing resistance welding processes. This software
programme assesses the weldability of materials
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by simulating welding processes and forecast-
ing the final result, including the size of the weld
nugget. In addition, the software enables the op-
timisation of welding processes, the simulation
of post-weld joint properties, the assessment of
weld quality in terms of microstructural trans-
formations, hardness distribution and strength
in specific load conditions as well as makes it
possible to determine the field of welding pa-
rameters. Available versions of the software are
designated as 2D and 3D. The latter version en-
ables the modelling of complex phenomena, e.g.
shunting or multi-projection welding.

M. Restecka, R. Jachym - IT systems
used for welding process simulations
and simulators of thermal-strain cycles
DOI: 10.17729/ebis.2016.4/3

The first part of the article presents an overview
of software programmes assisting welding-re-
lated engineering works as well as discusses
possibilities and advantages related to the use
of such programmes. Software programmes
available today enable, among other things, the
monitoring of welding processes, calculations
of temperature distribution, the determination
of mechanical and plastic properties, simula-
tions of distributions of residual stresses as well
as simulations of transformations triggered by
welding thermal cycles. The second part of the
article is dedicated to simulators enabling phys-
ical simulations of welding processes as well as
describes principles of simulations tests and
presents advantages related to the use of this
technique.

E. Turyk - Qualifying the technology
of the aluminothermic welding of
tramway rails on the basis of quality
assurance system requirements in
welding engineering

DOI: 10.17729/ebis.2016.4/4
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The article discusses the issue of demonstrat-
ing the correctness of a technology dedicat-
ed to the aluminothermic welding of tramway
rails, recommends that the technology be qual-
ified in accordance with standard PN-EN 150
15613:2006 concerning the pre-production test-
ing of technologies used when welding atypi-
cal joints, proposes the scope of qualification
tests and presents test results concerning de-
fective welded joints.

M. Rozanski, S. Stano, A. Grajcar —
Laser welding and heat treatment
of steel 0OH15N7M2]

DOI: 10.17729/ebis.2016.4/5

The article presents the results of tests concern-
ing the mechanical and structural properties of
single-spot and twin-spot laser beam welded
joints made of a steel strip, the chemical com-
position of which corresponds to that of steel
OH15N7M2]. In addition, the article presents

the comparison concerning the geometry of
joints made using the single and twin-spot la-
ser beam. The test joints were subjected to heat
treatment involving austenitisation, cold treat-
ment and ageing. The study also involved the

comparison of the mechanical and structural
properties of the joints subjected and those not
subjected to the above named heat treatment.

R. Kaczmarek, K. Kaczmarek,

J. Slania, R. Krawczyk - Performing
of ultrasonic inspection using
TOFD technique in terms of the
requirements of related standards
DOLI: 10.17729/ebis.2016.4/6

The article concerns the time of flight diffrac-
tion testing technique (TOFD), which is, next to
the simultaneous TOFD + Phased Array testing,
one of the most effective methods of volumetric
non-destructive tests. The article discusses the
advantages of the TOFD technique as well as the
basis of diffraction phenomenon and the for-
mation of imaging signals. In addition, the arti-
cle presents a TOFD image of a welded joint and
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describes its characteristic elements. Also, the
article discusses the TOFD-related testing stand-
ards and analyses their requirements related to
welded joints and their acceptance criterion, i.e.
the quality level according to PN-EN 150 5817. The
target readers of the article include NDT person-
nel, inspectors, welding engineers and welding
equipment manufacturers wishing to implement
an effective tool enabling the detection of weld-
ing imperfections.

P. Irek, k. Rawicki, K. Kaczmarek -
Dye penetrant testing of welded joints
made of nickel and its alloys

DOI: 10.17729/ebis.2016.4/7

The article presents tests involving natural
cracks, including measurements of the width
of cracks and the profile of their surface rough-
ness. The investigation also involved tests per-
formed in order to observe how a given factor
affects development times in penetrant tests
as well as to determine what time of develop-
ment is recommended for nickel and its alloys
in order to detect unacceptable welding imper-
fections (cracks). The article also discusses the
effect of penetration times on the duration of
development times and sizes of indications in
penetrant tests.

R. Krawczyk, J. Kozlowski — Analysing
the effect of changes in overlay weld

geometry on test SEP 1390
DOI: 10.17729/ebis.2016.4/8

The article presents issues related to the assess-
ment of the weldability of thick-walled materi-
als used when making welded steel structures.
The article also discusses the analysis of test re-
sults based on the technological test concerning
the weldability of thick-walled structural ma-
terials according to the guidelines of SEP 1390.
The tests took into consideration the effect of
the change in overlay weld geometry on the
technological test, and, as a result, the final re-
sult of weldability assessment.
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Investigations

J. Matusiak, J. Wycislik, A. Pilarczyk

I-EcoWelding — Internet System of Guidance Supporting
Calculations of Welding Fumes Emissions in Welding

and Allied Processes

Abstract: The article presents a new tool for environmental analyses concerning
pollutant emissions, i.e. the [-EcoWelding software programme. This Internet
guidance system is an innovative tool supporting the decision-making related to
health and safety in production processes and supporting calculations of pollut-
ant emissions into work environment during welding and allied processes. The
Internet guidance system helps determine emissions and compositions of weld-
ing fumes during fusion welding, resistance welding, vibration welding of ther-
moplastics, brazing as well as thermal gas and plasma cutting. In addition, the
system enables calculating emissions in relation to the entire welding produc-
tion of a given company, taking into consideration the duration of a technolog-
ical process or the declared weight of filler metal used.

Keywords: I-EcoWelding, welding software, welding fumes, pollutant emissions

DOI: 10.17729/ebis.2016.4/1

The welding sector in Poland provides employ-
ment for thousands of fusion welders, brazers,
pressure welders, welding machine operators,
specialists in production, control and moni-
toring in machine-building, ship-building, au-
tomotive and aviation industries as well as in
electrical engineering and civil engineering.
The use of welding processes requires main-
taining special conditions of industrial health
and safety. Welding processes entail numerous
chemical and physical hazards. For this reason,
there has been continuous demand for informa-
tion, hints and recommendations concerning

harmful pollutant emissions accompanying
welding processes, the effect of these pollutants
on worker health and the possible optimisation
of technological processes in terms of pollutant
emission reductions. Both welding coordina-
tion as well as industrial health and safety ser-
vices have been emphasizing the importance
of the necessity for solving problems involving
the protection of worker health during weld-
ing processes.

For several years, within the confines of Eu-
ropean projects, national projects and statutory
works, Instytut Spawalnictwa has been involved

dr inz. Jolanta Matusiak (PhD (DSc) Eng.); mgr inz. Joanna Wycislik (MSc Eng.) - Instytut Spawalnictwa,
Department of Resistance and Friction Welding and Environmental Engineering;

mgr inz. Adam Pilarczyk (MSc Eng.) — Instytut Spawalnictwa, IT Department
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Fig. 1. Scheme presenting the sequence of data search in the system
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= I Selection of process and conditions [l Selected data

N DESIGN:
Welding process Gas-shielded metal arc welding
: Method MAG (135)
i-Eco . . .
Welding Base material Unalloyed and fine-grained steels
: Grade S$235JR (St38)
1 Thickness [mm)] 8.0.
- Filler metal Electrode wire
Beieire Grade G3Si1 (8G2, SpG3S)
Diameter [mm] 1.2
Shielding gas 80% Ar =20% CO,
IA] 200 )
U V] 27
Welding
Engineer
e |
== [V
Research
Institutions
- Weight of filler metal used [kg]

P I

Users

Process duration [h]

, Show (pdf)

Fig. 2. Screen after entering input data

o= | oo W imevior | ceion ] rocessdweton 17 el omsion |
455 0.13 178 fumes 455 ] 0
s - nitrogen oxides (NOx) 013 0 o
carbon oxide {CO) 178 o 1]
s weight of filler metal used[kg]
o fumes 7010.78 15 0.1051817
1.78 nitrogen oxides (NOx) 19568 15 00029352
[ carbon oxide (CO) 45803 15 00702045
013
o
ot NOw w
I I
7010.78 19568 46803
8000

Fig. 3. Screen with results related to gas-shielded metal arc welding -MAG,
filler metal wire grade G3Sil, shielding gas 80% Ar + 20% CO,
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in research dedicated to the in-
fluence of welding technologi-
cal and material conditions of
welding and allied processes
on emissions of welding fumes
into work environment. The re-
search has involved tests con-
cerning new joining methods as
well as new base materials and
filler metals. Results of research
works, in the form of fumes
emission factors, were dissem-
inated via catalogues concern-
ing characteristics of materials
as regards pollutant emissions,
single emission sheets related
to individual joining procedures,
publications in various mag-
azines and, last but not least,
in the form of a software pro-
gramme named Exo-Spawanie
(Eco-Welding). This software
programme, developed in 2004,
within the confines of Multi-An-
nual Programme (MAP) Adapta-
tion of work conditions in Poland
to standards in the European Un-
ion is dedicated to determining
pollutant emissions accompa-
nying MMA, MIG/MAG and TIG
welding.

The development and im-
provement of welding methods
as well as the growing aware-
ness concerning hazards in the
work environment of companies
making welded structures and
products have imposed the ne-
cessity of providing the welding
engineering sector with a new
tool for performing environ-
mental analysis focused on pol-
lutant emissions. This new tool
is the Internet guidance system
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i-EkoSpawanie (I-EcoWelding)
based on databases containing
emission factors. The system is an
innovative tool supporting deci-
sion-making related to health and
safety in production processes and
supporting calculations of pollut-
ant emissions into a work environ-
ment during welding and allied
processes. The Internet guidance
system helps determining emis-
sions and compositions of weld-
ing fumes in traditional welding
methods, i.e. MIG/MAG, TIG and
MIG/MAG performed using pulsed
arc and double pulse, MmAw and
welding/braze welding using in-
novative low-energy arc meth-
ods such as cmT, ColdArec, STT,
Ac Pulse and ColdProcess. The
system also includes databases of
emission factors related to resist-
ance welding, the vibration weld-
ing of plastics, brazing as well as
thermal gas and plasma cutting
processes. The system also enables
calculating emissions in relation to
the entire welding production of
a given company, taking into con-
sideration the duration of a tech-
nological process or the declared
weight of filler metal used.

The target group of the guid-
ance system includes companies
using welding processes in their
production, institutions calcu-
lating environmental fees in ac-
cordance with the Environmental
Protection Law and labour in-
spections. In addition, the system
can be used by designer bureaus
or companies designing or pro-
viding ventilation systems for
welding processes.
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Selected data

J Selection of process and conditions

DESIGN
-5 Welding process Manual metal arc welding
1-EKO Method MMA (111)
i-Eco Base material Unalloyed and fine-grained steels
Welding Filler metal Covered low-hydrogen electrode
4= Grade E 42 3B 42 (EB 25Q)
Diameter [mm] 4.0
Y i Electrode length [mm] 450
Database = | Al 175

‘ I-EcoWelding
Welding

We_bPo_rtaI o 175
p— .
1*"!5-[

Weight of filler metal used [kg] I:l
Research
Institutions = | Number of electrodes [items] 1000
= .
i,, Process duration [h] I:l

), Show (pdf)

Users |

e [ e [ o]
164 18 024 fumes 16.40 ] L]
n nitrogen oxides {NOx) 160 o o
B4 carbon oxide (CO) 024 ] L
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fumes 243400 o o
nitragen oxides (NOx) 2068 54 o o

carbon oxide {CO) 74T ] ]

s o4 Ew [mglelectrode] total emission [kg]
]
L) N fus] fumes 15910 1n0o 1591
nitrogen oxides {NOx) 13520 1000 0.1352
Weight emission [mg/kg of electrodes]
carbon oxide {CO) 2075 W00 002075
24340 20658.54 nray
00

™ N m
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) I
136.2 s
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o [ @
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Fig. 4. Screen with results following the selection of MMA welding
and covered electrode grade EB 250
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DESIGN
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et 2 Method Spot resistance welding (21)
"EC_O Base material Electrogalvanised sheets with double-layer coating
Welding ' grade HC 340 LA ZE 50/50 AO Granocoat
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L Welding current | [kA] 9.0
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|
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Engineer @ 80
Web Portal ° 90

el | © 100
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Research = 1
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ﬁ‘ Q Show {pdf)
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Fig. 5. Screen with results following the selection of resistance welding process
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44-100 Gliwice, ul. Bf. Czestawa 16-18

Depa'ment of Resistance and Friction Welding and Environmental Engineering

e
‘ ei INSTYTUT SPAWALNICTWA

COMPUTATIONAL MODULE

Company name
Address
NIP (Taxpayer ID Number)

ul. Bl. Czeslawa 16-18, 44-100 Gliwice

631-010-22-58

I-ECOWELDING PROGRAMME SOFTWARE Time emission Ec [mg/s] Process duration [h]| Total emission [kg]
POLLUTANT EMISSION DATA SHEET welding fumes 10-52 160 6.05952
PROGRAMME USER DATA [ 1rogen xdes (NN o 0 it
Instytut Spawalnictwa carbon oxide {CO) 0.44 160 0.25344

User name Joanna Wyeislik

Sheet generation date 2016-04-29

EMISSION OF WELDING FUMES AND GASES

Welding process Flame brazing

Method/ name Flame brazing (912)

Base material High-alloy steels; copper and its alloys; nickel and its alloys

Filler metal Flux-cored silver brazing metal
Grade AG 203 (PR-LS 45)
Diameter 18

Rod length 450

DATA FOR TOTAL EMISSION CALCULATION

Process duration [h] 160

Weight of filler metal used [kg] |0

Number of rods ]

Weight of filler
metal used [kg]

Ew [mg/kg of

brazing metal] Total emission [ky]

Weight emission

welding fumes 38563.70 0 0
nitrogen oxides (NOX) 10679.70 0 0
carbon oxide (CO) 1569.60 0 0

. L Ew [mg/rod of L
Weight emission | i etal] Number of rods | Total emission [kg]

welding fumes 250.20 [} Q
nitrogen oxides (NOX) 67.11 0 0
carbon oxide {(CO) 9.87 0 [v]

EMISSION OF WELDING FUMES AND GASES

Time emission Ec [mg/s] EO
welding fumes 10.52
10.52
0
nitrogen oxides {(NOXx) 3.00
3
carbon oxide {CO) 0.44

Ew [mg/kg of

Weight emission brazing metal]

welding fumes 38563.70
nitrogen oxides (NOx) 10679.70
carbon oxide {CO) 1569.60

Weight emission Ew [mgjrod of

brazing metal] T s
welding fumes 250.20
nitrogen oxides (NOx) 67.11
carbon oxide (CO) 9.87

Chemical composition [%]

57

60

50

40

30

20

10

0,125 0,297

Cu Zn K Ag

Fig. 6. Pollutant emission data sheet for the flame brazing using silver brazing metal AG 203

Description of I-EcoWelding

The guidance system i-EkoSpawanie (I-Eco-
Welding) has been made available on the In-
ternet Welding Platform and provides the
possibility of the on-line use of knowledge and
results of tests concerning pollutant emissions
accompanying welding processes as well as
makes it possible to determine emission fac-
tors of selected fusion welding, braze welding,

No. 4/2016
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pressure welding, brazing and cutting methods
in relation to selected structural materials and
filler metals. The start-up screen of the I-Eco-
Welding system contains all welding and allied
processes along with pollutant emission-re-
lated data. The user starts designing their cal-
culations using the above named screen. The
selection of a joining process option is automat-
ically followed by moving on to the selection of

11
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a joining method. Further steps are concerned
with types, grades and thicknesses of base ma-
terials, and then, types and grades of filler met-
als and technological conditions appropriate for
related joining or cutting processes. The scheme
presenting the sequence of data search in the
system is presented in Figure 1.

A selected joining process, method, and ma-
terial-technological conditions are saved in the
dedicated window Selected data: design (Fig. 2).
The subsequent step involves the use of a com-
putational model determining total emissions.
The entering of data related to the duration of
a process or the weight of filler metal used is fol-
lowed by the display of a screen presenting all
information related to pollutant emissions. Fig-
ure 3 presents the screen with results concern-
ing the maG welding of unalloyed steel sheets/
plates using filler metal wire grade G3Sil and
the shielding gas mixture of 80% Ar + 20% CO,.
The screen presents values of time and weight
emissions of welding fumes, nitrogen and car-
bon oxides as well as the chemical composition
of welding fumes. The computational module
table provides information concerning total
emissions in relation to the declared weight of
consumed electrode wire. Exemplary result-re-
lated screens of the I-EcoWelding system con-
cerning the mma welding and the resistance
welding of sheets/plates with double protective
coatings are presented in Figures 4-5.

For each calculation, the system enables the
generation of a Pollutant Emission Data Sheet.
The sheet is prepared in the pDF format and, as
a result, can be saved on a disc and printed out.

12
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An exemplary Pollutant Emission Data Sheet is
presented in Figure 6.

Summary

The Internet guidance system I-EcoWelding is
dedicated to determining emissions of fumes
generated during welding and allied processes.
In its databases, the system contains results of
research performed at Instytut Spawalnictwa
and concerning emissions and chemical com-
positions of pollutants emitted to a work en-
vironment during various joining and cutting
processes. In comparison with the already ex-
isting Eco-Welding software programme, the
[-EcoWelding system provides the possibility of
updating data directly following the completion
of successive research works. The system also
features a computational module enabling the
determination of the total emission of pollut-
ants. The system structure allows its continuous
development and the addition of new informa-
tion using the administrator interface.

The [-EcoWelding system is available on the
Internet Welding Platform and is addressed at
a variety of companies using welding process-
es in production. Users can access the system
on using their individual login and password.
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Simulation and Optimisation of Resistance Welding
Using the SORPAS® Software Programme

Abstract: The implementation of new materials such as dual phase (pp) steels,
TRIP steels (Transformation Induced Plasticity Steel) and aluminium alloys or
joining more complex dissimilar materials (three sheets/plates) having various

thicknesses and various chemical compositions pose serious challenges in terms

of resistance welding technologies. The article presents the possibilities of the

professional SORPAS® software programme used for simulating and optimising
resistance welding processes. This software programme assesses the weldabili-
ty of materials by simulating welding processes and forecasting the final result,
including the size of the weld nugget. In addition, the software enables the opti-
misation of welding processes, the simulation of post-weld joint properties, the

assessment of weld quality in terms of microstructural transformations, hardness

distribution and strength in specific load conditions as well as makes it possible

to determine the field of welding parameters. Available versions of the software

are designated as 2D and 3D. The latter version enables the modelling of com-
plex phenomena, e.g. shunting or multi-projection welding.

Keywords: resistance welding, FEM calculations, SOrRPAs software, 2D and 3D

modelling

DOI: 10.17729/ebis.2016.4/2

Introduction

For over 140 years, resistance welding has been
used in the metal industry, particularly in the
automotive industry and in the widely defined
household appliances industry [1]. Although
the technology has been known for many years,
it continues to face new challenges, e.g. con-
nected with new materials (advanced high
strength steels {aHss} and aluminium alloys),
new solutions in terms of welding machine
components (servomechanical actuators) or

the (spot) welding of greater numbers of sheets
(particularly complicated if sheets have differ-
ent thicknesses and are made of various mate-
rial grades, e.g. low-carbon steels, AHSS etc.).
The joining of thin-walled metal elements,
commonly performed using resistance welding
technologies, often faces problems connected
with joint quality, process stability (e.g. liquid
metal expulsion) or the longer life of electrodes.
Simulations of welding processes ofter not only
the possibility of better understanding issues

dr inz. Zygmunt Mikno (PhD (DSc) Eng.), mgr inz. Szymon Kowieski (MSc Eng.)- Instytut Spawalnictwa,
Department of Resistance and Friction Welding and Environmental Engineering;
Wengi Zhang (PhD (DSc) Eng.) - SWANTEC Software and Engineering ApS, Lyngby, Denmark.
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concerning various materials and their weld-
ability but also make it possible to optimise
welding process parameters. In experimental
conditions, obtaining such knowledge requires
numerous welding and destructive tests, which
are often time-consuming and expensive.

As regards welding processes, the advantag-
es of numerical simulations (FEM calculations)
include reduced costs and time of design, tech-
nological tests and process optimisation. In
addition, FEM calculations make it possible to
more adequately use optimisation procedures
by determining the allowed field of technologi-
cal parameters guaranteeing the obtainment of
good quality joints.

Since the 1980s, FEM calculations have been
used to model and forecast the results of weld-
ing processes in relation to specific materials
and parameters [2-7]. The usability of FEM cal-
culations has been positively verified by many
theoretical and experimental tests. The posi-
tive results of the verification have resulted in
the growing use of FEM calculations in practi-
cal applications, which, in turn, has entailed the
growing demand for the optimisation of resist-
ance welding processes in industry, in particu-
lar as regards the determination of the most
favourable initial welding conditions.

The article presents the possibilities of per-
forming calculations in various configurations
of joints. The SWANTEC company; i.e. the devel-
oper of the SOrRPAS® software programme dedi-
cated to resistance welding processes, also runs
training courses concerning the operation of the
programme. SORPAS"® is continuously developed
and improved by including new possibilities
and options enabling 2D and 3D calculations
[8-10]. Licensed users are provided with ready
and proven computational models [10].

SORPAS"® Software Programme

The Finite Element Method (FEM) in the SoRr-
PAS® software programme is used for building
numerical models enabling simulations of, in
particular, resistance welding processes. More

14 BIULETYN INSTYTUTU SPAWALNICTWA

than ten years of tests and industrial use as well
as the continuous development of the software
programme have resulted in the obtainment
of the satisfactory accuracy and reliability of
numerical models, data concerning materials
as well as the interface and dynamics of weld-
ing equipment. The system has also been im-
proved by activities aimed at the automation of
preparatory procedures and faster simulation
through a more comfortable user graphic in-
terface and a display for the presentation of re-
sults. The coincidence of calculation results with
those obtained in tests has also been confirmed
in publications by welding specialists from In-
stytut Spawalnictwa [11-13]. The highly accurate
representation of actual processes offered by
Sorpas® is possible because of combined elec-
tric, thermal and mechanical calculations [10].

In the SOrPAS® system, the Finite Element
Method is used for creating numerical mod-
els enabling simulations of resistance welding
processes. Simulations of welding processes
are performed in order to determine (test) the
weldability of new materials by predicting re-
sults arising from the use of specific base ma-
terials, electrode materials and welding process
parameters. Simulations constitute the basis for
more advanced tasks involving the optimisa-
tion and design of welding processes.

A user-friendly graphic interface presents
automatic procedures making it possible to pre-
pare input data, quicken the construction of a
model, perform numerical calculations (simu-
lations) as well as to present the results of weld-
ing processes. After performing a simulation,
the software programme enables presenting
the curves of dynamic process parameters in
the function of time (e.g. waveforms of voltage,
current, power and resistance, courses of elec-
trode force and travel, increase in the weld nug-
get diameter etc.). During welding processes,
the system enables the visualisation of temper-
ature distribution, current, voltage, hardness
as well as of strains and stresses in all materi-
als (elements of a given model).
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Four databases built in the SOrRPAS® software
programme facilitate its use. The databases con-
tain sets of information related to commonly
used materials and their properties, new mate-
rials, data related to electrodes and their shapes
normalised in the 150 system, data concerning
workpieces (enabling preliminary design) as
well as characteristics and properties of weld-
ing equipment.

Model 2D

Because of the arrangement (geometry) of
two-sided spot welding, in most cases it is pos-
sible to perform simulations using the axisym-
metric (2D) model. In comparison with the 3D
model, the use of the simplified 2D model sig-
nificantly reduces the time of calculations (cal-
culations last on average 30 minutes instead of
between ten and twenty hours) as well as sig-
nificantly reduces memory-related demand for
archived data.

Two-Sided Overlap Spot Welding of Two
Sheets

Figure 1 presents the exemplary simulation of
the two-sided overlap spot welding of two sheets.
Part 1a of the figure presents the user graphic
interface used for preparing input data, such as
materials to be welded, electrodes and welding
process parameters. Figure 1b presents a simu-
lation report containing initial conditions and

[@)ev-ne |

simulation results, including selected curves
of process parameters and the final size of the
weld nugget [10].

Two-Sided Overlap Spot Welding of Three
Sheets

The Sorpas® system is used both by produc-
tion companies and research centres for nu-
merical calculations (simulations) of complex
joints involving more materials than in cases
of standard joints (two sheets). Figure 2 pre-
sents several examples of the welding of three
sheets having various thicknesses and made of
dissimilar materials in various combinations
of joints and compares the results of simula-
tion with the macrostructure of actual joints.
The tests involved the use of four various steel
sheets, i.e. DCo6 (0.6 mm), HSLA340 (0.8 mm),
DP600 (1.5 mm) and TRIP700 (1.2 mm). In all
of the tests, the upper sheet was thin and made
of low-carbon steel, whereas the other two
sheets had various thicknesses and were made
of various materials [14-15]. The FEM simula-
tion performed using the SOrRPAS® software
programme was used to determine the most
favourable welding conditions before perform-
ing the principal technological welding tests.
The actual welding conditions presented in
Figure 2 (left) were compared with the results
of simulation. The results of calculation (the
right side of the photographs - Fig. 2) revealed

; *' gy g g ‘b)

M02.2013 1200

imn Lt Rran - Priens Favamrtes Cure,

Fig. 1. Simulation of the two-sided overlap spot welding of two sheets, performed using the SORPAS® system: (a)
graphic interface for preparing input data concerning materials to be welded, electrodes and welding process parame-
ters; (b) simulation report containing pre-set (input) parameters and anticipated welding process results [10].
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significant compatibility of the actual welding
test results (the right side of the photographs -
Fig. 2 — macrostructures).

Liquid Metal Expulsion

Expulsion during welding processes is simulat-
ed by forecasting the initial time of its occur-
rence and its intensity, i.e. low, medium and
high. Figure 3a presents the curve of dynam-
ic resistance with the initial time of expulsion
occurrence and its intensity. Figure 3b presents
the weld nugget and the area of expulsion oc-
currence (between the sheets).

Series | - (DC-HSLA-DP) =2 2

——
I

Fig. 2. Comparison of the microstructures obtained
during experimental tests and in calculations (SORPAS®)
related to the welding of three sheets in three combina-
tions [14].

Examples of Resistance Welding Models

Resistance welding is performed in various
configurations, e.g. as spot welding performed
using electrodes having specific shapes, as pro-
jection welding, where the area of weld forma-
tion is determined by projections and as the
short-circuit butt welding of rods or sections.
SoRrPAs® enables creating models in relation to
the above named methods (Fig. 4a-4c). Spot
welding can be performed in the configuration
of two-sided welding (Fig. 3b) or single-sided
spot welding (Fig. 4a).

Process Optimisation

The results of process simulations were used
to develop automated procedures enabling the
optimisation of resistance welding process pa-
rameters. International standard EN 1s0 14327
contains analyses of weldability and informa-
tion concerning the optimisation of resistance
welding along with two diagrams presenting

b)

Fig. 4. Examples of resistance welding models: a) spot
single-sided welding; b) projection welding of nuts; c)
shirt-circuit butt welding of rods.
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Fig. 3. Simulation of the expulsion of liquid metal from the weld nugget with the anticipated time of expulsion oc-
currence and intensity; (a) waveform of the selected parameter (static slope resistance) of the process with the time of
expulsion initiation and formation intensity; (b) final weld nugget size with the area of expulsion formation.
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the curve of weld nugget diameter increase and
the determination of weldability (range of prop-
er welding parameters). The SOrRPAS® system
enabled the automatic determination of ranges
including the limits of expected expulsion and
the window of process parameters.

The curve of weld nugget diameter increase
can be created by performing a series of weld-
ing tests and increasing welding current while
doing so and by measuring the sizes of weld
nuggets. In industrial practice, the above-pre-
sented tests are time-consuming and expen-
sive. Because of automated procedures, SORPAS®
makes it possible to perform simulations of all
welds along the curve of weld formation and
enables obtaining information about possible
expulsion.

In a similar manner it is possible to simulate
the range of parameters determining weldabil-
ity, i.e. by simulating welds within the specific
range of welding current and electrode force,
making it possible to determine the window of
welding process parameters. As regards the first
range of parameter changes (window of param-
eters no. 1), current and welding time change,
whereas electrode force stays the same. In the
case of the second range of parameter chang-
es (window of parameters no. 2), current and
electrode force change, whereas welding time
remains unchanged.

[@)ev-ne |

Figure 5 presents the optimisation of the
spot welding of 1 mm thick sheets made of
low-carbon steel. Figure 5a presents the simu-
lated curve of the increase in the weld nugget
diameter in the function of welding current.
The weld nugget begins to form once a certain
value of welding current has been exceeded and
grows along increasing current. Black (square)
points depict the lack of the weld or its insuf-
ficient size. Red (triangular) points represent
expulsion. Green (round) points inside rep-
resent properly made welds and indicate the
window of welding process parameters with
the operating range of welding current. Figure
5b presents the range of weldability with cur-
rent and electrode force as variable parameters
and welding time as a constant parameter. Black
(square) points represent the lack of the weld
or its inadequate size. Red (triangular) points
indicate expulsion. Green (round) points rep-
resent proper welds and, at the same time, indi-
cate the window of proper welding parameters.

Model 3D

More complex phenomena, beyond the ax-
isymmetric model (2D) such as the axial mis-
alignment or the non-parallelism of electrodes,
current shunting or multi-projection welding
require the use of the three-dimensional (3D)
model.

5249 weld nugget diameter
too small

weld nugget diameter
oK

Expulsion

0.750

1.500 / ™
/ |
|
|
|

0,000

T T T
20 30 4.0 50 &4 7o 8.0 8.0

Wald current (kA) a)

Wveld force (KN)
3

2000 T T T T
a0 4.0 5.0 0.0 To &0 a0 100 1.0 120 130

Wweld current (kAy b]

Fig. 5. Process optimisation involving the use of the SORPAS® software programme: (a) curve of the increase in the
weld nugget diameter in relation to welding current; (b) range of (proper) weldability along with the window of weld-
ing process parameters.
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Post-Weld Properties of Welds

The SOrPAS® software programme makes it pos-
sible to calculate weld properties in relation
to microstructural phase transformations or
hardness distribution for typical grades of steel
used, e.g. in the automotive industry. In addi-
tion, SORPAS® 3D enables simulating strength
values on the basis of the weld nugget size and
the anticipated hardness distribution, which in
turn makes it possible to forecast the strength
of welded joints (weld).

During heating, austenitisation-related cal-
culations are based on temperature Acl and
Ac3, regardless of the heating rate. It is assumed
that entire austenitisation takes place when the
maximum temperature of the process is higher
than temperature Ac3. It turn it is assumed that
austenitisation does not occur when the maxi-
mum temperature of the process is lower than
temperature Acl. The linear interpolation is
used between temperatures Acl and Ac3. The
austenitic transformation triggered by cooling
following heating is based on critical cooling
rates presented in cTT diagrams. In accordance
with the formulas presented by R. Blondeau et
al. [16], critical cooling rates leading to the for-
mation of martensite, bainite and ferrite/pearl-
ite are determined on the basis of the chemical
composition. P. Maynier et al. [17] present for-
mulas concerning the hardness of each phase in
relation to the chemical composition. The val-
ue of total hardness is established on the basis
of hardness values of individu-

hardness of the base material around the weld
nugget, the hardness following the process of
austenitisation as well as the formation of sub-
sequent phases in the weld nugget and in the
heat affected zone (HAZ) during cooling. The
HAZ revealed the difference between the sheets.
Steel DP600 contained the significant amount of
martensite, which resulted in increased hardness,
whereas the HAZ of steel Dco6 contained hardly
any martensite, leaving the level of hardness un-
changed. The weld nugget, containing phases of
mixed chemical composition, contained a cer-
tain amount of martensite and was characterised
by increased hardness in comparison with the
hardness characterising both base materials [15].

Figure 6b presents the exemplary transverse
tensile test [18]. The simulation presents the fail-
ure outside the weld nugget, which is consist-
ent with observations during the experimental
test resulting in a plug failure. Reference pub-
lications provide information concerning load
curves, i.e. elongation related to tensile-shear
strength tests, transverse tensile strength tests
and peel strength tests. Further detailed infor-
mation concerning changes in metallurgical na-
ture as well as the forecasting of hardness and
failures is presented in other publications [19].

Figure 7 presents other post-weld strength
tests of joints possible to perform using the
SORPAS® software programme, i.e. peeling test
(Fig. 7B), static tensile strength test (Fig. 7A3)
and the above named transverse tensile test

al phases, threated in such case
as output hardness values.
Figure 6a presents the exam-
ple of expected hardness distri-
bution in the spot welded joint
made of two sheets, each having
a thickness of imm. The upper

2 51 0 @ 2 4> WS ob g
. K

1mm DCO&
l l * 1mm DP600

a)

sheet was made of deep-drawing
low-carbon steel pco6, where-
as the lower sheet was made of
dual-phase high strength steel
ppr6oo. The figure presents the

18 BIULETYN INSTYTUTU SPAWALNICTWA

Fig. 6. Simulation (a) of hardness distribution according to the Vickers
hardness test in the dissimilar spot welded joint DC06-DP600 and (b)
transverse tensile strength tests of two sheets made of steel DP600 [14]. The
simulation indicates the area of failure consistent with the experimentally

observed plug failure [15].
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leading to the plug failure of the joint
(Fig. 7c1) and to the interface failure
of the joint (Fig. 7c2.)

Shunting of Welding Current

' C

The shunting of welding current is
an undesired phenomenon during
welding processes. The experimen-
tal tests enabled the determination of
a distance between successive welds
in order to minimise the undesired
phenomenon [20-22]. However, the
modelling and the analysis of the

Q-
’

c1
)

problem in the 3D model make it

Fig. 7. Welding in the SORPAS® software programme (A1, A2).

POSSible to deepb’ analyse the above- Computational strength test: A3) static tensile test, B) peeling test, C)

named phenomenon [23].

Figure 8 presents a welded joint
containing three welds (Fig. 8A) made in the
following sequence: weld no. 1 (Fig. 881), no. 2
(Fig. 883) and no. 3 (Fig. 882). The software
programme enables calculating the principal
welding current and shunting current flowing
through previously made “points” (welds) as
well as makes it possible to analyse the size of
the weld nugget taking into account the shunt-
ing effect. This enables the adjustment of appro-
priately higher welding current for successively
made welds in order to maintain the constant
value of the weld nugget diameter.

Electrode Force

The software programme featured two built-in
programme options enabling the selection of an
electrode force system. Electrode force can be
performed in two manners, i.e. using a stand-
ard, i.e. pneumatic or a servomechanical force
system. The first manner, i.e. using pneumatic
force, does not require extensive description;
the setting of parameters is identical to that us-
ing a welding machine. It is necessary to take
into consideration appropriate times of initial
force, principal force and the separation of elec-
trodes. The software programme automatically
takes into consideration the time of delay re-
sulting from the effect of the use of pneumatic

No. 4/2016

transverse tensile test (C1 - plug failure, C2 - interface failure.

Fig. 8. Shunting of welding current for three welds (weld-
ing sequence B1, B3 and B2).

BIULETYN INSTYTUTU SPAWALNICTWA 19



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

[@)ov-ne |

elements, i.e. primarily the size of cylinder, on
the force of electrode.

The second manner involves the use of the
servomechanical system of electrode force,
consisting in setting the rate of electrode trav-
el. Such a solution enables the controlled move-
ment of electrodes. However, in such a case, the
force of electrodes is the coincidence of the in-
teraction of the electrode travel rate and the
welding area heating rate resulting from the
flow of current. The advantages of the system
are particularly useful in projection welding, re-
quiring the controlled movement of electrodes
depending on the projection plasticisation rate.
Pneumatic systems can also be used when pro-
jection welding, yet the window of parameters
is very narrow if compared with that of servo-
mechanical systems.

The exemplary course of the pre-set force in
relation to the pneumatic system is presented in
Figure ga. Figure gc presents the electrode trav-
el rate (as regards the servomechanical system)
varying depending on individual technologies.
The use of force exerted by pneumatic systems

results in the, ultimately uncontrolled, move-
ment of electrodes (Fig. 9b). In turn, the pre-
set electrode travel rate enabling the controlled
movement of electrodes (Fig. 9d) results in the
force of electrodes (Fig. ge).

Summary

Numerical calculations are very useful when
assessing the weldability of new materials and
optimising the parameters of welding process-
es. The SORPAS® software programme for the
modelling of resistance welding processes en-
ables performing various calculations, rang-
ing from simple axisymmetric models (2D),
e.g. spot overlap welding to advanced models,
e.g. multi-projection welding or current shunt-
ing, requiring the use of the three-dimension-
al (3D) model.

Complex graphic options of the software
programme enable the visualisation of data
in the form of graphic presentations (courses/
waveforms of related quantities during weld-
ing) and in the form of animated quantities
subjected to analysis. The software programme
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Fig. 9. Pre-set parameters and FEM calculation results in relation to
the projection welding of 2 sheets (1 mm thick each) made of DX53
in terms of the pneumatic (a, b) and servomechanical (c, d, e) elec-

trode force system; a) pre-set parameters: welding current and elec-
trode force (pneumatic system); b) movement of electrodes related

to the pneumatic system; c) pre-set parameters: welding current and
electrode travel rate (servomechanical system); d) resultant move-

ment of electrodes; e) resultant electrode force
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makes an excellent tool for determining the in-
itial welding parameters as well as enabling the
in-depth analysis of phenomena taking place
during resistance welding.

Workers of Instytut Spawalnictwa possess
extensive experience in performing numeri-
cal calculations of welding processes using the
SORPAS® software programme. Instytut collab-
orates with the SWANTEC company within the
confines of joint national and international
projects [24-27]. Instytut offers collaboration
in the numerical modelling of resistance weld-
ing processes.

Some of the results of numerical
calculations (and SORPAS® software
programme) have been obtained within
research projects PBS3/B4/12/2015 and
TANGO1/267374/NCBR/2015 financed
by the National Science Centre and
the National Centre for Research and
Development.
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IT Systems Used for Welding Process Simulations
and Simulators of Thermal-Strain Cycles

Abstract: The first part of the article presents an overview of software pro-
grammes assisting welding-related engineering works as well as discusses
possibilities and advantages related to the use of such programmes. Software
programmes available today enable, among other things, the monitoring of
welding processes, calculations of temperature distribution, the determination
of mechanical and plastic properties, simulations of distributions of residual
stresses as well as simulations of transformations triggered by welding thermal
cycles. The second part of the article is dedicated to simulators enabling phys-
ical simulations of welding processes as well as describes principles of simula-
tions tests and presents advantages related to the use of this technique.

Keywords: welding-related software, monitoring of welding processes, weld-

ing simulations,
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Introduction

The appropriate selection of a welding proce-
dure constitutes a key factor affecting the quality
of manufacturing processes used when making
any welded structure. In order to properly ad-
just welding process parameters, it is necessary
to perform specific tests and examinations, the
results of which can be used in practice. Some of
these tests are relatively simple and inexpensive;
others can turn out costly and time-consum-
ing. For this reason, tests concerning welding
procedures are increasingly based on the mod-
elling of processes. The purpose of modelling
is to reduce costs and minimise the risk of an
error which may occur during actual welding
tests [7].

Undesirable results of welding processes are
residual stresses and welding strains which,
when significantly exceeded, can lead to the
rejection of a given structure as its dimen-
sions and shape fail to satisfy design assump-
tions. Measuring the values of stresses present
in welded structures is a complicated process
requiring appropriate skills and equipment. In
addition, welding strains are strictly related to
an adopted welding procedure. When design-
ing, it is necessary to anticipate and prevent the
possible formation of strains. There is demand
for complex and accurate tools for simulating
welding processes and enabling calculations of
temperature distribution as well as the distri-
bution of residual stresses present in elements.
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Tools in demand should also be able to simu-
late transformations triggered by welding ther-
mal cycles, identify microstructural changes as
well as determine plastic and mechanical prop-
erties. In some cases, the above named simula-
tions utilise IT systems. Recent years have also
seen the growing popularity of physical sim-
ulations used in welding tests, heat treatment,
hot plastic working and even in relation to the
continuous casting of steel. A physical simula-
tion consists in representing a given technolog-
ical process in a relatively small-sized material
specimen. In relation to proper simulation, it
is important that all major factors character-
ising processes (i.e. temperature, strains and
stresses with appropriate gradients) should be
represented in real time, i.e. at the time of the
process. The simulations mentioned above are
performed using simulators of thermal-strain

cycles [4, 7, 9].
CAE Software

CAE (Computer Aided Engineering) software
includes a group of programmes assisting en-
gineering works at the first stages of product
development, i.e. during design and structur-
al works. Such programmes can work inde-
pendently or be supported by cADp software
programmes (enabling engineering analyses
of designed elements). Without the numeri-
cal modelling of geometrical, material and dy-
namic features, the adjustment of optimum
parameters related to a given method could be
far more difficult and, in some cases, even im-
possible. The accuracy of individual analyses
directly affects the quality of welds. Sadly, the
above named programmes can only be used for
making prototypes. When using CAE software,
it is very important to properly verify a model
created against an actual element, which entails
the necessity of updating relevant information
and optimising the structure. The cae-related
principle of operation can be described as com-
posed of three stages, i.e. analysis, calculations
and the interpretation of obtained results. CAE
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programmes can be used to perform kinematic

and dynamic analysis of mechanisms, thermal

and flow analysis involving the Finite Element

Method (FEM) and dynamic and static analysis

of components (also supported by FEm). Addi-
tional advantages of CAE include the possibility
of performing simulations as regards the mak-
ing of structures and simulations of mechani-
cal phenomena [8, 9].

Examples of IT Systems Used for
Simulations of Welding Processes

The use of CAE programmes makes it possible
to simulate almost any technological process,
including welding. Welding is a complex pro-
cess, in which the quality of obtained joints is
not easy to verify. Quite often, quality-related
requirements are high. In such cases, the use
of simulation in the virtual environment sig
nificantly reduces production costs. This fact is
one of the main reasons for the growing pop
ularity of numerical methods in recent years.
In some cases, simulations may even replace
experimental tests, yet simulation results do
happen to be encumbered with errors. This is
so because actual production conditions of-
ten differ from virtual ones and differences re-
lated to, e.g., physical phenomena, not always
tully predictable during welding, are too large.
In order to more precisely take into considera-
tion all factors, it is necessary to perform sim-
ulations in several iterations. In this way;, it is
possible to reduce the occurrence of potential
errors and differences between a model creat-
ed in the programme environment and an ac-
tual element. Presented below are examples
of CAE systems used when simulating welding
processes [9].

Welding Simulation Suite

Welding Simulation Suite (Fig. 1) developed by
Es1 Group is a package composed of programmes
calculating the effect of heat on the structure dur-
ing and at the end of a simulated welding process.
Simulations take into consideration changes in
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shapes, thermal strains, hardness, phase com-

position as well as plastic stresses and strains.

A factor distinguishing the package is the possi-

bility of simulating multi-run welding and pres-

sure welding. Software programmes making up

the package are the following [12]:

— VISUAL-WELD - programme used in the VIsuaL
environment, enabling simulations of single
and multi-run welding processes involving
various types of materials, including steel, al-
uminium as well as other metals and alloys,

— WELD PLANNER - programme mainly used
for simulating the welding of large-sized el-
ements. The programme enables perform-
ing very fast analyses utilising displacement
engineering based on simulations of strains.
Time required to perform such analyses may
amount to a day,

— PAM-ASSEMBLY - software programme, simi-
lar to WELD PLANNER, dedicated to simulat-
ing the welding of large-sized elements using
the local-global approach. The programme is
based on models calculated using SYSWELD
and utilises such models to calculate struc-
tural strains taking into consideration phys-
ical phenomena.

Fig. 1. Exemplary simulations of welding processes using
FEM of an element made of various materials (I — element
made of nickel alloy Inconel, IT - Inconel type filler metal,
I1I - layer of the plated coating made of stainless austenit-

ic steel, IV — structural steel) [12]
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Another element of the Welding Simulation
Suite package is SYSWELD, an advanced pro-
gramme for simulating a range of welding
processes, including the three-dimensional
simulation of welding procedures and of the
heat treatment of metals. The software ena-
bles the user to perform thermo-metallurgical,
electrokinetic-thermo-metallurgical, diffusive
and many other analyses. Results of analyses
and calculations enable, among others, deter-
mining the effect of a selected heat treatment,
material, hardening process conditions etc. Cal-
culations performed by the system utilise the
Finite Element Method. SYSWELD is available
in two basic versions:

— heat treatment module (version contains issues
related to hardening, tempering and chemi-
cal processing, i.e. nitriding and carburising),

- welding module (version contains all princi-
pal welding methods).

In order to minimise strains, by selecting an ap-
propriate welding procedure, the software can
be used for the optimisation of welding pro-
cesses. In addition, the programme can import
data from caD systems, which quickens analy-
ses. Although a major disadvantage of the soft-
ware is its high price, SYSWELD remains one of
the best available tools for forecasting welding
stresses and strains [9, 13].

ANSYS

ANsys is one of the most popular systems used
in widely defined strength, thermal and electro-
magnetic analyses as well as in analyses of fluid
mechanics. The software enables the modelling
and simulations related to structural and flu-
id mechanics as well as allied simulations. The
programme can be used to perform linear and
non-linear calculations and optimisation. The
Finite Element Method is used when modelling
problems concerning statics, dynamics, fields
of temperature, mechanics of fluids, electro-
magnetic fields, diffusion electrostatics and pi-
ezoelectricity. Figure 2 presents the exemplary

25



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

[@)ov-ne |

visualisation of test results utilising the ANSYS
software programme [1, 9].

Fig. 2. Exemplary simulation result
obtained using Ansys [14]

Although ANsys does not have an environ-
ment dedicated to the modelling and simula-
tion of welded joints, the programme enables
the development of models taking into consid-

imported to the Abaqus software programme.
Related analyses are based on thermo-mechan-
ical procedures (Fig. 3). The ability to predict
stresses generated in the material during weld-
ing enables forecasting the ultimate shape of the
product after the completion of the process as
well as makes it possible to assess the effect of
stresses on the structure [7].

To this end, it is necessary to perform ther-
mal analysis combined with stress analysis. Sim-
ilar to other applications, it takes considerable
time to become familiar with the software pro-
gramme. In addition, entering data and the sim-
ulation process itself are also time-consuming.
However, as a result of the increased accuracy
of the model and because of the appropriate dis-
tribution of the model into finite elements, the
accuracy of obtained results is high [7].

MSC MARC

eration thermal and mechanical processes. Be- The Msc MARC software programme is used

cause of this functionality, in industry, ANsys
is used for simulating welding processes. One
of the examples of such an application includes

simulations performed when manufacturing
the Audi A8 [1, 9].

ABAQUS

for performing effective simulations of weld-
ing processes. The programme requires the use
of specialist user procedures. The modelling of
a heat source can be performed by using the
UweDpFLUX module. Welding processes can be
modelled for flat problems (2D), plates, axial
symmetry and 3D problems. The programme

The software programme is used for machin- enables performing thermal and thermo-me-
ery and structural strength-related calculations. chanical analyses. The possibility of modifying
Among other things, the programme enables the solver by entering user procedures makes
creating models assisting design and manu- the Msc MARC programme a tool characterised
facturing. It is also possible to

. . g AL 91515 gl Drsbn, Tt bl om ) ey
simulate the non-linear prob- i it S ey —
lems related to the mechanics of e e R i e e

solids and fluids. A model to be
simulated can be defined from i
scratch, e.g. using the Femap
programme, dedicated to mod-
elling any complicated structure
with any number of details and
any level of detail, also including
boundary and force conditions
(ifany). A model prepared in the
above-presented manner can be

¥

ODB: impsct BLeoxdly  AbaguufExplicil 6,9-FFL  Thu Aug 23 15:03; 38 GMT+02:00 2013

Fig. 3. Window of the Abaqus software programme [7]
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by extensive computational possibilities. The
software programme also enables perform-
ing verification calculations and simulations
of complex non-linear problems, e.g. multiple
fillet welds. It should be noted that Msc MARC
requires considerable computational powers [5].

Simulators of Thermal-Strain Cycles

The use of simulation in tests of technological
processes date back to 1949, i.e. the construc-
tion of the first simulator of thermal cycles
used for current flow-based resistance heating
of specimens [6]. The first simulator of ther-
mal-strain cycles was built by the American
company Dufters Scientific Inc. (presently Dy-
namic Systems Inc.). The device was equipped
with a pneumatic system of load application.
After subsequent modifications the system was
provided with a hydraulic servomechanical
system making it possible to perform com-
plex thermomechanical tests. Today, Dynam-
ic Systems Inc. produce computer-controlled
complex simulators named GLEEBLE, used in
various areas of research including welding
engineering, materials engineering, hot plas-
tic working and continuous casting of metals.
Instytut Spawalnictwa also developed (in the
1960s) a simulator of welding thermal cycles
based on the resistance heating of a specimen.
In the years to come, the simulator was gradu-
ally modified and improved (Fig. 4).
Structural changes taking place in the Heat
Affected Zone (HAZ) significantly affect the
properties of the above named welded joint
area, particularly its hardness and related form-
ability, toughness (characterising brittle crack
resistance) and susceptibility to hot, cold and
annealing crack formation. The manner in
which steel responds to a welding thermal cy-
cle constitutes an important factor affecting the
steel weldability. In order to test the effect of
welding thermal cycles on structural transfor-
mations and resultant properties, small speci-
mens are subjected to thermal cycles simulating
courses of temperature changes in various HAZ
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areas (Fig. 5). Such tests are performed us-
ing dedicated devices, i.e. simulators of ther-
mal-strain cycles [2].

Worldwide-manufactured simulators of ther-
mal-strain cycles are characterised by various
modes of the heating (induction, resistance) and
tensioning of specimens (hydraulic, magnetic or
mechanical systems) (Table 1).

Simulator of Thermal-Strain Cycles:
Gleeble 3500

Instytut Spawalnictwa has multi-annual expe-
rience of using the above-presented simula-
tion techniques in terms of weldability testing.
Recently, Instytut’s laboratories have acquired
a GLEEBLE 3500 (DsI) (Fig. 6) modern simulator

Fig. 4. Main view of the simulator of thermal-strain cycles
produced by Instytut Spawalnictwa
(version from 1996)

A
Heat Affected

Tmax Zone (HAZ)
%) 1
e, tass
o
= 2
© 800 -/~
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= 500 |——J—L o
XS

Time [s]

BIULETYN INSTYTUTU SPAWALNICTWA

Fig. 5. Welding thermal cycles at various distances
from the weld fusion zone [2]
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Table 1. Selected specifications of Gleeble, Thermorestor, Smitweld and Instytut Spawalnictwa’s simulators
of thermal-strain cycles [3, 10]

Name Specimen heating mode Specimen cooling mode Technical possibilities
of control

o T=f(1)
Gleeble Joule heat Contrcc;liﬁj (f Eleli el? Jaws P=f(t)
' P=f(e)
r=1()
Thermorestor induction Cooling gas (Ar, He) injection P=f(t)
P=f(e)
. Controlled cooling in jaws T=f1(t)
Smitweld Joule heat cooled by water P=F(t
Simulator IS leh Controlled cooling in jaws r if ®
(version from 1996) Jorlelaeat cooled by wat P=f®
y water P=f(e)

Designations: P - tensile force, kN; ¢ - strain, %; ¢ — testing time, s;

for physical simulations of joining processes,
replacing the previously used simulator made
by Instytut Spawalnictwa. The simulator ena-
bles the modelling of thermo-mechanical con-
ditions occurring in the most unfavourable area
of a welded joint, i.e. HAZ. The primary specifi-
cations of the device are the following:
— hydraulic system for subjecting specimens to
stresses and strains,
— maximum load force of 98 kN,
- maximum rate of moving jaw displacement
of 1 m/second,
- maximum cycle temperature:
° 1350°C — Ni-NiCr thermocouple,
o 1750°C — Pt-PtRh thermocouple.
Among other things, the device makes it possi-
ble to simulate welding processes, test mechan-
ical properties of steels at higher temperatures,
simulate the effect of welding thermal cycles on
the microstructure and properties of steels (HV;
Kv) and determine the susceptibility of mate-
rials to hot, cold and annealing cracking. The
device has also been equipped with a specially
designed additional working chamber making
it possible to perform tests focused on resist-
ance to cold cracking under hydrogen. During
tests, specimens can be subjected to any ther-

] o ] Fig. 6. Gleeble 3500 series simulator for physical simu-
mo-mechanical conditions and, simultaneous-  |4ions of welding processes: a) main view, b) working

ly, to saturation with hydrogen. chamber
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Summary

The quality of welding processes is of crucial

importance. The key factor affecting the quality
of processes used when making welded struc-
tures is the appropriate selection of the welding

procedure. In order to properly adjust weld-
ing process parameters, it is necessary to per-
form specific tests and examinations, results

of which can be put in practice. To this end, it

is possible to use a wide range of software pro-
grammes enabling the monitoring of welding

processes, calculations of temperature distri-
bution, the determination of microstructur-
al transformations, the identification of plastic

and mechanical properties, simulations of dis-
tributions of residual stresses in elements, and

simulations of transformations induced by
welding thermal cycles. The adjustment of ap-
propriate parameters is also possible by using

physical simulations of welding processes per-
formed by simulators of thermal and strain cy-
cles; the simulators are becoming increasingly
popular in tests focused on the weldability of
steels. In specimens characterised by relatively
small volumes, the above named simulations

enable the formation of areas having homog-
enous microstructures and corresponding to

particular areas in the HAZ of welded joints,
thus making it possible to perform a variety of
tests. Based on obtained results, it is possible

to forecast the effect of welding conditions on

HAZ properties without performing laborious

and expensive tests involving actual welded

joints. The possibility of subjecting specimens

to stresses and strains at any moment of the

thermal cycle makes the simulator a very use-
ful tool when testing steels for their suscepti-
bility to developing various cracks.
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Qualifying the Technology of the Aluminothermic Welding
of Tramway Rails on the Basis of Quality Assurance System
Requirements in Welding Engineering

Abstract: The article discusses the issue of demonstrating the correctness of
a technology dedicated to the aluminothermic welding of tramway rails, recom-
mends that the technology be qualified in accordance with standard PN-EN 150
15613:2006 concerning the pre-production testing of technologies used when
welding atypical joints, proposes the scope of qualification tests and presents
test results concerning defective welded joints.
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Introduction

According to Iso gooo series standards, weld-
ing is regarded as a special process, the control
of which significantly affects product quali-
ty and the results of which cannot be entirely
verified by subsequent tests, inspections or ex-
aminations [1]. Welding-related quality assur-
ance is addressed by the PN-EN 150 3834 series
of standards, supplementing the Iso gooo se-
ries of standards or used as the basis for doc-
umenting quality systems including elements
directly related to welding processes. Welding
is used when making jointless railway or tram-
way tracks, i.e. tracks where rails are joined per-
manently using MM welding, pressure welding
or aluminothermic welding.

Quality assurance system requirements re-
lated to welding engineering, including the
aluminothermic welding of railway rails re-
garded as a special process are addressed by
a number of publications, e.g. [2, 3]. In railway

engineering, the aluminothermic welding of
rails is governed by standards related to the
approval of aluminothermic welding process-
es (PN-EN 14730-1+A1:2010 [4]), qualifications
of welders performing aluminothermic weld-
ing as well as the approval of contractors and
the acceptance of welds (PN-EN 14730-2:2006
[5]). Requirements concerning rail welding
technologies and tests of welded joints contain
a number of documents, including specifica-
tions related to the aluminothermic welding
of railway rails [6] and defectoscopic tests [7]
developed by the Polish Railways, Technical
Conditions of the Making and Acceptance of
Rail Joints Welded Using the SoWoS-P Method
developed by the Rolf P16tz company [8] and
DB Rail 824 series guidelines concerning the
making of railway tracks [9, 10].

The documents named above concern the
joining of railway rails, different from tramway
rails in terms of shapes. There are no regulations
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concerning the qualification of the alumino-
thermic welding of tramway rails as in the case
described in publications [4, 6]. In addition,
requirements concerning the qualification of
the aluminothermic welding of tramway rails
are not always defined by the customer. How-
ever, due to the responsibility of rail joints it
is necessary that the above-named technolo-
gy be qualified (or in other words approved,
accepted or verified) by the manufacturer. For
this reason, the article discusses the possibili-
ty of qualifying the aluminothermic welding
of tramway rails on the basis of existing weld-
ing-related standards.

Qualifying the Technology of
the Aluminothermic Welding of
Tramway Rails

In welding procedure specifications, contrac-
tors performing the aluminothermic welding of
tramway rails refer to the SoWoS welding meth-
od or the Srz Lp method used when welding
tram dock rails [11]. An exemplary cross-sec-
tion of a 60R2 tramway rail and an alumino-
thermic welded joint are presented in Figure 1
and 2.

Defects troubling the operation of tracks re-
lated to improperly performed aluminothermic
welding include horizontal cracks located in the
rail web (Fig. 3) and transverse cracks located
in a place close to the normal cross-section of
a rail (e.g. a fatigue crack in the vertical plane
of a rail initiated at a gas pore [13+16]). Cracks
pose hazards to safe transport, require the clo-
sure of a track, the removal of a rail fragment
containing a defective joint and the placement
of a new rail fragment.

Aluminothermic welding-related potential
reasons for crack generation include unfavour-
able stresses (cracks occur in the zone of the
highest tensile welding stresses in the rail web;
Fig. 4) [17-19] as well as the failure to satisty the
technological conditions of welding processes:
— overly short heating time favouring weld po-

rosity formation [19] (porosity mentioned
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Fig. 1. Shape and primary dimensions of a cross-section
of the 60R2 dock rail [12]

Fig. 3. Schematically presented rail web crack
in the welded joint area [13, 14]

in the publication was referred to as micro-
-shrinkages formed in welds),

- overly low temperature of heating applied

to rail ends [20],

— asymmetric (non-uniform) heating of rail

ends,

— overly short gap between rails being joined

[20].
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Fig. 4. Distribution of stresses in a aluminothermic-
-welded joint of railway rails [17, 19]

In order for the manufacturer to demon-
strate the correctness of an aluminothermic
welding technology applied when joining
tramway rails, it is necessary to qualify the
above-named technology. In accordance with
requirements concerning quality assurance in
welding engineering (entire or standard quali-
ty-related requirements according to item 10.3
of PN-EN 150 3834-2 and PN-EN 150 3834-3 re-
spectively [21, 22]), welding technologies should
be qualified before the commencement of pro-
duction. Presently, as regards aluminothermic

technologies it is possible to propose the qual-
ification of a technology used for the alumi-
nothermic welding of tramway rails according
to PN-EN IS0 15613:2006 [24] concerning the
so-called pre-production testing of technolo-
gies used for welding atypical joints including
additional requirements (if any) specified by
the investor or inspection personnel (accord-
ing to PN-EN 150 3834-2, item 10.3 stating that
Qualification methods should be consistent with
related product requirements or specification ar-
rangements). The process of welding procedure
qualification includes four major stages, i.e. the
establishment of the scope and conditions of
qualification, the making of a test joint, the ex-
amination of a test joint and the development
of qualification documents [25, 26].

Test joints should be welded by a welder
holding a valid licence to perform alumino-
thermic welding using a method subject to
qualification. Both the welding and testing of
test joints should be performed in the presence
of a so-called examiner, i.e. the representative
of a certification body (so-called examination
body) performing the process of welding pro-
cedure qualification (analogous requirement is
formulated in standard PN-EN 1S0 15614-1 con-
cerning the qualification of a technology used
for the arc welding of steel). Test joint exami-
nations should include at least:

welding, there are no 150 documents neces- — non-destructive tests: visual tests and ultra-

sary to confirm conformity with the above-pre-
sented quality requirements (PN-EN 150 3834-5,
Table 10 Other fusion welding processes [23]).
Hence the question, whether due to the lack of
special standards similar to PN-EN 14730-1 as
well as because of the lack of regulations con-
cerning the welding of tramway rails, the con-
tractor has the possibility of demonstrating
the correctness of the aluminothermic welding
technology applied for the joining of tramway
rails by an independent certification body, and
if so, on what basis.

On the basis of the overview of possible var-
iants concerning the qualification of welding

32 BIULETYN INSTYTUTU SPAWALNICTWA

sonic tests,

— destructive tests: macroscopic tests, hardness

tests, microscopic tests, the chemical analy-
sis of weld metal in the zone of the rail head,
web and foot as well as the chemical analysis
of rail material. The scope of destructive tests
can also include transverse tensile tests of
welded joints performed on specimens sam-
pled from the foot, web and head as well as
impact strength tests of the weld and heat af-
fected zone.

The acceptance criteria concerning test results

should be established before the commence-
ment of the process of welding procedure
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qualification. In relation to non-destructive
tests it is possible to rely on requirements of
Polish Railways PKP [7] and on the technical
conditions related to the making and accept-
ance of rail joints [8]. In terms of macroscopic
tests it should be assumed that cracks and in-
complete fusions are unacceptable and it is nec-
essary to specify the acceptable size and density
of porosity and solid inclusions. The accept-
ance criteria concerning test results related to
mechanical properties can be based on the re-
quirements of PN-EN 1SO 15614-1.

An acceptable test result enables the exami-
nation body to provide the manufacturer with
a Welding Procedure Qualification Record
(wpPQRr) based on a pre-production test ac-
cording to PN-EN 150 15613:2006. The record
specifies the scope of qualification, conditions
concerning the making of a test joint and test
results. If a test result is unacceptable, the exam-
ination body provides the manufacturer with
a report concerning the examination of a test
joint. The report presents the conditions relat-
ed to the making of the test joint and the results
of performed tests and well as test reports (if
any). The above named information enables the
manufacturer to take corrective and preventive
actions aimed to assure the correctness of the
aluminothermic welding process and the mak-
ing of a test joint satisfying qualification-relat-
ed requirements.

Presented below are examples of joints fail-
ing to meet qualification requirements. The fail-
ure to satisfy the above named requirements
was confirmed by tests performed on rail frag-
ments containing fatigue cracks.

Examples of Welding Imperfections
in Aluminothermic Welded Joints of
Tramway Rails

In order to determine possible reasons for fa-
tigue cracks of aluminothermic welded joints of
tramway rails it was necessary to perform tests
of two joints containing cracks passing hori-
zontally through the weld and the rail web, at
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the half of the rail web height. The character-
istic forms of the cracks in joints S1 and S2 are
presented in Figures 5 and 6.

o [ s LT

Fig. 6. Fatigue crack in joint S2 of rail 3 and 4

The tests of rails nos. 1+4 revealed that the
chemical composition, tensile strength R, and
elongation strength As of the material of the
rails subjected to the tests satisfied the require-
ments concerning steel grade R260 according
to standard PN-EN 14811+A1:2010. In turn, the
chemical composition of the welds of joints S1
and S2 satisfied the requirements of standard
PN-EN 14730-1+A1:2010, Table 7.

The macroscopic metallographic tests did
not reveal the presence of welding imperfec-
tions such as local lacks of penetration and sol-
id inclusions in the joints.

The heat affected zone of the weld made us-
ing aluminothermic welding did not contain
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the unfavourable martensitic structure; the HAZ
hardness did not exceed 325 HV.

The metal of the welds in joints S1 and S2, in
the crack zone, contained welding imperfec-
tions in the form of localised porosity (Fig. 7, 8)
caused by the excessively fast cooling of the
weld metal precluding its entire degassing.

The weld of joint S1, in the rail web area, con-
tained a welding imperfection in the form of
a microcrack along grind boundaries (Fig. 9).

Cracking in welds results from a strain
which the metal of the weld is unable to trans-
fer because of its limited ductility. Microcracks
formed during welding are caused by films of
fluids (low-melting eutectics having a solidi-
fication point significantly lower than that of
iron) formed during solidification and incapa-
ble of transmitting stresses connected with the
shrinkage of the weld during its cooling and so-
lidification [27]. Similar to gas pores, microc-
racks of this type (welding imperfection 1001
according to PN-EN ISO 6520-1:2009 [28]) may
initiate fatigue cracking.

If the above named welding imperfections
are present in a test joint performed during
the process of welding procedure qualification,
the contractor has the possibility of analysing
and eliminating the reasons for the formation
of such imperfections. Porosity (Fig. 7, 8) and
microcracks in the weld (Fig. 9) may be caused

Fig. 7. Macrostructure of the weld of
joint S1 in the crack zone. The arrows
indicate the location of gas pores in
the weld

34

Fig. 8. Microstructure of the weld of
joint S1 in the crack zone — main view
(mag. 50x); visible porosity in the

weld material

BIULETYN INSTYTUTU SPAWALNICTWA

by an overly short time during which rail ends
are subjected to heating and an excessively fast
cooling rate following the formation of a joint.
This conclusion was confirmed by the results of
works described in publication [19]. The elim-
ination of the above named reasons should
enable making another test joint free from un-
acceptable welding imperfections as well as re-
sult in the confirmation of the correctness of
the aluminothermic welding of tramway rails
performed by the contractor in a related Weld-
ing Procedure Qualification Record (WPQR).

Summary

In addition to providing qualified welding and
coordinating personnel, supervising base ma-
terials and filler metal as well as coordinating
and controlling the welding process itself, the
coordination of the aluminothermic welding
of tramway rails should also include the qual-
ification of the process aimed to demonstrate
the correctness of the welding procedure ap-
plied by the contractor.

The qualification of a technology used for the
aluminothermic welding of tramway rails could
be based on standard PN-EN 1S0 15613:2006 con-
cerning the pre-production testing of technolo-
gies used for welding atypical joints, including
additional requirements (if any) formulated by
the investor or inspection personnel.

Fig. 9. Microstructure of the weld of
joint S1 in the crack zone — microc-

S

rack along grain boundaries at a sig-
nificant distant from the main crack
(mag. 500x); etchant: FeCls
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Maciej Rozanski, Sebastian Stano, Adam Grajcar

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.

Keywords: laser welding, steel oH15N7M2], welding tests, joint properties
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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%

cEEMESEZIREE

w
eBHEERREARRE.

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%

HESEDIBRE e

ol

cSHEEERNEER

200

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
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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
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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.
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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
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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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Performing of Ultrasonic Tests Using the TOFD Technique
in View of the Requirements of Related Standards

Abstract: The article concerns the time of flight diffraction testing technique
(TOFD), which is, next to the simultaneous TOFD + Phased Array testing, one of
the most effective methods of volumetric non-destructive tests. The article dis-
cusses the advantages of the TOFD technique as well as the basis of diffraction
phenomenon and the formation of imaging signals. In addition, the article pre-
sents a TOFD image of a welded joint and describes its characteristic elements.
Also, the article discusses the ToFD-related testing standards and analyses their
requirements related to welded joints and their acceptance criterion, i.e. the qual-
ity level according to PN-EN 150 5817. The target readers of the article include
NDT personnel, inspectors, welding engineers and welding equipment manu-
facturers wishing to implement an effective tool enabling the detection of weld-
ing imperfections.

Keywords: time of flight diffraction, TOFD, non-destructive testing of welds, ul-

trasonic tests.

DOI: 10.17729/ebis.2016.4/6

Introduction

Increasing requirements in terms of the re-
liability of welded products and structures
require the use of new more advanced test-
ing techniques allowing the verification of
quality and workmanship. Modern ultrason-
ic techniques, such as TorD, Phased Array
and Full Matrix Capture (also known as To-
tal Focusing Method) are becoming increas-
ingly important. Each of the above-presented
techniques is at a different stage of develop-
ment. The TOFD technique, widely used for
many years in English-speaking countries, has
become internationally standardised, both in

terms of workmanship and as regards the as-
sessment of test results. For this reason, the
TOFD technique is likely to become increasingly
popular in industry. Undoubtedly, factors in-
creasing the application potential of TOFD tech-
nique-based tests in Poland include relatively
low testing equipment costs, possibility of ob-
taining funds from the National Centre for
Research and Development (within implemen-
tations of innovative projects) and the initia-
tion (in 2016) of training courses for operators
of TOFD technique-based ultrasonic tests at the
Welding Education and Supervision Centre of
Instytut Spawalnictwa in Gliwice.
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The TOFD technique is characterised by
a number of advantages justifying its imple-
mentation for verifying the quality of weld-
ed joints to a significantly greater degree than
presently. One of the most important advan-
tages of the method, as regards non-destructive
tests, is the very high and repeated detectabili-
ty, particularly of flat discontinuities. The high
TOFD detectability has been verified by results
of research programmes aimed to confirm the
effectiveness and reliability of TOFD tests. In
one of such programmes, performed by the
Netherlands Institute of Welding (NIL), TOFD
tests were compared with manual ultrasonic
tests (UT) and X-ray radiographic (RT-X) and
(RT-Y) tests. Both the probability of detection
(pop) and the false call rate (FCR), amounting
to 82% and 11% accordingly, speak for the use of
the TOFD technique. As regards the other vol-
umetric methods, pobp and FCR amounted to
52% and 22% for UT, 60% and 11% for RT-y and
66% and 15% for RT-X accordingly [1].

The valuable and interesting comparison of
the TOFD technique possibilities and those of
RT-y also results from experience gained when
building pipeline bN100o0 [2]. The authors have
compared the test results concerning 356 pipe-
line welds tested using both the TorD technique
and the rRT method and the source of Ir192.
The total length of imperfections detected us-
ing the TOFD technique (in case of the same
welds) was almost 3 times greater than that of
the imperfections detected using the RT meth-
od. The reason for such a large discrepancy of
test results was ascribed to the low detectability
of flat discontinuities (primarily incomplete fu-
sions) in the radiographic tests. The presence of
the above named imperfections was later con-
firmed (at the repair stage) by magnetic particle
tests of weld segments subjected to grinding [2].

The possibilities and advantages of TOFD
tests call for the replacement of convention-
al volumetric tests, where possible, with the
TOED technique. However, in order for this to
happen, it is necessary to raise the awareness
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of NDT personnel as to the use of modern ut
methods, and at the same time, allay fears
related to the implementation of new and
previously rarely used testing techniques (in
Poland). This task is by far facilitated by the
complete standardisation of TOFD tests as re-
gards the workmanship and the assessment of
the quality of joints.

TOFD Technique versus Conventional
Ultrasonic Tests Based on the Echo
Method

Conventional ultrasonic tests utilise the laws
of geometric optics, i.e. reflection law, refrac-
tion law and transformation law in relation to
the ultrasonic waveform. One of the examples
is the echo technique utilising the phenome-
non of the directional reflection of an ultrason-
ic wave. High signal amplitudes are obtained
when ultrasonic beams are reflected from flat
surfaces (e.g. incomplete fusions) perpendicu-
lar to the direction of an ultrasonic beam and
from rectangular reflectors (e.g. a crack reach-
ing the surface or incomplete penetrations in
the Y-bevelled weld root). In cases of unfavour-
ably oriented discontinuities, an incident beam
may be reflected in another direction and not
return to the transducer, thus not giving the sig-
nal of discontinuity on a defectoscope.

Conventional techniques of ultrasonic tests
aim to leave only one type of wave generated in
a material subjected to a test. Such a situation
occurs in cases of most common tests utilis-
ing simple transducers of longitudinal waves
and angle transducers of transverse waves. In
cases where more than one type of ultrason-
ic wave is generated, as is the case with angle
transducers of transverse waves, the analysis
of indications can cause some difficulties as it
is not possible to ensure if a signal appearing
on the defectoscope screen comes from the
primary wave type, e.g. longitudinal wave (in
the examples discussed). Such a phenomenon
is undesirable as it impedes the interpretation
of indications.
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Similar to other techniques of ultrasonic
tests, the TOFD technique utilises the laws of
geometric optics. However, the phenomenon
of the generation of diffracted waves on dis-
continuity edges is of primary importance.
Such waves are generated as a result of striking
the edge of discontinuity by a high amplitude
wave emitted from a transmitter. In accord-
ance with the Huygen’s principle, each centre
point reached by a wave (including atoms at
the top of the centre) becomes the independ-
ent source of spherical waves (Fig. 1). Spherical
waves have a low amplitude, propagate within
the wide range of angles, and their generation
only slightly depends on the angle of an inci-
dent beam [3]. This may lead to the obtainment
of signals of unfavourably oriented discontinui-
ties, the detection of which is problematic using
the conventional echo technique, in particular,
flat discontinuities such as cracks and incom-
plete fusions, unacceptable for quality levels B
and C according to PN-EN 150 5817.

Unlike in the ultrasonic echo technique, in
TOFD technique-based tests various types of ul-
trasonic waves, i.e. longitudinal, transverse and
surface (Rayleigh) waves, are excited in a ma-
terial being tested. Signals obtained from each
of these waves provide information about the
presence of a discontinuity in the material and
can be used in analysis. However, the most fre-
quently used are longitudinal waves, propagat-
ing (in a material being tested) within the wide
ranges of angles, also as lateral waves.

Figure 1 presents the schematic generation
of diffracted waves on discontinuity edges. Fig-
ure 2 presents the insertion of ultrasonic waves
into soda-lime glass using a TOFD transducer
[3]. Such a centre (soda-lime glass), because of
similar velocities of longitudinal and transverse
waves (5800 m/s and 3450 m/s accordingly),
well reflects phenomena taking place in steels.
Figure 2a presents the front of a longitudinal
and transverse wave before reaching a gap. In
turn, Figure 2b presents the partial direction-
al reflection of a longitudinal wave from a flat
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discontinuity surface along with the transfor-
mation of the longitudinal wave into a trans-
verse wave as well as the excitation of, both
longitudinal and transverse, diffracted waves
at the tops of the gap.

Incident wave Diffracted waves

Back-wall reflection ] o
Discontinuity

‘I Diffracted waves

Fig. 1. Schematically presented generation of diffracted
waves on discontinuity edges

Fig. 2. Generation of diffracted waves on the edges of
a gap (1 mm x 3 mm) in soda-lime glass [4]
a) longitudinal wave (red marker) before reaching the gap,
b) longitudinal wave after passing the gap, partial reflec-
tion and the excitation of diffracted waves (black markers)

Fundamentals of TOFD Tests

Asarule, the TOFD technique is aimed at the re-
ception of imaging (diffraction) signals. Unlike
in the echo method, in the TOFD technique the
amplitude of signal is not used for assessing the
size of analysed material discontinuities. The
appropriate setting of defectoscope gain only
aims to ensure the obtainment of good quali-
ty imaging. The gain should be high enough so
that a TOFD image, using the grey scale, could
easily represent recorded disturbances. How-
ever, the value of gain must not be excessive-
ly high, as this could deteriorate the quality of
TOFD images. Annex B of standard [5] presents
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examples of TOFD images with proper and im-
proper gain values.

Because of the low amplitude of imaging
signals, it is necessary to use relatively high
gain (usually 8o-100 dB). The typical configu-
ration of TOFD transducers consists of two an-
gle transducers of longitudinal waves mounted
in a push-pull system at the constant distance
from each other (Fig. 3). Such an arrangement
of transducers minimises the number of signals
coming from the directional reflection of an ul-
trasonic beam. In practice, only discontinuities
parallel to the scanning surface (e.g. laminar
imperfections in a sheet) cause the directional
reflection of a beam emitted by a transmitting
transducer in the direction of a receiving trans-
ducer. An angle of the refraction of transduc-
ers is restricted within the range of 40° to 70°.
In cases of joints having thicknesses restricted
within the range of 6-50 mm, the most frequent-
ly used angle amounts to 70° or 60°. When test-
ing elements having thicknesses up to 50 mm,
without dividing into zones, the beam inter-
section point corresponds to 2/3 of the thick-
ness of an element subjected to a test. Usually,
the TOFD technique involves the use of strongly
dampened transducers having a small diameter
(usually 3 or 6 mm). A small transducer diam-
eter ensures the generation of a strongly diver-
gent beam in the wedge, which when entering
a material being tested, si-

than 3 MHz are used. Recommendations con-
cerning the adjustment of frequency, transduc-
er angles and sizes when performing the TOFD
technique-based tests of welded joints are pre-
sented in Table 2 of PN-EN 150 10863 [5].

In typical TOFD tests, the signal of a longitu-
dinal wave is of the greatest importance. The
velocity of a longitudinal wave is by twice fast-
er than that of a transverse and surface wave.
As a result, a longitudinal wave reaches the re-
ceiving transducer and gives an impulse as first.
This is important because of practical reasons
as the pro,cess of sizing requires the knowledge
of wave velocity at which a given signal propa-
gated. Sizing can be performed only using sig-
nals which covered the entire distance from the
transmitting transducer to the receiving trans-
ducer as one wave type as it is only then that
the signal velocity, necessary for further calcu-
lations, is known. In practice, the sizing of dis-
continuities does not pose difficulties within
such a linearization range, where only signals
of one ultrasonic wave type, i.e. longitudinal,
are present. As a result, only the fragment of a
TOFD image between the lateral wave and lon-
gitudinal back-wall reflection can be used for
assessing the deposition depth of a discontinui-
ty (Fig. 4). The fragment between the back-wall
reflection and the transformed wave are used
only for the detection of indications.

multaneously generates a
longitudinal wave within

Transmitter

the wide range of angles ST

as well as transverse and L
surface waves. The range
of transducer frequency
is higher in comparison
with that used during con-
ventional ultrasonic tests
and amounts to 1-15 MHz.
In cases of thicknesses up
to 50 mm, frequencies
amounting to or higher

incident wave, ~ J~

incident wave. backwall reflection

w
Lw ut LT BW
+ + w

Receiver

lateral wave
e T Y e T d
> ’,f

/ difracted’wave
g s

e

—
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Fig. 3. Scheme of A type image generation during the TOFD technique-based tests
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Normally, the TOFD-based tests are performed
using a scanner provided with an encoder. The
use of an encoder enables the graphic presenta-
tion of test results in 2D images, where, depend-
ing on the direction of scanner movement in
relation to the ultrasonic beam axis, parallel
and non-parallel scans can be obtained. Usu-
ally, non-parallel scans (in relation to the beam
axis) are performed, i.e. where the direction of
scanning is parallel to the weld. If it is necessary
to obtain further information about the nature,
location and space orientation of a discontinui-
ty, it may be useful to make a parallel scan per-
formed in the direction determined by the axes
of transducers, usually transversely in relation
to the weld axis.

A typical TOFD image contains signals of
a subsurface and back-wall reflection, consti-
tuting a very comfortable reference point at the
stage of TOFD image linearization and the di-
mensioning of indication depth (Fig. 4). The
term of a lateral wave stands for the part of
a longitudinal wave beam running directly un-
der the surface, whereas the term of a back-wall
reflection stands for the part of a longitudinal
wave beam reflected from the opposite surface
and entering the receiving transducer. In addi-
tion, the range from the back-wall reflection to
the transformed wave contains signals which
have covered at least some part of the path
as a transverse wave. Due to the twice lower

e P Yl Al

Fig. 4. TOFD image of a welded joint composed of B-scan (right) and A-scan (left);
A-scan represents the area marked with the cursor (blue line) in B-scan
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velocity of a transverse wave, the above named
signals are moved to longer times. Figure 4 pre-
sents a TOFD image after the synchronisation of
a lateral wave and linearization, obtained when
testing a 15 mm MAG welded joint fragment. In
addition to the above named constant signals,
the TOFD image contains two internal indica-
tions of large incomplete side fusions, one indi-
cation reaching the surface opposite in relation
to the scanning surface (indication of the lack
of penetration on 115 mm of the joints) as well
as several point indications of short interlayer
incomplete fusions.

Standardisation of the TOFD
Technique-Based Tests

The oldest standardisation document concerned
with the TOFD technique was British standard
Bs7706. The standard was replaced by Europe-
an standard EN 583-6, and currently Iso 16828,
specifying the fundamentals of the TOFD tech-
nique-based tests. Afterwards, standards con-
cerning tests of welded joints were developed,
i.e. standard Iso 10863, specifying primary re-
quirements as well as defining test levels and
classifying indications and Iso 15626, specify-
ing acceptance levels corresponding to quality
levels according to Iso 5817. The last two stand-
ards constitute the basis for using the TOFD
technique in acceptance tests with the accept-
ance criterion being a quality level according
to Iso 5817. The correlation
between quality levels, test
levels and acceptance lev-
els in relation to the TOFD
technique-based tests is
presented in Table 1.

The source of primary
guidance on performing
tests using the TOFD tech-
nique is PN-EN 1SO 16828
Non-destructive testing. Ul-
trasonic testing. Time-of-
flight diffraction technique

as a method for detection and

- =
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Table 1. Welded joint quality levels with corresponding
test and acceptance levels when performing the TOFD
technique-based tests [6]

Quality level Testlevel | Acceptance level
accordingto | according to according to
ISO 5817 ISO 10863 ISO 15626
B C 1
C at least B 2
D at least A 3

sizing of discontinuities. Among other things,
the standard provides primary definitions, gen-
eral information concerning the test configura-
tion of TOFD, the interpretation of TOFD images
as well as requirements related to equipment
and testing personnel. The standard defines the
two primary types of TOFD scans, i.e. parallel
scans, where the scanner moves in parallel to
the axis of ultrasonic beams and a non-parallel
scan, where the scanner does not move in par-
allel to the axis of ultrasonic beams. It should
be noted that the non-parallel scan defined
above is usually performed (when testing weld-
ed joints) along a weld, i.e. parallel to its axis.
One might wonder why such an apparently il-
logical convention has been adopted. This is re-
lated to the history of the technique, which was
initially used for the sizing of fatigue cracks in
elements other than welded products. In such
products, the only reference direction for the
scanner movement was the orientation of the
axis of an inserted ultrasonic beam.

Standard PN-EN 150 16828 contains guidelines
concerning the adjustment of test parameters, in
particular, the frequency and size of a transduc-
er, wedge refraction angle, time window settings
and techniques used for adjusting the gain of a
defectoscope. The standard contains guidance
on the interpretation of indications and useful
mathematical formulas enabling the calculation
of scan resolution, size of dead zone and meas-
urement uncertainty related to the deposition
depth of discontinuity edge. It should be noted
that standard PN-EN 150 16828 is not specialised
as regards tests of welded joints but only con-
tains general guidance on TOFD tests.
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The primary standard concerning tests of
welded joints involving the TOFD technique
is PN-EN 150 10863 Non-destructive testing of
welds. Ultrasonic testing. Use of time-of-flight-
diffraction technique (TorD). The standard de-
fines the primary principles and requirements
concerning tests of joints and specifies four test
levels, i.e. A, B, C and D. Each subsequent test
level from A to D requires better document-
ed confirmation of the correct adjustment of
equipment and detectability of welding im-
perfections, being the object of interest in such
tests, and provides higher assurance of discon-
tinuity detection. The standard also specifies
requirements related to the quality of obtained
test results (TOFD images), provides guidance
on the interpretation and classification of de-
tected imperfections as well as on the reporting
of results. The standards also provide guidance
on identifications at the test specification stage,
personnel qualification, information to be pro-
vided to the operator prior to the performance
of a test and requirements concerning test spec-
ification. In addition, the standard constitutes
the source of guidelines concerning the design
of master samples for the verification of equip-
ment settings and detectability in tests utilising
the TOFD technique.

Guidance on the evaluation of welded joints
based on the TOFD test results is described in
PN-EN 150 15626 Non-destructive testing of welds.
Time-of-flight-diffraction technique (TOFD). Ac-
ceptance levels. The standard specifies three ac-
ceptance levels, i.e. 1, 2 and 3, corresponding
to quality levels B, C and D set out in PN-EN
150 5817 accordingly. In addition, the standard
specifies the primary symbols and definitions,
provides information on principles of deter-
mining the length and height of a discontinuity
on the basis of TOFD test results. The standard
also discusses the principles of dimensioning
and summing as well as presents three alter-
native techniques of measurement cursor po-
sitioning. It should be noted that, unlike in
conventional ultrasonic tests, where acceptance
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is conditioned by the amplitude and length
of indications, in TOFD tests, assessments are
based on the height, length and location of in-
dications (reaching the surface or internal).

Primary Requirements of TOFD Tests
According to PN-EN ISO 10863

The primary requirement as far as TOFD tests
are concerned is the assurance of detectabili-
ty over the entire area of interest. When test-
ing welded joints during their formation it is
assumed, accordance with valid standards, that
the required area contains the entire volume of
a weld along with the adjacent area including
10 mm on each side of the weld or the entire
heat affected zone, whichever is greater. This
area is tantamount to the area most likely to
contain discontinuities formed during the mak-
ing of welded structures. When testing objects
during their operation, the standard allows the
reduction of the above-presented test area and
requires the identification of the minimum size
of a discontinuity to be detected in an area sub-
jected to a test.

The positioning of transducers during tests
should ensure the coverage of the entire area of
interest and the obtainment of imaging (diftrac-
tion) signals from discontinuities, should the
latter occur. In cases of joints characterised by
simple geometry and the narrow excess weld
metal (of the face or root) on the side oppo-
site to the surface subjected to scanning, guide-
lines concerning the positioning of transducers,
presented in Table 2 of standard [5], guaran-
tee the coverage of the entire area of interest.
In cases of joints characterised by wide excess
weld metal on the opposite side, e.g. when test-
ing thick X-bevelled joints, it may be necessary
to perform additional scans further from the
weld axis. In such cases, it is necessary to veri-
ty detectability using appropriate master sam-
ples. It is necessary to use a constant reference
system, i.e. master sample, and the same cou-
pling system as the one used during the cali-
bration of a defectoscope. Tests utilising the
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TOFED technique do not require previous search
for laminar imperfections in sheets, if any, as
such imperfections are easily detectible using
TOFD tests.

It is worth paying attention to specific termi-
nology used in the ultrasonic echo technique,
also appearing in standards concerning the
TOED technique. The notion of time window
represents a time interval, during which a signal
received by a receiving transducer (receiver), is
detalised and recorded. In the TOFD technique,
the zero point of the time base corresponds to
the moment of transmitting signal initiation.
It also means that the time lag, defined as the
delay of the time base zero point in relation to
the moment of signal initiation, amounts to
zero. This notion cannot be identified with the
notion of range, as the latter is used to depict
a distance and is expressed in millimetres. In
PN-EN 150 10863, the notion of range or depth
range is used to depict the range of observa-
tion defined as the depth range. Another notion
widely used in the TOFD technique is wedge de-
lay representing the time during which an ul-
trasonic beam passes through the wedges of
ultrasonic transducers. The notion of wedge
delay should not be identified with the shift of
the time base zero point (time lag) used in the
echo technique, as it is not connected with the
shift of the time base in TOFD imaging, but is
only used for the conversion of time at which
a beam reaches a specific depth, referred to as
linearization in English language publications.

Some attention should also be paid to cer-
tain inconsistencies in PN-EN 1SO 10863. In
item 10.1.1, the standard requires that the depth
range and sensitivity be adjusted prior to test-
ing (in accordance with the requirements of
EN-583-6 [presently PN-EN 150 16828]), which
would imply the adjustment of gain in relation
to the level of structural noise and the veri-
fication of detectability. At the same time, in
item 10.1.4, the standard requires that the am-
plitude of a lateral wave amount to 40-80% of
the screen height, which, in fact, imposes the
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test gain. The noise level exceeding 20% of the
screen height and the achievement of the en-
tire screen height by the lateral wave require
the repetition of the test.

It is required that, in the case of tests involv-
ing the single scan of the entire depth range, the
time window start at least 1 us before the signal
of a lateral wave and finish after the first signal
of a transformed wave. In cases of tests divid-
ed into zones, time windows should overlap by
a minimum of 10% of the depth range.

In order to determine the distance between
the centres of pcs transducers, it is the most
favourable if the conversion of the time of lin-
earization (i.e. when a beam reaches the depo-
sition depth) is conducted through calibration
using a lateral wave reflected at a known sonic
velocity. It is required that the result of depth
measurement be verified using an element of
a known depth and that a measurement error
not exceed 0.2 mm. However, the standard does
not specify the manner of calibration. It should
be noted that in order to obtain such a pre-
cise and verified result of depth measurement,
an element subjected to a test, an element on
which the system is calibrated and an element
on which calibration is verified, should demon-
strate the same sonic velocity. It should also be
noted that the TOFD technique is significant-
ly more sensitive to errors resulting from the
difference in an ultrasonic wave velocity than
the echo technique utilising a transmitting-re-
ceiving transducer. In addition, the standard
requires the verification of test fixtures opera-
tional stability, i.e. gain and depth, at least prior
to a test, every 4 h during the test and follow-
ing the completion of the test.

Standard PN-EN 150 10863 defines
four test levels, i.e. A, B, Cand D. The

depth conversion). Test level A can be used only
in cases of 6-50 mm thick joints representing
quality level D. Test level B is used when test-
ing joints representing quality level C and hav-
ing a thickness of 6- 300 mm. In such a case, it
is necessary to use a master sample for gain ver-
ification. In both cases it is not necessary to use
test procedures and specimens for the verifica-
tion of detectability. In cases of test levels C and
D, e.g. used for joints representing quality lev-
el B, it is necessary to use a master sample for
the verification of detectability and performing
the above named tests on the basis of a written
test procedure. Test level D is connected with
the use of the highest requirements in terms of
master samples and the validation of test proce-
dures. Test level D is recommended when test-
ing elements having complicated shapes and
during operational tests [5].

Adjustment of Parameters for the
TOFD Technique

Table 2 of standard [5] presents guidelines con-
cerning the adjustment of the TOFD technique
test parameters in relation to the thickness of
ajoint being tested. The table contains informa-
tion related to the necessary number of scans
and parameters of heads used for searching
a given joint zone (depth range). In addition,
the table provides information about frequency,
transducer size, nominal beam insertion angle
and the beam intersection point. Joints having
thicknesses of up to 50 mm require a single
TOED scan including the entire joint thickness
range (from 0 to t). In such a case, the beam in-
tersection point is located at 2/3 of the depth.

Table 2. Parameters recommended during the TOFD technique tests
of butt joints having a thickness of 6 to 50 mm [5]

lowest level. ie. level A does not re- Joint thickness | Frequency f, | Wedge refraction | Transducer
X ’ t, mm MHz anglea, ° size d, mm

quire the use of a master (reference)

sample but only the use of an element 6tol0 b 70 2103

having a known thickness allowing >10t0 15 151010 70 2103

the determination of linearization >1510 35 10to 5 70 to 60 206

parameters (flight time-deposition >0 5t o 05 /0 el
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For thickness t=50+100 mm it is necessary to
divide a joint into two zones (Fig. 5). The first
zone includes the range of o to t/2, whereas the
second zone includes the range of #/2 to t. The
beam intersection point for the first zone is lo-
cated at a depth amounting to 1/3 t. For the sec-
ond zone, the beam intersection point is located
at a depth amounting to 5/6 . As a rule, each
of the zones requires the use of different test
parameters. An increase in the depth of a giv-
en zone is accompanied by a decrease in re-
quired frequency and angle and by an increase
in the transducer size. Similarly, for thickness
t =100+200 mm, a joint must be divided into
three zones, whereas for thickness t=200+300
mm it is necessary to divide a joint into four
zones. Exemplary parameters for joints hav-
ing a thickness of up to 50 mm are presented
in Table 2.

Fig. 5. Exemplary design of TOFD technique tests with
division into zones using the NDT Setup Builder software
developed by Olympus; joint thickness: 52 mm; beam
intersection point for the first pair of heads is located at
a depth of 17 mm, for the second pair of heads it is locat-
ed at a depth of 43 mm

Most of the parameters are presented in the
form of a range. This is because of the fact that
a change in the joint thickness of several milli-
metres entails a significant change in the length
of the wave in the material, particularly in cas-
es of large beam insertion angles. Using high
frequency waves significantly reduces the am-
plitude of diffracted waves due to damping and,
as a result, leads to the lack of distinct indica-
tions in the TOFD imaging, hence the gradual
reduction of frequency and wedge refraction
angle accompanying the increase in joint thick-
ness. The precise adjustment of test parame-
ters must be determined experimentally so that
the obtained TOFD imaging could satisty the

No. 4/2016
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requirements of related standards in terms of
the amplitude of lateral wave as well as of struc-
tural and electronic noise. Test levels C and D
require additional verification of the correct-
ness of settings using the specimen for the ver-
ification of detectability.

Standard PN-EN 150 16828 also provided in-
formation on the recommended test param-
eter ranges in the TOFD method, yet they are
significantly wider than those described above
according to PN-EN 150 10863. It should be not-
ed that the requirements of both standards are
not always coherent. For instance, according to
standard [5] concerning tests of welded joints,
the testing of a 10 mm thick joint requires us-
ing the frequency of 15 MHz (Table 2 in [5]). In
turn, according to PN-EN 150 16828, a thickness
of 10 mm is located on the border of thickness
ranges and, because of that, requires the fre-
quency range of 5 to 10 MHz (Table 1 in [7]).
In such a case it seems more favourable to sat-
isty the requirements of the standard concern-
ing the testing of welded joints [5] and to use a
frequency of 15 MHz.

Summary

Because of high detectability and the entire ar-
chiving of results, tests of welded joints using
the TOFD technique constitute an advantageous
alternative to relatively expensive and prob-
lematic X-ray radiographic or conventional ul-
trasonic tests, where the correctness of results
is highly dependent on operator knowledge
and experience. An additional advantage con-
nected with the use of modern TOFD test sys-
tems is the possibility of evaluating results on
an “off-line” basis, using compatible computer
software, while the testing equipment can be
used to perform further series of tests, signifi-
cantly increasing its efficiency. Another impor-
tant aspect is the possibility of performing tests
using the TOFD technique combined with the
Phased Array technique, which, presently, is the
most effective system of detecting, characteris-
ing and dimensioning imperfections in welded
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joints. For this reason, the article is concerned
with discussing the most important require-
ments contained in standards related to the

NDT of welded joints using the TOFD technique.
In addition, the article analyses the essence of
the formation of discontinuity indications us-
ing imaging (diffraction) signals and discusses

standard documents concerning tests utilising

the TOFD technique as well as the primary re-
quirements related to the performance of tests

and the selection of parameters.
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Dye Penetrant Testing of Welded Joints Made of Nickel
and its Alloys

Abstract: The article presents tests involving natural cracks, including measure-
ments of the width of cracks and the profile of their surface roughness. The in-
vestigation also involved tests performed in order to observe how a given factor
affects development times in penetrant tests as well as to determine what time
of development is recommended for nickel and its alloys in order to detect un-
acceptable welding imperfections (cracks). The article also discusses the effect
of penetration times on the duration of development times and sizes of indica-
tions in penetrant tests.
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Introduction methods. One of the most popular NDT meth-

Welding processes can be accompanied by the ods is penetrant testing. During penetrant tests,
formation of welding imperfections compro- a penetrant, supported by a developer, “leaves”
mising the strength of welded joints. The most a discontinuity to reach the surface subjected to
important imperfections in terms of welded the test. As a result, a dye or fluorescent tech-
structures are cracks. Surface cracks can be de- nique-based indication is obtained (Fig. 1). The
tected using various non-destructive testing time after which a penetrant reaches the surface,

Fig. 1. Indications obtained during penetrant tests: a) using the dye penetrant method (observation of the surface
in natural light), b) using the fluorescent method (observation of the surface in UV-A radiation)

dr inz. Pawet Irek (PhD (DSc) Eng.), mgr inz. Lukasz Rawicki (MSc Eng.), dr inz. Karol Kaczmarek (PhD
(DSc) Eng.), - Instytut Spawalnictwa, Welding Education and Supervision Centre
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Fig. 2. Butt joints made of Nickel 200. Roman numerals represent
numbers of successive joints

| 1

o
ik A

Fig. 3. Exemplary cracks in the butt joints made of nickel (magnified 4x).
Roman numerals represent numbers of successive joints; Arabic numer-
als represent number of successive cracks in a given joint

referred to as the time of develop-
ment, may vary from several min-
utes to even 24 hours. The objective
of the investigation was to deter-
mine how the width of a crack and
the roughness of its surface affect
the time of development in weld-
ed joints made of nickel and its al-
loys and what time of development
should be used in relation to these
materials. In order to obtain more
accurate results, the tests described
in the article were performed using
natural cracks [1-3].

Test Specimens

The tests involved the use of Nick-
el 200. The determination of crack
widths involved making 6 butt joints

(140x240x6 mm) (Fig. 2). The melt-
ing of plates nos. 5 and 6 was not fol-
lowed by the formation of cracks. In

order to solve this problem and cre-
ate cracks, plates nos. 5 and 6 were

cut at the area of melting and weld-
ed. The butt joints were welded us-
ing the T1G method without a filler
metal. The test joints were provided

with numerals.

Tests

Before the tests and measurements,
the specimens were thoroughly
cleaned, i.e. post-processing re-
mains were removed and the sur-
face to be tested was degreased in
an ultrasonic washer using extrac-
tion naphtha and cleaning solvent.
After washing, the specimens were
dried at a temperature of approx-
imately 20°c, using a stream of
compressed air. As expected, the
butt joints developed cracks (see
Fig. 3 and 4).
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Macroscopic photographs of the cracks were
made using an Olympus szx9 stereoscopic mi-
croscope at 4x and 28.5x magnification. The
widths of the cracks were measured using the 7
Auto cAD 2012 software programme and digi-
tal photographs containing visible cracks. The
measurement accuracy amounted to 4 pm. The
number of measurements performed for each
crack varied as measurements of crack widths
were performed at 1 millimetre intervals. There-
fore, depending on the length of each crack, the
number of measurements varied between a few
to more than a hundred. The designations and
widths of the cracks in the butt joints are pre-
sented in Table 1.

Table 1. Designations and the width of the cracks in the
butt joints made of Nickel 200

Number of Crack width,
. . Crack number
joint um
1 8+612
I 2 28+368
3 4+340
IT 1 4+456
11 1 4+204
1 4+272
2 4+48
v
3 4-+248
4 4+104
Vv 1 4+-684
VI 1 4+1228

The width of 11 measured cracks was re-
strained within the range of 4+1228 um. Before
breaking, the crack areas (in order to measure
the roughness profile of crack surfaces) were
subjected to dye penetrant tests. The penetrant
tests of the cracks involved the use of a set of
testing aerosols designated, following the re-
quirements of standard PN-EN 1O 3452-1, as
[ICe-2, type 'Diffu-Therm”, manufactured by
H. Klumpf Techn. Chemie KG D-45699 Herten.
The aerosols used in the tests were as follows:

— penetrant — r ed colour, type BDR-L, lot no.: Fig. 4. Exemplary cracks in the butt joints made of nickel
20 15, filling date: 09/2015; (magnified 28.5x)
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— remover - type BRE, lot no.: 22 16, filling date:
02/2015;

— developer - type BEa, lot no.: 23 16, filling
date: 06/2015;

— guarantee period - 2 years;

— no chlorine or sulphur compounds in the
chemical composition.

The tests involved the use of the following meas-

uring equipment:

— luxmeter - type LX 105 manufactured by the

company “LX Lutron”;

thermometer/hygrometer, model 303;

caliper with measurement accuracy of 0.02 mm;

workshop magnifying glass (4x);

non-shredding fabric.

The penetrant tests of the cracks were conduct-

ed in the following conditions:

— temperature of tested surface — 22°c;

— ambient humidity — 23%;

— penetration time - 10, 30, 90 and 120 minutes;

— development time - until the end of indica-
tion development;

— illuminance of tested surface — 584 Ix;

— observation distance - 10-30 cm;

— observation angle — from 60 to 90°.

The tests involved all of the cracks in several
tests, where variables were the time of penetra-
tion and the time of development. The time of
penetration amounted to 10, 30 and 120 minutes;
the penetrant was applied several times so that
a surface subjected to the tests was permanently
covered by the penetrant. The different values of
penetration time enabled examining the effect
of the time of penetration on the time of devel-
opment. On the basis of information contained
in reference publications, the time of penetra-
tion was extended to 120 minutes, in compari-
son with recommendations of related standards,
stating that the time of penetration should be
restricted within the range of 5 to 60 minutes.
The additional measurement was related to the
time of development when the penetrant was
applied only one time (9o minutes). The meas-
urements of indications were conducted after s,
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10, 15, 20, 30, 40, 50 and 60 minutes etc., until
the end of the development of a given indica-
tion (Table 2). Only one indication of the long-
est crack was recorded for each specimen. Each
penetrant test was performed 3 times for spe-
cific parameters and the results were averaged.

The measurements performed at the initial
stage of indication appearance aimed at the more
accurate determination of the dependence be-
ing the subject of this work and the dynamics of
crack formation. The adopted maximum time
of indication development exceeded the rec-
ommendations formulated in standard PN-EN
ISO 3452-1, stating that the time of development
should be restricted within the range of 10 to
30 minutes. The time adopted in the tests was ex-
tended in order to determine the recommended
time of indication development regardless of the
recommendation specified in the above named
standard. The specimens with developed indi-
cations are presented in Figure 5.

Fig. 5. Selected specimens made of nickel with indications
originated in cracks. Roman numerals represent numbers
of successive joints
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Table 2. Sizes of indications originated in the cracks formed on the joints made of nickel. The penetrant was applied so
that the entire tested surface was permanently covered by the penetrant; * - test joint covered by the penetrant once

Specimen no. I

Time of Development time, min
penetra-
tion. min 5 10 15 20 25 30 40 50 60 70 80 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 40.5 | 42.0 | 43.5 | 44.5 | 46.0 | 47.5 | 485 | 49.5 | 51.0 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 54.5 | 55.0 | 56.0 - - -
30 40.0 | 42.0 | 43.5 | 45.0 | 46.0 | 47.5 | 49.0 | 50.0 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.5 | 55.0 | 56.0 | 57.0 | 57.5 | - -
120 39.0 | 41.0 | 42.5 | 44.0 | 45.5 | 47.0 | 48.0 | 49.0 | 50.0 | 51.0 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 55.0 | 56.0 | 57.0 | 57.5 | -
90* 39.0 | 41.0 | 42.0 | 43.5 | 45.0 | 45.5 | 47.0 | 48.0 | 48.5 = = = = = = = = = - =
Specimen no. II
Time of Development time, min
penetra-
tion. min 5 10 15 20 25 30 40 50 60 70 80 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 46.0 | 48.0 | 48.5 | 49.0 | 49.5 | 50.0 | 50.5 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 54.5 - - - - - -
30 47.0 | 47.5 | 48.5 | 49.0 | 49.5 | 50.0 | 50.5 | 51.0 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 - - - - - -
120 47.0 | 48.0 | 48.5 | 49.0 | 49.5 | 50.0 | 50.5 | 51.0 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 54.5 | 55.0 | 56.0 | 57.0 | - -
90* 47.0 | 48.0 | 48.5 | 49.5 - - - - - - - - - - - - - - - -
Specimen no. 111
Time of Development time, min
penetra-
onmin | 3 | 10| 15 [ 20 | 25 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 0 T S O e e O e e I I e
30 85 | - - - - - - - - - T e e I )
120 |90 | - | - | - - -0 -0 - -0 -1-01-0-1-"1-1-1-1-1-1"-+
90* 80 | - - - - - : - - - - e D
Specimen no. IV
Time of Development time, min
penetra-
tion.min | > | 10 | 15 | 20 | 25 | 30 | 40 | 50 | 60 | 70 | 8 | 9 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 525 | 560 | 57.0 | 585 | 595 | 61.0 | 62.5 | 640 | 650 | 660 | 67.0 | 67.5 | 680 | 685 | - - - - - -
30 530 | 565 | 575 | 59.0 | 60.0 | 61.5 | 63.0 | 645 | 655 | 660 | 67.0 | 680 | 685 | 685 | 69.0 | - - - -] -
120 | 530 | 560 | 575 | 59.0 | 60.5 | 620 | 63.0 | 640 | 650 | 66.0 | 67.0 | 680 | 685 | 69.0 | 695 | 700 | 710 | - | - | -
90* | 590 | 595 | 600 | 605 | - - - - - - - - - - - - - - -
Specimen no. V
Time of Development time, min
penetra-
tonmin | 3 | 10| 15 [ 20 [ 25 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 143.0 | 146.0 | 148.0 | 149.0 | 150.0 | 151.0 | 153.0 | 155.0 | 156.0 | 157.0 | 158.0 | 159.0 | 159.5 | 160.0
30 144.0 | 146.0 | 148.0 | 149.5 | 151.0 | 152.0 | 154.0 [ 155.5 | 156.0 | 157.0 | 158.0 | 159.0 | 159.5
120 144.0 | 146.0 | 148.5 | 150.0 | 151.0 | 152.0 | 154.0 | 156.0 | 157.0 | 158.0 | 158.5 | 159.0 | 159.0 | 159.5 | 160.0 | 160.5 | 161.5 | 162.0
90* 143.0 | 146.0 | 148.0 | 149.0 | 150.0 | 151,0 | 152,0
Specimen no. VI
Time of Development time, min
penetra-
tion. min 5 10 15 20 25 30 40 50 60 70 80 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 74.5 1 76.0 | 78.0 | 79.5 | 80.5 | 81.0 | 82.0 | 83.0 | 84.0 | 85.0 | 85.5 | 86.0 | 86.5 - - - - - - -
30 75.0 | 77.0 | 78.0 | 79.0 | 80.0 | 81.0 | 82.5 | 83.5 | 84.0 | 84.5 | 85.0 | 86.0 - - - - - - -
120 75.0 | 76.5 | 78.0 | 79.0 | 80.0 | 81.0 | 82.5 | 83.5 | 85.0 | 85.5 | 86.0 | 86.5 | 87.0 | 87.5 | 88.0 | 89.0 | 89.5 - - -
90* 77.0 | 78.0 | 79.0 | 80.5 | 81.0 | 81.0 | 81.5 | 82.5 | 84.0 - - - - - - - - - - -
Note: Indication sizes provide information about the greatest values of indication in millimetres
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The penetrant tests of the nickel specimens
containing the cracks revealed that one of the
objectives of the work had been satisfied. The
tested differences in penetration time related to
the joints made of nickel revealed that at longer
penetration times (120 minutes) indications
were greater, which could imply the necessity of
extending both the time of penetration and the
time of development in relation to these mate-
rials. Sometimes, at a shorter penetration time
(10 minutes), the indications were slightly great-
er than those obtained at a penetration time
of 30 minutes. Such differences rather demon-
strated the specific nature of the test process it-
self as the process of penetrant testing consists
of a number of phases, each of which must be
performed paying significant attention to detail.
Each negligence, usually unintended, in the test-
ing process decreases its sensitivity, leading to
the obtainment of a different final result. Know-
ing this, it is easy to explain detected inaccura-
cies, i.e. greater indications obtained at shorter
penetration times. When the penetrant was ap-
plied once, the indications were significantly
smaller and the time of development was short-
er. It was also noticeable that in most of the cas-
es, the size of indications grew dynamically up
to approximately 15-20 minutes of development
time. After this time, the increase in indications
was very slow and in most of the cases finished
after approximately 200 minutes (Fig. 6).
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Fig. 6. Dependences between indication sizes and
development times for the cracks formed in the joint
made of nickel
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This implies that when performing penetrant
tests of joints made of nickel and its alloys, the
time mentioned above can be recognised as
adequate for detecting unallowed external im-
perfections (such as cracks). The tests also re-
vealed a tendency that an increase in the width
of a crack was accompanied by an increase in
the time of development.

Another stage of the tests involved measure-
ments of crack surface roughness. In order to
determine profiles of roughness in the cracks,
the butt joints were broken in the areas where
the cracks were formed. The rig used for test-
ing the profile of roughness was provided with
the Turbo Datawin-NT software programme
integrated with a Hommel tester T1000 (con-
tact profile measurement gauge) (Fig. 7). The
measurement equipment enabled complex di-
mensional and statistical analyses of microge-
ometrical parameters as well as the visualisation
of the stereometric structure of a surface sub-
jected to measurement. The equipment made
it possible to measure the following profiles:

- roughness (R),

— waviness (W),

— primary profile (P) and roughness core pa-
rameters (Rk) as well as parameters of the
motif-detection method (WD1 and WD?2).

Fig. 7. Hommel tester T1000 contact profile measurement
gauge
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R- Profile Filter M1 DIN4777 Le = 0.250 mm

Such a wide range of measurements | 1o |
was necessary in order to determine
correct values of the surface roughness

. L fym]
profile. An issue posing difficulty was | 100 -
the waviness of the surface, the rough-
ness of which was to be measured.
As a result, the equipment made two | oo

measurements, i.e. the surface profile | pm : : , : : :
SO, b o e A R B i A A A A :

0.0

1000 L - 1

and the roughness profile (Fig. 8). Pick-wp TIE Lt =150 mm 150
After approximating the value ob- Fig. 8. Measurement of surface roughness (top) and of the profile
tained after measuring the surface pro- (bottom)

file, the software programme converts
this value into the profile of roughness.
In addition, during measurements, the
screen displays the visualisation of the
stereometric structure of the surface
being measured (Fig. 9). %

The software programme integrated
with the profile measurement gauge | EESSFSERIEIESIEEE ST
provides a lot of data concerning the |
surface being measured (Fig. 10). This

Fig. 9. Visualisation of the stereometric structure of the surface being
work discusses one of these parame- measured

ters, namely Ra, i.e. the average arith-
metic deviation of the profile from the
average line. The profile of roughness
was measured for each crack in 3 ar-
eas; afterwards, measurement results
were averaged (Table 3). Due to the
shape of the joint surface after break-
ing, not all cracks could be measured.

The roughness of surface was meas-
ured in accordance with recommen-
dations specified in standard PN-EN
1S0O 4288:2011E. The length of elemen-
tary segment [, amounted to 0.8 mm
or 2.5 mm, whereas the length of T

measurement segment I, amounted Fig. 10. Window of the Turbo Datawin-NT software programme.
to 4.8 mm and 15 mm respectively. The red colour indicates parameter Ra (analysed in the work)

Table 3. Roughness of surfaces of the cracks detected in nickel Nickel 200

Plate/ joint I I | II IIT v v v v \Y% VI
Crack 1 2 3 1 1 1 2 3 4 1 1
Roughness Ra, pm 3.98 | 457 | 5.15 | 2.41 2.61 7.40 1.39 | 2.56 | 3.40 1.66 | 4.00

Note: Roman numerals represent numbers of successive joints; Arabic numerals represent number
of successive cracks in a given joint
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The value of the elementary segment and the
value of the measurement segment depend on
the range of roughness expected on the surface
being measured.

The roughness of crack surfaces was restrict-
ed within the range of 2.01 to 13.24. When com-
paring the results concerning the roughness of
crack surfaces it was noticed that in relation to
previously performed penetrant tests. the time
of development was longer in cases of cracks
characterised by a greater roughness of surface.

Conclusions

The analysis of the test results led to the formu-
lation of the following conclusions:

1. As regards penetrant tests of nickel and
its alloys, the time of penetration significantly
affected times of development and sizes of in-
dications and, therefore should be extended to
120 minutes.

2. In most cases, the single-time application
of a penetrant resulted in a shorter development
time and smaller-sized indications in compar-
ison with situations when a penetrant was ap-
plied several times.

3. Each of the tested factors significantly af-
fected development times in the penetrant tests,
which was demonstrated by various develop-
ment times in cases of various cracks.

4. An increase in the roughness of crack sur-
face was accompanied by an increase in the
time of development, which could probably be
attributed to the greater spread of the surface
and, as a result, the greater volume of penetrant
located in a given discontinuity.

5. An increase in the width of a crack was
accompanied by an increase in the time of de-
velopment; this was because of the greater vol-
ume of penetrant in a given crack.

6. It is recommended that in penetrant tests
of nickel and its alloys the time of development
be extended to approximately 200 minutes. In
most cases, such a time is sufficient for detect-
ing unacceptable welding imperfections.
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Analysing the Effect of Changes in Overlay Weld Geometry

on Test SEP 1390

Abstract: The article presents issues related to the assessment of the weldability
of thick-walled materials used when making welded steel structures. The article
also discusses the analysis of test results based on the technological test concern-
ing the weldability of thick-walled structural materials according to the guide-
lines of SEP 1390. The tests took into consideration the effect of the change in
overlay weld geometry on the technological test, and, as a result, the final result

of weldability assessment.
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Introduction

The making of thick-walled welded structures
continues to pose numerous difficulties in spite
of continuous developmental progress in many
areas of manufacturing technologies, includ-
ing welding and metallurgical processes. Thick-
walled welded joints require being particularly
carefully made, following the development of
appropriate technological conditions. One of
the key factors affecting the successful mak-
ing of good quality joints is the proper deter-
mination of base material weldability, usually
based on both analytical and simulations meth-
ods, often involving technological tests [1, 2].
Technological tests serving the above named
purpose are usually used to verify analytical
methods and confirm quality assumptions re-
quired by related standards and guidelines. Rec-
ommended technological tests are related to

crack mechanics, i.e. the initiation and prop-
agation of cracks in structural materials and
joints [3]. Technological test SEP 1390 recom-
mended by the German Institute of Steel and
Iron (aBV) and used for assessing the welda-
bility of thick-walled structural materials also
serves the purpose mentioned above.

The objective of this study includes analys-
ing the results of tests performed on the basis
of SEP 1390 guidelines and taking into consid-
eration the effect of a change in overlay weld
geometry on the proper course and result of
test SEP 1390 when assessing the weldability of
thick-walled structural materials. Provided that
technological test SEP 1390 is performed prop-
erly, the analysis of test results should provide
valuable information concerning the proper de-
termination of material weldability.
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Fig. 1. Scheme of the specimen subjected to test SEP 1390

Table 1. Dimensions of the specimens in relation to the thickness

1: material,

2: overlay weld [4]

of tested material [4]

Material | Specimen | Specimen | Overlay weld | Groove
thickness g | length L, | widthB, | lengthL, | radiusR
[mm)] [mm] [mm)] min [mm)] [mm]
30<g<35 410 200 175 4
35<g<40 440 200 190 4
40<g<45 470 200 220 4
45<g<50 500 200 220 4
g>50 500 200 220 4
D
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v
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N
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-

/|
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Fig. 2. Scheme of the weldability test performed
within the bend test [4]

Table 2. Dimensions of the scheme involving the bend tests

of the specimens [4]

Material Mandrel Distance Support

thickness | diameter D | between sup- | diameter d

g [mm] [mm)] ports L, [mm] [mm)]
30<g<35 105 190
35<g<40 120 220
40<g<45 135 250 > 50
45 < g<50 150 280

g>50 150 280
66 BIULETYN INSTYTUTU SPAWALNICTWA

Characteristics of Weldability
Test SEP 1390

Test SEP 1390 is focused on the welda-
bility of materials having a minimum
yield point restricted within the range of
235 MPa to 355 MPa and a thickness equal
to or exceeding 30 mm [4,5]. The weld-
ability tests consist in bending a speci-
men sampled from a material with an
appropriately made overlay weld locat-
ed in a groove milled along the specimen
axis. The bend test assesses the possibility
of blocking a crack induced in a special
overlay weld subjected to tension during
the bending of the specimen. The shape
of the specimen sampled for the tests is
presented in Figure 1. The dimensions of
specimens in relation to the thickness of
a material being tested are presented in
Table 1 [4].

When testing thicker materials, it is
necessary to remove the excess materi-
al to a thickness of 50 mm, leaving one
post-roll unprocessed surface. The sat-
isfaction of this condition is necessary
because of limitations concerning loads
of up to 1000 kN on standard testing
machines. The scheme of a weldability
test performed in a bend test involving
a properly prepared specimen is present-
ed in Figure 2. Important dimensions
concerning the specimens are present-
ed in Table 2.

The bend tests are performed using
a testing machine having a significantly
large load range, preferably up to 1000
kN, using appropriate fixtures according
to the test scheme presented in Figure 2.

Preparation of Test Specimens

Material

Material for test specimens was sampled
from steel 35572+N (65X1640%X3550 mm).
Steel 35572+N is structural unalloyed steel
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commonly used in civil engineering structures
including halls, containers, bridges, cranes or
power engineering structures. According to
standard PN-EN 10025-2:2008, the minimum
yield point of the above named steel amounts
to R, = 335 MPa, whereas the minimum im-
pact energy at a temperature of -20°c amounts
to 27 J. During the production the material was
subjected to heat treatment (normalising) [6].
Steel s33572+N is characterised by good welda-
bility and, according to the manufacturer’s cer-
tificate of conformity, has a carbon equivalent
CEV = 0.44 [7].

According to the above named certificate, the
mechanical properties of steel s33572+N are the
following [7]:

— yield point R, = 358 MPa

- tensile strength R,, = 512 MPa

— elongation As=30%

— impact energy KV = 209 J at a temperature
of -20°C

Treatment of Specimens

The specimens were thermally cut out of a plate
leaving an appropriate allowance. Afterwards, the
specimens were subjected to mechanical treat-
ment to reach dimensions of 500x200x50 mm.

[@)ev-ne |

In accordance with the requirements of test SEP
1390 the specimens were milled to a thickness
of 50 mm on only one side of the plate, leaving
the other side with a post-roll raw surface. Af-
terwards, on the untreated (post-roll raw) sur-
face of the specimen, a groove having a radius
R=4 mm was milled along the entire length of
the plate. The post-treatment view of the speci-
men is presented in Figure 3.

Overlay Weld

The overlay weld was made in accordance with
the guidelines of SEP 1390, using Mma welding
(111) and a rutile electrode. The rutile electrode
was thick-covered (Fig. 4) and had a diameter
of 5 mm; the electrode was made by EsaB un-
der the commercial name of OK Femax 33.80
5.0x450 mm. In accordance with standard
EN 150 2560-4, the electrode was designated
with code E 42 0 RR 73). Before overlay welding,
the electrodes were subjected to drying (rec-
ommended by the manufacturer) performed
at a temperature of 250°c for approximately
2 hours.

According to the certificate of conformity,
the mechanical properties of the weld deposit
were the following [8]:

Fig. 4. Electrodes made by ESAB OK Femax 33.80 5.0x450 mm
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yield point R,; = 480 MPa

tensile strength R,, = 555 MPa

elongation As = 26%

impact energy KV = 60 J at a temperature
of 0°C

The preparation of the specimens in accord-
ance with the recommendations contained in
SEP 1390 was followed by the adjustment of
optimum parameters for surfacing individu-
al specimens. The overlay welds were made in
the milled groove using a single run without
stopping the process of surfacing. After sur-
facing, the overlay welds were not subjected to
mechanical treatment. All the specimens were
subjected to surfacing at a temperature of 19°c
and using constant values of welding current
and arc voltage (I=246 A, U=29.84 V). In order
to test the effect of the change in overlay weld
geometry (height of the excess weld metal of
the overlay weld) on test SEP 1390, the overlay
weld of each specimen was performed using
a different welding rate restricted within the
range of 2.2 mm/s to 4.9 mm/s. The process of
surfacing is presented in Figure 5. The photo-
graphs showing the process of surfacing were
performed without screening electric arc and
using a filter screening arc. The specimens af-
ter surfacing and cleaning of the overlay weld
are presented in Figure 6.

After cooling, the slag was removed from
the specimens using a welding hammer and
a wire brush. The removal of the slag was fol-
lowed by measurements of the widths and
heights of the overlay weld faces. Each spec-
imen was subjected to 12 measurements per-
formed every 20 mm. The average heights of
overlay weld faces amounted to 0.1; 0.8; 1; 1.2;
2.0 and 2.5 mm respectively, whereas the cor-
responding heights amounted to 17.9;18.7; 19.1;
19.4; 24.3 and 24.8 mm.

Tests

After thorough preparation, the test specimens
were individually placed in a testing machine
manufactured by Heckert EU 100T and provided
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Fig. 5. Surfacing of the specimens: a) without screening arc
b) using a filter screening arc

Fig. 6. Test specimen with the overlay weld

with specialist fixtures featuring appropriate
mandrel and supports used for the bending of
specimens. A given specimen was placed in
such a manner that the overlay weld was lo-
cated in the tension zone during the process of
bending. In accordance with the guidelines of
SEP 1390, the mandrel diameter related to the
test plate having a thickness of 50 mm amount-
ed to 150 mm, the diameters of the supports
amounted to 8o mm, whereas the distance be-
tween the supports amounted to 280 mm. In
order to assess the bend angle of the specimen,
the bend tests were continuously monitored by
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cameras filming the area of the overlay weld
subjected to tension; the testing machine dy-
namometer (clock) indicating the value of the
bend force and the specimen subjected to bend-
ing. An exemplary image recorded (and edited)
using three cameras during the technological
bend test is presented in Figure 7 [9].

crack formation

£ 1/ o
£ L Ve el
Y v_‘ ﬂrr_i_ $ 3

plate bend angle

force value

Fig. 7. Image recorded by the cameras
during the bend test [9]

The system enabling the continuous moni-
toring of primary process variables was the ba-
sis of the thorough analysis of individual tests.

Test Results

The general characteristics of test results are
presented in relation to the individual tests [9].

Test no. 1

In test no. 1 (excess weld metal height of 2.5 mm,
bend angle of 65°) 6 cracks were recorded;
4 cracks passed through the heat affected zone
and were stopped in the base material. None
of the cracks exceeded the boundary value of
8o mm (from the overlay weld centre to the
edge of the crack). The test result was positive.

Test no. 2

In test no. 2 (excess weld metal height of 2.0 mm,
bend angle of 66°) 6 cracks were recorded;
2 cracks passed through the heat affected zone
and were stopped in the base material. None
of the cracks exceeded the boundary value of
8o mm (from the overlay weld centre to the
edge of the crack). The test result was positive.
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Test no. 3

In test no. 3 (excess weld metal height of 0.8 mm,
bend angle of 65°) 6 cracks were recorded, all
of which cracks passed through the heat affect-
ed zone and were stopped in the base material.
None of the cracks exceeded the boundary value
of 80 mm (from the overlay weld centre to the
edge of the crack). The test result was positive.

Test no. 4

In test no. 4 (excess weld metal height of 0.1 mm,
bend angle of 67°) 9 cracks were recorded;
7 cracks passed through the heat affected zone
and were stopped in the base material. None
of the cracks exceeded the boundary value of
8o mm (from the overlay weld centre to the
edge of the crack). The test result was positive.

Test no. 5

In test no. 5 (excess weld metal height of 1.2 mm,
bend angle of 66°) 7 cracks were recorded;
3 cracks passed through the heat affected zone
and were stopped in the base material. None
of the cracks exceeded the boundary value of
8o mm (from the overlay weld centre to the
edge of the crack). The test result was positive.

Test no. 6

In test no. 6 (excess weld metal height of 1.0 mm,
bend angle of 66° 10 cracks were recorded,
6 cracks passed through the heat affected zone
and were stopped in the base material. None
of the cracks exceeded the boundary value of
8o mm (from the overlay weld centre to the
edge of the crack). The test result was positive.

Analysis of Test Results

All the test specimens produced positive re-
sults as regards the final assessment concerning
the weldability of the material in accordance
with criteria presented in the guidelines of Sep
1390. Conditions related to the formation and
propagation of cracks within appropriate lim-
its (during bending performed to reach the
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boundary angle) were satisfied. Table 3 pre-
sents the detailed characteristics of the param-
eters recorded during the bend tests (taking
into consideration cracks formed in relation
to the height of the excess weld metal of the
overlay weld).

metal. A similar dependence referred to a great-
er number of cracks crossing the HAZ boundary
and entering the base material of the specimens
characterised by lower heights of overlay welds.
The latest criterion is particularly important as
regards the essence of technological tests, where

Table 3. Bend test results [9]

Height of excess weld metal [mm] 25 (22|12 |10 | 08| 0.1
Specimen no. 1 2 5 6 3 4
Maximum bend angle [°] 65 | 66 | 66 | 66 | 65 | 67
Value of force [kN] 945 | 930 | 895 | 900 | 910 | 940
Number of cracks formed in the overlay weld 6 6 7 10 7 9
Number of cracks passing outside the HAZ - 2 3 6 6 7
Total length of the longest crack [mm] 39.6 | 36.6 | 25.3 | 25.0 | 70.5 | 30.0
Longest crack from overlay weld axis [mm)] 209 | 16.2 | 17.7 | 12.5 | 37.1 | 18.0
Bend angle related to the formation of crack no. 1 [°] 20 | 40 | 20 8 8 12
Bend angle related to the passage of crack no. 1 through the HAZ [°] | 56 | 48 | 46 | 28 | 24 | 32
Bend angle related to the formation of the longest crack [°] 36 | 40 | 28 8 8 12
Test assessment [ok - positive; neg. — negative] ok | ok | ok | ok | ok | ok

The test results presented in Table 3 were de-
termined for all of the specimens subjected to
bending to a boundary angle restricted within
the range of 65+67° using force restricted with-
in the range of 895 to 945 kN. In the specimens
having heights of 0.1, 0.8 and 1.0 mm, the first
cracks were initiated at small bend angles re-
stricted within the range of 8° to 12° and were
characterised by significant dynamics when
crossing the HAZ boundary at bend angles re-
stricted within the range of 24° to 32°. In turn,
in the specimens containing overlay welds hav-
ing higher excess weld metal, i.e. 2.5, 2.0 and
1.2 mm, the first cracks were initiated at great-
er bend angles restricted within the range of
20° do 40° and were characterised by signifi-
cantly smaller dynamics making it possible to
cross the HAZ boundary at bend angles restrict-
ed within the range of 46° to 56°.

It was also possible to observe greater amounts
of cracks formed in the specimens character-
ised by lower heights of the excess weld met-
al of the overlay weld faces in relation to the
specimens characterised by higher excess weld
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it is absolutely necessary that a crack be gener-
ated in the overlay weld, cross the HAZ bound-
ary to finally enter and be stopped in the base
material.

Conclusions

The tests and the analysis of the effect of the
change in overlay weld geometry on the course
of technological testing used when assessing
the weldability of thick-walled materials made
of steel s35572+N according to the guidelines of
SEP 1390 enabled the performance of the relat-
ed assessment and the formulation of the fol-
lowing conclusions:

— first cracks were initiated significantly early
and related to the lower excess weld metal of
overlay weld faces,

— rate of crack propagation was significantly
higher in cases of the lower excess weld met-
al of overlay weld faces,

— number of cracks passing through the HAZ
and reaching the base material was greater
in cases of lower excess weld metal,

- number of cracks was also greater in cases of
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the lower excess weld metal of overlay weld
faces,

- recommendation contained in the techno-
logical test according to the guidelines of SEP
1390 concerning the excess weld metal height
of approximately 1 mm is fully justified in
light of the performed tests as the cracks were
initiated early (as early as at an angle of 8°)
and satisfied the condition of passing from
the overlay weld to the base material at an
angle of mere 24°,

— all of the tests performed using the specimens
having various heights of excess weld met-
al produced positive results concerning the
weldability of 65 mm thick plates made of
steel $35572+N.

Confirming the rightness of the recommenda-

tion concerning the height of the excess weld

metal of the overlay weld (approximately 1 mm)

is justified, as the range of up to 1 mm undoubt-

edly offers the most favourable conditions as re-
gards the appropriate dynamics of the test and
its high sensitivity without affecting the final
result concerning the assessment of weldabili-
ty. Properly conducted tests make it possible to
verify the analytically determined assessment
of weldability related to thick-walled structur-
al materials used in welded structures. Particu-
larly important is the test when assessing the
weldability of thick-walled structural materials
used in structures exposed to significant static
loads or to loads of lower intensity but being
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dynamic in nature. For this reason the test is
often recommended by various guidelines or
standards, e.g. DIN 18800-7 [10].
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