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Abstract: Welding is a special process, the result of which cannot be fully guaranteed despite the use of all possible and
available procedures leading to the correct fabrication of the welded joint. The quality of joints made in the welding
process cannot be fully verified during inspection and testing, where any discrepancies may only become apparent
during product operation. The tests presented in the article aimed to determine the impact of changes in the value
of welding linear energy (heat input) and of correlations between values of process parameters (current, arc voltage
and welding rate) on welding deformations of joints made of ferritic-austenitic steel using the GMAW method. The
testing methodology, involving the performance of tests based on an experimental scheme, enabled the development
of a mathematical model of the test object (MMTO). The analysis of the MMTO revealed its usability in explaining
(and forecasting) the mean square deviation of surface flatness (i.e. a parameter used to assess the value of joint flat-
ness deviation) in relation to values of welding process input parameters under specific implementation conditions
and assumed significance level a = 0.05. The tests revealed the existence of a narrow range of heat input, in relation
to which welding deformations were relatively small (as the correlation between welding deformations and the heat
input during the welding process was not a monotonic function).
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1. Introduction

The primary purpose of the welding process is the obtain-
ment of permanent welded joints meeting related technical
requirements. The material subjected to welding (base ma-
terial) and the filler metal are brought to the liquid state by
means of heat (e.g. welding arc) and, afterwards, undergo
solidification (crystallisation) to form the weld [1-3].

In many sectors of the economy (civil engineering, power
sector, transport, industrial fittings and medicine), cor-
rosion-resistant steels are used to reduce the rate of the
corrosive wear of structural elements and, consequently,
to optimise operating costs of structures exposed to ag-
gressive environments. The most commonly used steels
are those characterised by the austenitic structure [4-7].
The turn of the 1970s and 1980s saw the growing popularity
of ferritic-austenitic (the so-called duplex) steels, charac-
terised by the dual-phase structure (hence the name). In
the state of structural equilibrium, obtained as a result
of appropriate chemical composition and manufacturing
process, the steels are characterised by the fine-grained
structure containing approximately 50 % ferrite (a) with
the balance being austenite (y). Ferrite provides the steel
with the required resistance to stress corrosion, whereas
austenite provides appropriate plastic properties [8-10].

Ferritic-austenitic steels are used in numerous industrial
sectors such as [8, 11-14]:

+ oil and gas extraction industry - used because of their
corrosion resistance when exposed to various substances
such as CO,, H,S, chlorides as well as low-pH compounds

and due to high strength; they are used for both coastal
and seabed pipelines;

chemical industry - used under corrosion conditions,
usually in processes taking place at elevated temperature,
in a chloride environment as a substitute for austenitic
steel; they are used to make stripping columns, heat ex-
changers used in the production of high-molecular plas-
tics, pressure vessels for organic compounds as well as
tanks and devices for the production of alcohol, sulphuric
acid and phosphoric acid;

papermaking industry - used for economic reasons (the
use of duplex steel made it possible to reduce the thick-
ness of elements by 35 % in comparison with elements clad
with stainless steel, and by 50 % if compared to elements
made of non-alloy steels); they are used to make devices
for preparing chips and in the chemical pulping of wood
and bleaching, thermomechanical processing of pulp
and various types of tanks as well as pulp digesters and
delignification devices;

shipbuilding industry - because of more favourable me-
chanical properties if compared to austenitic steels, it is
possible to reduce the total weight by approximately 10
% and obtain better resistance to pitting corrosion and
crevice corrosion; used in the manufacturing of cargo
tanks of chemical tankers intended for the transport of
various types of aggressive chemicals;

civil engineering - because of their higher strength, they
replace structural steels, thus allowing for the significant
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reduction of structure weight and the longer service life

of elements made of them,;

» seawater desalination plants and flue gas desulphuri-
sation plants.

Normalised corrosion-resistant steels, including ferri-
tic-austenitic steels, are contained in the PN-EN 10088-1
standard, whereas related technical delivery conditions
are specified in the w PN-EN 10088-2 standard.

The notion of welding strains (deformations/distortions)
refers to changes in the dimensions and the shape of ele-
ments taking place as a result of the welding thermal cy-
cle. The welding process requires a significant heat input,
which locally heats elements and melts their edges within
anarrow space. An increase in the temperature of elements
increases their dimensions, yet the distribution of temper-
ature in elements subjected to joining is not uniform. The
base material surrounding the welded joint is heated only
to a small extent, which limits the freedom of dimensional
changes in the heated zone. The condition triggering the
formation of permanent distortions is an increase in tem-
perature sufficiently high so that corresponding thermal
strains exceed deformations corresponding to the yield
point. Cooling induces the volumetric contraction of met-
als. Welding shrinkage is significantly greater than the
expansion of the material of elements subjected to joining;
dimensions of the welded joint decrease, welded elements
become shortened and both the longitudinal section and
the cross-section of the weld decrease as well. Shrinkage
in the direction of weld thickness is uninterrupted, i.e. the
weld shrinks freely in this direction and does not trigger
internal stresses. Longitudinal shrinkage in the direction
of length and transverse shrinkage in the direction of the
width of the weld trigger deformations of elements sub-
jected to welding. In butt welded joints of thin elements
characterised by low stiffness (e.g. two sheets), transverse
shrinkage triggers the loss of flatness, i.e. the formation of
distortions, corrugations, warping or the buckling of the

plane of joined elements as well as angular deformations
(sagging/deflection of elements) [15, 16].

Depending on conditions and production volume, the
welding of duplex steels is possible using most welding
methods. In industrial practice, due to the automated feed-
ing of the weld metal, the gas-based shielding of the welding
area, high efficiency and versatility, the dominant welding
method is that involving the use of the arc, consumable elec-
trodes and shielding also known as gas metal arc welding
(GMAW). The method is characterised by strong correla-
tions between the thermal field, changes in mechanical
properties and the structure of welded joints as well as by
the formation of welding stresses and strains [17, 18].

The welding thermal cycle has a significant effect on
the structure, phase composition, phase morphology and
mechanical properties of welded joints. The parameter
enabling the control of the processis linear welding energy,
dependent on welding current, arc voltage, welding rate and
the thermal efficiency of the process. The issue concerning
the determination of heat input (linear welding energy) has
been discussed in numerous publications [8, 19-23].

Linear welding energy is a measure expressing the amount
of heat per the length unit of the weld [24]. The parameter
cannot be measured directly; it is calculated based on meas-
ured values of arc voltage, welding current and welding rate
using the following dependence (1):

0=k 107, (1)

where Q- linear welding energy [k]/mm]
k- coefficient of welding process thermal efficiency
U - arc voltage [V]
I-welding current
A and v - welding rate [mm/s]

Values of heat transfer efficiency coefficient k in relation to
various welding methods are contained in publication [25].
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Fig. 1. Schematic diagram of the object of tests
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There are only a few research publications containing re-
sults and describing the correlation between the structure
of joints and their properties and the input parameters of
the welding process (current, arc voltage, welding rate, i.e.
linear energy) [31]; there is no systemic approach enabling
the determination of dependences describing the effect of
the above-named input parameters on the obtainability
(with a certain probability) of joints characterised by pre-
viously assumed properties. The possibility of forecasting
values of strains generated during the welding process and
the minimisation of their effect on dimensions and stability
of structures are essential as regards the quality of welded
structures. The formation of welding distortions exceeding
permissible values necessitates the performance of addi-
tional treatment, entailing higher manufacturing costs.

2. Testing methodology
2.1. Test objective

The objective of the experimental tests was the identifi-
cation of the effect of changes in linear welding energy
values (i.e. a generalised preset welding process parameter
calculated based on measured values of input parameters
including current, arc voltage and welding rate) on defor-
mations of GMAW joints made of ferritic-austenitic steels.

2.2. Test specimens

The results of the analysis of related reference publications
and those of preliminary tests enabled the identification
of factors concerning the object of tests and the division of
the aforesaid factors into four groups (Fig. 1).

The objects of the tests were single butt joints made of
ferritic-austenitic steel using the GMAW method and a ro-
botic welding station.

2.3. Scheme of experimental tests

The experimental tests involved the use of a five-level com-
positional rotational scheme (Table 1). Rotational schemes
satisfy the postulate of independence (of the scheme) from
the rotation of the coordinate system in the space of input
parameters and enable the identification of a model with
variances depending only on the distance from the central
point of the experiment. The individual factor levels in the
scheme were marked as follows [26]:

« +a - maximum upper level,

« +1 -upper level,

+ 0 -central (medium) level,

+-1 -lower level,

*-a - minimum lower level.

Within the test scheme, a total of 20 experiments were
planned for three input factors (current, arc voltage and
welding rate) (8 in the core of the scheme, 6 in star points
and 6 in the centre of the scheme).

2.4. Parameters and values of welding parameters
The variability ranges of previously assumed energy param-
eters of the welding process involving the making of test

joints using the MAG method (DC+) within the test scheme
(Table 2) were selected taking into account recommendations
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Table 1. Scheme of experimental tests of test joints obtained
using the MAG Standard method (DC+)

Coded variable
Experiment Arc Welding
number Cu;:]e nt voltage rate
[Vl [m/min]
1 -1 -1 -1
2 +1 -1 -1
3 -1 +1 -1
Schedule 4 1 +1 -
core 5 -1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1
9 +a 0 0
10 -a 0 0
Star 11 0 ta 0
points 12 0 -a 0
13 0 0 +a
14 0 0 -a
15 0 0 0
15.1 0 0 0
Schedule 15.2 0 0 0
centre 15.3 0 0 0
15.4 0 0 0
15.5 0 0 0

specified by the manufacturer of the filler metal and avail-
able data found in related reference publications.

Table 2. Input factors and their variability ranges in tests
concerning the effect of changes in linear energy values on
selected properties of welded joints made of ferritic-austenitic
steel using the MAG (DC+) method

Input factors Input factor parameters
Weld symbol/ BW (butt welded joint)/
welding position PA (flat position)
Current [A] 90-180
Arc voltage [V] 17-25
Welding rate [m/min] 0.4-0.8
Flow rate of shielding/ 12/6
backing gas [1/min]

The input parameters used when making test welded joints
using the MAG (DC+) method in accordance with the ex-
periment scheme are presented in Table 3.

2.5. Test materials

The experimental tests involved the use of sheets (3 mm
x 1000 mm % 2000 mm) made of duplex steel grade 2205 in



Table 3. Parameters used in the MAG (DC+) welding of test
joints in accordance with the schedule of experimental tests

. Input factors
Experiment
no. Current Arc voltage Welding rate
[A] vl [m/min]
1 108 18.6 0.48
2 162 18.6 0.48
3 108 23.4 0.48
4 162 23.4 0.48
5 108 18.6 0.72
6 162 18.6 0.72
7 108 23.4 0.72
8 162 23.4 0.72
9 180 21.0 0.60
10 90 21.0 0.60
11 135 25.0 0.60
12 135 17.0 0.60
13 135 21.0 0.80
14 135 21.0 0.40
15 135 21.0 0.60
15.1 135 21.0 0.60
15.2 135 21.0 0.60
15.3 135 21.0 0.60
15.4 135 21.0 0.60
15.5 135 21.0 0.60

Table 4. Chemical composition of duplex steel 1.4462

accordance with AISI, X2CrNiMoN22-5-3, 1.4462 in accor-
dance with PN-EN 10088-2. The producer of the steel sheets
was Outokumpu Stainless AB; inspection certificate 3.2 no.
6610/300425080, heat no. 571820-001. The sheets were de-
livered in the as-supersaturated state (from a temperature
0f 1040 °C). The chemical composition of steel 1.4462 based
on the PN-EN 10088-2 standard and inspection certificate
3.2 are presented in Table 4.

Table 5 presents the mechanical properties of steel 1.4462
in accordance with the PNEN 10088-2 standard and inspec-
tion certificate 3.2.

The filler metal used in the tests was an AVESTA 2205
solid electrode wire having a diameter of 1.2 mm (G 22
9 3 N L in accordance with PN-EN ISO 14343, ER 2209 in
accordance with AWS A5.9). The chemical composition of
the filler metal wire is presented in Table 6, whereas its
mechanical properties are presented in Table 7.

The shielding and backing gas used in the tests was CRO-
NIGON® He20 (M12-ArHeC-20/2 in accordance with PN-EN
ISO 14175) composed of CO, (2 %), He (20 %) and Ar (78 %).
The flowrate of the (weld face) shielding gas amounted to
12 I/min, whereas the flowrate of the (weld root) backing
gas amounted to 6 l/min.

2.6. Test and measurement stations
2.6.1. Test station characteristics

The test station (Fig. 2) was provided with a TAWERS WG3
welding power source featuring a control panel, a TA-1800
welding robot (PANASONIC), positioners, a turntable, an
active filler metal wire feed system, fixtures enabling
the fixing of test specimens and computers recording
energy-related parameters (necessary for calculating lin-
ear energy).

C Si Mn P S Cr Ni Mo Nb Cu Co N
[wt %]
ReqUirements in max max. max. max max
accordance with 0 03‘ 1 00' 9 00' 0 035' 0 015' 21.0-23.0 4.50-6.50 2.50-3.50 - - - 0.10-0.22
PN-EN 10088-2 : : : : :
Requirements
inaccordance ;0044 134 0020 0.001  22.22 5.69 313 0.007 0.28 0.160  0.167

with inspection
certificate 3.2

Table 5. Mechanical properties of duplex steel 1.4462

Table 6. Chemical composition of the filler metal wire (AVESTA
2205) [27]

Rm Rpo.2 A
[MPa] [MPa] [%] HB
Requirements
in accordance . min. max.
with PN-EN 700-950 min. 500 20 271
10088-2
Requirements
in accordance 848 655 30 952

with inspection
certificate 3.2

C Si Mn Cr Ni Mo N PREy
[wt %]

<

0.015 0.40 1.70 22,50 8.80 3.20 0.15 =>35

Table 7. Mechanical properties of the filler metal wire (AVESTA
2205) [27]

FN Rn Rpo,2 A Kv (]
[MPa] [MPa] [%] +20°C  -40°C
50 830 (2550) 660 (2450) 28 (20) 85 >32
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2.6.2. Station for non-contact measurements
of welding strains

Non-contact measurements of welding strains (deforma-
tions) were performed using a 3D ATOS III Triple Scan scan-
ner (GOM GmbH) and ATOS Professional software (Fig. 3).

The scanner used in the tests (3D ATOS III Triple Scan)
is an advanced optical measurement system based on the
method of blue structural light projection (also known as
digital light projection — DLP). The system, whose prin-
ciple of operation is based on triangulation, consists of
a projector and two digital cameras, positioned at an ap-
propriate angle. During the measurement, the projector
projects patterns composed of fringes onto the object being
measured, whereas the two cameras record the course of
the fringes, enabling the creation of a 3D image in one
shot. By solving the optical transformation equations, the

system calculates the coordinates for each camera pixel
with a previously specified accuracy. Measurements are
recorded in the form of points in space described by XYZ
coordinates (the so-called cloud of points) in the coordi-
nate system of the object. The number of scans depends
on the complexity of an element subjected to scanning and
may contain between several and tens of millions of points.
When measuring a given element, the system compiles in-
dividual clouds of points based on reference points, the dis-
tances between which do not change during measurements.
The result of measurements is the spatial representation
of the surface in the form of a combined cloud of points
(having a common coordinate system).

The measurements are followed by the process of polyg-
onisation, during which the cloud of points is transformed
into appropriate areas (individual measured points are
connected to form a mesh of triangles). Such a model is

Computer
recording
welding
process
parameters

_'/ -
— '
—
i.

' l-‘
=

" Fixtures for fixing [
= specimens \

TAWERS WG 3
welding power

3D ATOS III
Triple Scan
scanner

Graphic interface of
GOM Inspect software

Recorded
image

Computer

Specimen Subjected
to scanning Gz

Special device constituting
the reference plane
during the scanning of
deformations

Fig. 3. Station for non-contact measurements of welding strains equipped with a 3D ATOS III Triple Scan scanner (GOM)
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subjected to dimensional analysis, where the system com-
pares data collected from the object subjected to scanning
with arelated CAD model. The results of the above-named
comparison can be presented in the form of tables and
colour maps, with deviations from the nominal dimension
(dimension from the CAD model) [28, 29].

2.7. Test joints

The testinvolved the preparation of 40 specimens (3 mm x
150 mm x 350 mm), in accordance with the PNEN ISO 15614
standard, out of which 20 test joints were made. Because of
the anisotropy of mechanical properties (elongated grains
and the crystallographic structure formed during rolling),
the specimens were cut out with their longer edge being
parallel to the direction of rolling (of the sheets).

In order to limit the heat input to the base material, the
specimens were cut out using the abrasive-water jet (AW])
and subjected to milling-based finishing.

The welding of the test joints was compared by performing
measurements and recording process energy parameters, i.e.
current and arc voltage (based on signals transmitted from
the measurement system of the TAWERS welding system).
Data acquisition was performed at a frequency of 6667 Hz.

3. Test results and discussion

3.1. Assessment of the effect of welding process linear
energy on welding strains

Measurements of local flatness deviations, i.e. distances
between the actual surface and the measurement plane
determined using the least squares method, at points in
area A having coordinates (%, y), were performed in accord-
ance with the PN-EN ISO 13920:2000 standard, applying an
appropriate non-contact method.

Flatness deviations were assessed using a parameter
referred to as the mean square deviation of surface flat-
ness. The parameter, designated as FLTg, is calculated in
accordance with equation (2) [30]:

FLTg= \ & [,AFLTdA, )

where AFLT -local flatness deviation determined in relation
to the reference plane, the value of which is equal to the dis-
tance from the point located on the actual surface to the ref-
erence plane and perpendicular to the reference plane and
A - surface area, for which the joint flatness is determined.

Table 8 presents the distribution of flatness deviations
of the test joints made of steel 1.4462 using the MAG (DC+)
method and various values of linear energy.

In buttjoints of thin elements characterised by low stiff-
ness (such as the testjoints), transverse shrinkage (contrac-
tion) is responsible for the loss of flatness. The analysis
concerning the calculated values of the mean square
deviation of surface flatness FLTg (based on non-contact
measurements) indicated the usability of the method in the
determination of welding strains (deformations).

The correlation between the heat input to the joint (linear
welding energy Q) and the size of welding strains (deforma-
tions), determined by the value of the mean square deviation
of surface flatness FLTg, is presented in Figure 4. The figure
contains a trend line indicating that an increase in the value
of linear energy triggered an increase in the value of welding
strains. The value of the coefficient related to the determina-
tion of trend line R?=0.7929 indicates the satisfactory matching
of exponential regression equation (3) to experimental data
within the variability range of primary process parameters:

FLTq=0.1805 exp (8.7262Q) 3)

where FLTg - mean square deviation of surface flatness [mm]
Q - linear welding energy [Kk]/mm]

Table 8. Distribution of flatness deviations of the test joints made of steel 1.4462 using the MAG

(DC+) method and various values of linear energy.

Mean square deviation of
surface flatness FLTq
[mm]

Spec.
no.

Linear energy Q
[KJ/mm]

Deformation assessment - comparison of the actual
element and the CAD model - map of deviations

1 0.2208 1.488

mm
10,000
8,000

3,000
4,000
2,000
0,000
-2,000
4,000
=65,00H]
8,000
-10,000

2 0.3496 5.075

mm
10,000
5,000
6,000
4,000
2,000
0,000
-2.000
-4,000
-, 0001
-8,000
-10,000
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Table 8. Continued

Spec. Linear energy Q Mean square deviation of
pec. gy surface flatness FLTq
no. [KJ/mm]

[mm]

Deformation assessment - comparison of the actual
element and the CAD model - map of deviations

mm
10,000
5,000
6,000
4,000
2,000
0,000
2,000
-4,000
6,000
-£,000
-10,000

3 0.2398 1.076

mm
10,000
8,000
6,000
4,000
2,000
0,000
2,000
4,000
6,000
-8,000
-10,000

4 0.4070 5.382

mm
10,000
8,000
6,000
4,000
2,00k
0,000
-2,000
4,000
6,000
8,000
-10,000

5 0.1393 0.639

mm
10,000
8,000
6,000
4,000
2,000
0,000
2,000
-4,000
6,000
8,000
-10.000

6 0.2149 3.192

mm
10,000
5,000
6,000
4,000
2,000
0,000
-2.000
-4,000
-6,000
-8,000
-10,000

7 0.1548 0.654

mm
10,000
5,000
6,000
4,000
2,000
0,000
-2.000
-4,000
-6,000
-8,000
-10,000

8 0.2854 1.895

Materials Science and Welding Technologies 2024, 68 (1) 7



Table 8. Continued

Mean square deviation of
surface flatness FLTq
[mm]

Spec. Linear energy Q
no. [kJ/mm]

Deformation assessment - comparison of the actual
element and the CAD model - map of deviations

mm
10,000
B.000
6,000
EXCUI
2,00
0,00
22,000
=4,0000
EAC]
8,000
-10,000

9 0.3196 4.352

mm
10,000
B,000
6,000
EXLLL)
XL
0,000
-2,000

10 0.1395 0.451

-6,0001
-8.000
-10.000

mim
10,000
8,000

6,000

11 0.2807 1.382

10,000

mim
10,000
£,000
6,000
4,000
2,000
0,000
-2,000
-4,000
6,000
-8,000
-10,000

12 0.1869 1.014

mim
10,000
R 000
6,000
4,000
2,000
0,000
-2,000
-4,000
6,000
-8,000
-10,000

13 0.2256 1.337

mim
10,000
£,000
6,000
4,000
2,000
0.000
-2,000
-4,000
6,000
-8,000
-10,000

14 0.3262 1.417
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Table 8. Continued

Mean square deviation of

Spec. Linear energy Q surface flatness FLT. Deformation assessment - comparison of the actual
no. [kJ/mm] [mm] 1 element and the CAD model - map of deviations
15 0.2485 1.430 —_— ”']”(;'[‘m
15_1 0.2484 1.429 b
152 0.2486 1.431 i
15_3 0.2485 1.430 0.000
-2,0001
15_4 0.2483 1.426 4,000
-, (N1
15_5 0.2484 1.427 b
-10.000
7
_ 6 / B MAG
E / ] (DC+)
55 s -
55
g 5 \ B e
sy
!
[
§ 8 5 — Exp.
=3 /-,/ - R?=(0.7929
< =
o
1 — e |
l——-r"“
0
0.13 0.17 0.21 0.25 0.29 0.33 0.37 0.41

Linear welding energy Q, kJ/mm

Fig. 4. Correlation between mean square deviation of surface flatness FLTg and linear welding energy Q of the test joints made of

steel 1.4462 using the MAG (DC+) method along with the trend line

It should be noted that linear energy (which is a general-
ised parameter set in the welding process) is calculated in
accordance with the functional dependence (1) based on
the measured values of input parameters, i.e. arc voltage,
current and welding rate, having various effects on the val-
ue of the aforesaid energy. The effect of the product of arc
voltage and current is directly proportional to the inverse
of the welding rate. As a result, it is possible to obtain the
same linear energy in relation to different combinations
of the values of the above-named input parameters. The
effect of input process parameters on the size of welding
deformations varies as well.

Taking the foregoing into consideration and experimen-
tal data, using the Statistica ver. 13 software programme
and Experiment Planner 1.0.1, it was possible to deter-
mine the equation of regression describing the dependence
of mean square deviation of surface flatness FLTg on the
preset values of welding process parameters, adopting
the model of dependence in the form of an exponential
function with an exponent having the form of the first-de-
gree algebraic polynomial with interactions, having the
following form (4):

FLTg=exp (25.98-0.1903I - 1.332U - 2.0902v +

4
0.0103IU + 0.02181v - 0.001034IUv) )

where FLTg-mean square deviation of surface flatness [mm]
U - preset arc voltage [V]

I - preset welding current [A]

v - preset welding rate [mm/s]
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The coefficient of determination R? = 0.9302 indicated
the proper match of the exponential regression equation
to the experimental data:

« mean value of all measurements: 1.907;
+ mean value of mathematical model results: 1.8619.

The significance of determination coefficient R> was ver-
ified using the F-test (Wald test):

« value of test function: F=11.0123,
« critical value of F,, statistic in relation to significance
level a =0.05: F.,=2.91.

Because of the fact thatinequality F > F, took place, there
were no grounds for the rejection of the hypothesis con-
cerning the significance of the determination coefficient.
In other words, the model was adequate for experimental
results in relation to assumed significance level a =0.05 (the
total significance of variables was maintained). Assessment
(based on using the Student’s t-test) was also performed in
relation to the significance of regression function terms.
The results of the calculations are presented in Table 9.

The calculations revealed that all the calculated coeffi-
cients of the equation were significant and should be used
in regression equation (4).

The determination of the mathematical model describing
the process under investigation was followed by the prepara-
tion of related diagrams. Figures 5-7 present diagrams con-
cerning the mathematical model of mean square deviation of
surface flatness FLTg determined on the basis of experimen-
tal tests in relation to the preset values of welding process
input parameters, i.e. current, arc voltage and welding rate.
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flatness and the preset values of welding process input parameters

Table 9. Significance of the terms of the regression function describing the dependence of the mean square deviation of surface

symbol Lt ot Velueofthestudentstest G T ATOCRE B e
(0) 25.98 2.859 2.179 Yes
I -0.1903 2.881 2.179 Yes
U -1.332 3.097 2.179 Yes
v -2.902 3.254 2.179 Yes
U 0.01033 3.305 2.179 Yes
Iv 0.02177 3.359 2.179 Yes
Uv 0.1321 3.131 2.179 Yes
UV -0.001034 3.37 2.179 Yes
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Fig. 5. Diagrams of the mathematical model of the mean square devia-
tion of surface flatness FLTg determined on the basis of experimental
tests as a function of changes in values of current and arc voltage in
relation to: a) welding rate v=6.67 mm/s (minimum), b) welding rate
v=10 mm/s (mean) and c) welding rate v= 13,33 mm/s (maximum)
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Fig. 6. Diagrams of the mathematical model of the mean square
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arcvoltage U=21V (mean) and c) arc voltage U=25V (maximum)
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Function (4) constitutes a mathematical model identi-
fying the values of the mean square deviation of surface
flatness in the MAG (DC+) welding of joints made of fer-
ritic-austenitic steel grade 1.4462 in accordance with the
PN-EN 10088-2 standard, under specific welding conditions,
inrelation to significance level a=0.05. The analysis of the
model revealed its usability in explaining (and forecasting)
the size of welding strains (deformations) in relation to the
values of welding process input parameters.

The experimental tests revealed the existence of a nar-
row range of the heat input, in relation to which welding
strains (deformations) were significantly smaller than
those formed in relation to the remaining heat input values.
The dependence of welding strains on the heatinput to the
material during welding was not a monotonic function. The
range of permissible welding parameter values could be
determined by making test joints using variable welding
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Fig. 7. Diagrams of the mathematical model of the mean square
deviation of surface flatness FLTq determined on the basis of ex-
perimental tests as a function of changes in values of arc voltage
and welding rate in relation to: a) current I = 90 A (minimum),
b) current I = 135 A (mean) and c) current I = 180 A (maximum)
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parameters, followed by the scanning of finished joints
using a 3D scanner and analysing the size of deformations.

4. Summary and conclusions

The research-related tests involved the assessment of the

macrostructure and deformations of arc-welded joints made of

ferritic-austenitic steel (duplex). The results of the tests jus-

tified the formulation of the following detailed conclusions:

1. Linear energy, being a generalized parameter setin the
welding process, is calculated in accordance with func-
tional dependence (1) and on the basis of arc voltage,
current and welding rate, having various effects on the
value of energy. The effect of the product of arc voltage
value and current (current power) is directly propor-
tional to the inverse of the welding rate. As a result, itis
possible to obtain the same value of linear energy using
various combinations of the values of the above-named
input parameters.

2.Non-contact measurements of welding strains and their

subsequent analysis in relation to the reference element
(e.g. CAD model) enabled the identification of welding
process-triggered changes in dimensions and deforma-
tions of joined elements.

3.The results of welding strain measurements made it pos-
sible to determine the regression equation describing the
correlation between welding strains (determined by the
value of the mean square deviation of surface flatness)
and preset values of welding process input parameters,
i.e. current, arc voltage and welding rate.

4. Because of the process complexity and the large number of
variable factors undergoing complex interactions, welding
isnot an entirely repeatable (reproducible) process. Many
factorsinfluence the final effect (i.e. the quality of the joint),
yet the application of similar welding conditions minimis-
es the risk of welding imperfection formation. It is not
possible to develop a mathematical model of the welding
process solely using statistical methods; it is only possible
to determine parameter values ensuring the obtainment of
the highest quality according to previously defined criteria.

5.The analysis of mathematical models revealed their usa-
bility in explaining (and forecasting) the size of welding
deformations in relation to values of welding process
input parameters.

6.The determination of the regression function and the
development of its three-dimensional diagram (response
area) could be the starting point for the optimisation of

welding process parameters.

7. The application of dependences determined within the
above-presented tests is limited to the range of variabil-
ity of the factors subjected to the tests and the necessity
of ensuring the stability of arc burning as well as the
fabrication of joints meeting specific acceptance crite-
ria, including quality levels of welded joints and their
mechanical properties.
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