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Quality Evaluation of Welding Joints by
Different Methods

This paper presents the results of the quality evaluation of the weld joints
on welded pipes used in industrial energy. The quality evaluation of the
weld joints was performed by two methods. Using technical methods,
welding faults and defects were examined, identified and evaluated by a
metallographic analysis on the macrostructure of welds. According to ISO
6520-1:2007, the faults and defects were detected and classified into the
group and classified into quality levels using ISO 5817:2008-03. Two
quality management tools using a Cause and effect diagram — Iskihawa
diagram and a Pareto diagram also evaluated the quality control of welds.
These two tools enabled to identify the causes of welding defects as well as
to determine the frequency of their occurrence and to identify the most
serious welding faults and defects. Both methods - technical and
management, should reveal shortcomings in both technical, technological
and personnel aspect. Their use should contribute to improving the
welding process of pipes in operation and to increasing the safety of piping
systems.
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1. INTRODUCTION

The term product quality is said to be the oldest
economic, but also technical and technological category.
Quality is not only a term for product’s characteristics,
but also for the people who create this product and use it
correctly in practice [1].

The quality of weld product should not be limited to

its final inspection, but it should include all process
proposals [2] and production strategies [3]. According
to the authors [1-4], the product price consists of a
combination of several different items.
Between them, time needed for an adequate control of
the product can be one of the most significant items,
which can get expensive. In addition, verification of the
quality of welding processes is not easy and therefore
the specification of welding quality and inspection
requirements is very important. It is necessary to ensure
control of the whole process.

Starting with the control of personnel qualification,
engineering design, selection of materials (basic [5] and
welding [6]), the control of supplies, production
documentation, workplaces and welding equipment,
preparation and the actual welding process, possible
repairs, until to a specific control of weld joints and
weld deposits and the control of heat treatment of
welded products.

2. MATERIAL AND METHODS

Welding is a process in which un-dismountable con-
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nections are formed by the inter-atomic bonds between
the welded parts during its heating or plastic defor-
mation, respectively by the action of both. It is an un-
dismountable metallurgical joining of two or more
materials of the same or different composition [6].

The most used welding methods are based on
melting of materials at the point of contact of the joined
parts. In fusion welding, the metal is melted by a heat
source and a metallurgical bonding occurs. There are
many welding processes and methods. None of them is
universally the best. Each one has specific advantages
and corresponds to the type of use. The molten weld
metal must be protected from the surrounding
atmosphere because the absorption of oxygen and
nitrogen leads to poor, often unsatisfactory weld quality.
Therefore, a specified gas at the weld site must replace
the air or the weld must be protected by a flux. The
molten metal is therefore usually protected by a gaseous
protective atmosphere or slag flux.

Manual Metal Arc Welding (MMAW), commonly
called covered electrode welding, is welding method
characterized by specific features. The heat for welding
is generated by an electric arc established between the
end of the electrode and the near surface of the welding
material. The additional material — a covered electrode —
consisting of a metal core and a flux coating is gradually
melted in the form of droplets. It passes into the weld
pool forming a substantial proportion of the weld metal.
The direction of welding and guidance of the electrode
is performed manually by a welder. The electric arc in
energetically doped by a source of electric voltage — a
welding source — which must have specific properties.
The covered electrode consists of a metal core. It is a
drawn wire (cast rod or pressed metal power rarely),
which is coated with a specific coating ensuring the
stability and protection of the electric arc and the
protection of the weld metal from air gases. The
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welding process begins with the formation (“ignition”)
of an electric arc at the start of welding. It continues
without interruption until the entire length of the
electrode has melted or the required amount of weld
metal has been melted. The electrode melts gradually.
The melting rate of the electrode is depending on the
intensity of the welding current. The transfer of weld
metal through the arc takes place in the form of small
droplets. The advantages of MMAW are high quality of
the weld joints, the widest range of filler materials for
all groups of welded materials, maximum flexibility and
speed of deployment, availability and relatively low
dependence on environmental influences, versatility and
usability even in the most complicated situations and
positions, high reliability during implementation and
lower investment costs. The disadvantages of this
method are lower productivity compared to MIG, MAG
and TIG methods, possibility of increased error rate
such as e.g. porosity, the need to remove slag, the
impossibility of automation and mechanization, an
increased percentage of harmful substances and lower
occupational hygiene. Figure 1 shows the principle of
MMAW [6,7].

Consumable electrode
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Evolved gas shield

- )
Core wire Weld poal
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Figure 1. MMAW process

Tungsten Inert Gas (TIG) welding uses the heat
generated by a welding arc struck between a non-
consumable electrode (using a non-consumable elec-
trode made of pure or activated tungsten) and welded
material. The arc area and welding bath are shrouded in
an inert shielding gas — argon or helium and their
mixtures. It flows from the ceramic nozzle of the TIG
torch and prevents atmospheric oxidation of the weld.
When welding thicker thicknesses (up to 3 mm) and
when hard facing, filler in the form of a rod, a wire or
filled electrode is added to the arc. With contactless HF
ignition of the welding arc, the wolfram electrode al-
ways remains in a spaced-apart relationship to the
welded material, and a high-frequency high voltage is
applied between them. Contact LIFT ignition of the
welding arc involves the slight relifting of the wolfram
electrode from the welded material under the
simultaneous connection of the welding current. Both
methods for the ignition of the welding arc do not cause
inclusions in the welding bath or the wear of the
electrode. LIFT ignition method generates significantly
reduced interfering signals. Pure, non-melting tungsten
electrodes are used for arc welding by direct current and
alternating current. Carbon electrodes are used for arc
welding of copper in a protective nitrogen atmosphere.
Wolfram Inert Gas (WIG) welding is another name for
gas tungsten arc welding. The advantages of TIG

FME Transactions

welding include high quality of the weld joints and weld
deposits, suitability for welding thin materials and
materials that are difficult to weld, suitability for
welding in forced positions, e.g. when welding pipes,
the possibility of automation and robotics. When
welding thicker materials, lower labour productivity due
to lower melting performance compared to melting
electrode welding should be expected. Figure 2 shows
the principle of TIG welding [6,8].
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Figure 2. TIG welding process

Three main types of weld types and joints are used
on welded pipes: butt weld, flange weld and
unsupported flange weld (Figure 3).

Connection weld

Butt weld

Flange weld

Unsupported flange weld

Uniform weld root gap
Figure 3. Different types of the weld joints on welded pipes

The weld joint can be divided into three basic areas

according to the maximum temperature:

a) Weld metal,

b) Heat Affected Zone (HAZ),

c¢) Unaffected base material zone — parent metal.

Welding faults and defects are an unwanted but
inseparable part of making weld joints. The aim is
eliminating their occurrence.

Many factors influence the selection of a welding
process, which contributes to the occurrence of welding
faults and defects [9,10]. Standard ISO 6520-1:2007 Wel-
ding and allied processes. Classification of geometric
imperfections in metallic materials. Part 1: Fusion welding
[11] states that the imperfections are any deviation from
the ideal weld and defects are an unacceptable imper-
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fection. As per [11] welding discontinuities are divided in
following six groups:

1. Cracks,

2. Cavities,

3. Solid inclusions,

4. Lack of fusion and penetration,

5. Imperfecta shape and dimension,

6. Miscellaneous imperfection.

Welding defects can be classified in to two types as
external and internal defects. External welding defects
occur on the upper surface of the welded work. Surface
defects of the weld joints are detected by the naked eye
or by aid of tools such as magnifying glasses. Internal
welding defects occur under the surface of the welded
work. These can be detected only after metallographic
preparation of the weld joint samples [12].

The main groups of welding defects are indicated by
3-digit numbers (e.g. 100 — Crack, 101 — Longitudinal
crack). Subgroup specifying the welding defects in more
detail are indicated by 4-digit numbers (1011 — Longi-
tudinal crack in the weld metal, 1014 — Longitudinal
crack in the parent metal) [7,11,13]. Figure 4 shows
typical types of defects of the weld joints [14].
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Figure 4. Different types of welding defects [14]

In standard ISO 5817:2008-03 [15] Arc-welded join-
ts in steel. Guidance on quality levels for imperfections,
three quality levels of the weld joints are described:

D — Lowest quality level,

C — Medium quality level,

B — Highest quality level.

The presence of the crack (100) is not acceptable in
any of the quality levels.

Weld testing is used to assure the quality and
correctness of the weld after it is completed. It is also
necessary to check the materials before the process of
welding [16].

Two types of tests determine the mechanical
properties and quality of the weld joints. They are:

1. Destructive tests — metallographic analysis— micro-
scopic, macroscopic, tensile strength tests, bend
tests, hardness tests, Charpy impact tests, weld ben-
ding test etc.

2. Non-destructive methods — defectoscopic include
visual testing, magnetic particle, liquid penetrant,
eddy current, ultrasonic tests, X-ray testing etc.

The quality of welds is assessed in welded metal,
heat affected zone (HAZ) and in unaffected base metal
[17,18].
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The welds can be assessed not only by technical
possibilities, but also by quality management methods.
These do not detect faults and defects of the weld joints
directly, but they significantly contribute to the
discovery of the causes of their formation, resp.
evaluation of their quantity. Such methods include the
Ishikawa diagram — cause and effect diagram. It is a tool
that allows visual representation of the factors that
might contribute to an observed effect or phenomenon
that is being examined. This method is universal and
can be used in almost all areas of human activity. It
solves design, technological, organizational, economic,
social problems and other. In its theoretical essence, it is
a method for analysing process variability. The purpose
of the diagram is to point out the relationships between
causes and effects (consequences) [19,20].

The Pareto analysis makes it possible to separate the
important factors of the certain problem from those less
essential, and to show in which direction to focus efforts
in eliminating shortcomings in the quality assurance
process. For most phenomena, we encounter two groups
of influences. The first group is characterized by the fact
that a small group of influences acts on the studied
phenomenon in a decisive way — “vital minority”. The
second group has the opposite effect, although it is
larger, the final effect on the studied phenomenon is
insignificant — “trivial majority” or “useful majority”
[20]. As stated by the authors [2, 21], it is necessary to
evaluate the overall quality strategy in a new practical
approach to improve the reliability of products in the
automotive and aerospace industries. This is possible by
using appropriate quality assurance tools - Ishikawa
diagram and Pareto analyzes.

3. EXPERIMENT

The company for welding steel pipes is mainly focused
on engineering activities, complex assemblies (boilers,
connecting pipes and steel structures), repairs,
reconstructions and supplies oriented in the industrial
energy, chemical and petrochemical industries. The ma-
terial of the pipes used for the experiment on which the
weld joints were assessed is austenitic steel X2CrNil9-
11 (1.4306).

The chemical composition is in Table 1. Increased
corrosion resistance characterizes the material.

The filler metals chosen for the welding pipes were
selected according to the basic requirements to create
high quality of the weld joints.

Table 1. Technical composition of the base material
X2CrNi19-11 (wt. %)

Element Composition (wt. %)
Carbon (C) 0.030
Silicon (Si) max. 1.50
Manganese (Mn) max. 2.00
Phosphorus (P) max. 0.035
Sulfur (S) max. 0.025
Chromium (Cr) 18.00-20.00
Nickel (Ni) 9.00-12.00
Nitrogen (N) max. 0.20

Iron (Fe) Rest
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The values of mechanical properties of steel at nor-
mal temperatures are Ry1,0 = 210 MPa, Ry, = 440-640
MPa and A = 30 %. As the operating temperatures
increase, the yield strength values Rp1,0 decrease. At
temperature T = 100 °C the yield strength value is R,1,0
= 165 MPa and at max. temperature T = 350 °C is the
value Rp1,0 = 100 MPa. The value of impact work is KV

= 80 J. The Brinell hardness value is 130-200 HB. The
steel is suitable for welding without further heat
treatment of the weld joints.

A welding procedure specification has been deve-
loped for the welding pipes. Table 2 lists the welding
parameters.

Table 2. Welding parameters for welding procedure specification

Parameter Value/Label Weld scheme
Thickness of material t,=12.0mm

Pipe diameter D=90.0mm i

Weld gap b=2.5+0.1mm PF]

Weld type Butt weld

Welding positions PF, PC, HL

Welded edge preparation

Mechanical treatment, Abrasion

Welding technique

Root — 141 — TIG
Fill- 111 - MMAW

Type of tungsten electrode (TIG)

WT20 0 2.4

Filler metal

Root — OK TIGROD 308L,
Standard EN 12072: W 199 L
Fill - OK 61.30
Standard EN 1600: E 199 L R 12

. . Root — 2.40mm
Filler metal diameter Fill - 2.50mm
Weld layer 141 1 layer

111 2-n layers; n-m layers
Current 141 50-60A
111 50-80A
. 141 =/-
Current/Polarity 11 —
Heat inout 141 0.91-1.63kJ.mm"
P 111 0.66-1.40k).mm’"

Protection gas (EN ISO 14175)

I1-Ar 4.6 (Ar 99.996%)
ISO 14175:2008

Flow rate 4-8 1.min™!
Drying welded electrode 200-250°C
Preheat temperature 10°C
Interpass temperature 80°C

This mainly concerns the same or similar chemical
composition as the basic material, the purpose for which
the weld joint will serve, its load in operation,
affordability, etc. [21].

Table 3. Chemical composition of the filler metal (wt. %)

Element Composition (wt. %)
OK TIGROD 308L OK 61.30

Carbon (C) <0.003 <0.003
Silicon (Si) 0.40 0.70
Manganese (Mn) 1.80 0.80
Chromium (Cr) 20.0 19.5
Nickel (Ni) 10.0 10.0
Iron (Fe) Rest Rest

Table 3 shows the chemical composition of the filler
metal that was used to form the weld joint of the pipes.

The OK TIGROD 308L stainless steel wire is de-
signed for welding austenitic stainless steel with a low
carbon content which makes it particularly recommended
when there is arisk of intergranular corrosion. It is
widely used in the energy, chemical and food processing,
industries for welding piping systems and vessels.
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The OK61.30 stainless steel electrode is acid-rutile
type with low carbon content designed for welding
steels of the 19Cr10Ni-type. Also suitable for welding
stabilized stainless steels of similar composition. The
low-moisture casing provides high-quality weld metal
and excellent weldability in all position.

It is suitable for welding steel e.g. W.Nr. 1.4000,
1.4301, 1.4306, 1.4308, 1.4311, 1.4541, 1.4550 and
other. Figure 5 shows a sample of the welded pipe.

Figure 5. Sample of the welded pipe
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4. RESULTS AND DISCUSSION defects. Stereomicroscope images were processed using
Mikrometrics 122U software.

4.1 Quality evaluation of the weld joints — Technical Welding defects were visually observed from the

outside and, after the pipes cut, from the inside of the

pipe at 10x magnification. In Figure 7,8 and 9 are exam-

ples of observed welds. Mainly, defects in the shape and

dimensions of the welds were visually observed.

methods

The STEMI 2000 stereomicroscope from Zeiss (Figure
6) was used to identify, classify and evaluate faults and

Figure 8. Observation of the defects from inside of the pipes
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Figure 9. Observation of the defects on welded pipe section

These defects were not assessed separately in the
experiment. We focused on the evaluation of internal
defects on prepared sections of the weld joints by
metallographic analysis — Macroscopic examination.

The samples were prepared for examination by
standard metallographic methods — grinded wet by
sanding papers with a grain size of 180 to 600 and
etched in 2 % Nital Etch.

The standard ISO 6520-1:2007 was used for
classification of geometric imperfections in weld joints
of the pipes made by fusion welding. In Figure 10 are
examples failures and defects that have been identified
at 16.6x magnification of the weld joints. Figure 10a

shows a defect from a group 200 — Cavities (2011). In
figure 10b is defect from a group 300 — Solid inclusion
representing a solid foreign substance trapped in the
weld metal (301).

The Lack of fusion and penetration from group 4
(classified under number 4012) is shown in Figure 10c.
Figure 10d shows the defect from group 5, classified as
Sagging — caused by gravity (5092). No defects from
group 1 — Crack and 6 — Miscellaneous imperfections
were found on the welds.

4.2 Management methods for quality evaluation of
the weld joints

The cause and effect diagram was used to identify the
causes of welding defects divided into the five main
categories. Based on the facts found in operation, we
constructed the diagram shown in Figure 11.

The Pareto diagram was used to determine the
occurrence of welding defects during macroscopic
examination of the weld joints. Before creating the
diagram, a table of occurrence defects (Table 4) was
created.

The faults and defects of the weld joints sorted by
frequency of occurrences in descending order are
presented in Table 5. The individual frequency was
assigned to the individual defects and total cumulative
frequency in percent was calculated from this.

Figure 10. Detected failures and defects on weld joints of the pipes
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Description — Type of Weld Defect DefeIcStOm6aSczc(;)_rld: Zl(l)%zwnh Occurrence - number
Cavity 2011 16
Solid inclusion 300 14
Lack of fusion 401 11
Shrinkage groove 5013 8
Sagging 5092 6
Root concavity 515 3
Toe overlap 5061 2
Table 5. Table for creating a Pareto diagram
Number Description — Type of Weld Frequency Cumulative Individual Cumulative
k Defect of Occurrence n Frequency Zn Percentage % Percentage ~%
1 Cavity 16 16 26.6 26.6
2 Solid inclusion 14 30 23.3 50.0
3 Lack of fusion 11 41 18.3 68.3
4 Shrinkage groove 7 48 13.3 81.6
5 Sagging 6 54 10.0 91.6
6 Root concavity 3 57 5.0 96.6
7 Toe overlap 3 60 33 100.0

A breakpoint By, (%) is looking for when interpreting

a Pareto diagram. This point should confirm or refute
the presumption of the importance of focusing defects
on improving the quality of the weld joints [20]. It is
calculated according to the formula (1):

n
sz—z -0 _g.6%

7 ()

The result shows that the first three types of
welding defects are higher than 8.6 %. It is therefore the
»vital minority”. Others can be considered a “useful
majority”. These are all from defects group 5 - Imper-
fecta shape and dimension.

Based on the table, a Pareto diagram was created,
graphically showing the frequency of the occurrence of
individual defects that were found during the inspection
of the weld joints. Pareto diagram and the Lorenz curve
represents the cumulative sum of the occurrences of
individual causes (Figure 12).

822 = VOL. 48, No 4, 2020

To obtain a high quality of the weld joints means to
harmonize a suitable filler material to the base material,
alto to design a suitable welding method as well as
welding conditions and quality of welders in accordance
with applicable European standards [16,7].

According to standard ISO 5817:2008-03 we can
state that in most of the evaluated welds a lowest (D) to
medium quality level (C) was achieved. However, for a
given type of the weld joints, it is assumed to achieve
quality level D — highest quality level.

The results of the Ishikawa diagram show that all
five categories need to be observed. In the Manpower
category, it is the qualification of welders trained
according to standard ISO 9606-1:2017 [22, 23]. There-
fore, it is necessary to ensure their regular retraining.
Their sufficient motivation and overall work discipline
are also important. Maintaining quality is very difficult
to achieve with high fluctuations. Compliance with
working procedures according to approved welding pro-
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Figure 12. Pareto diagram with Lorenz curve

cedures (WPQR) based on previous experience
approved by accredited institutions should be checked
when assessing the Methods category. All this provided
that the Preliminary Welding Procedure (pWPS) has
been developed correctly. The work environment in
which welders work for several hours a day is also an
important category. If welding is done indoor, it is nece-
ssary to ensure ventilation, proper lighting and to ensure
quality personal or collective protective equipment.

It is clear from the results of the Pareto analysis that
the vital minority of welding defects were from three
different group — cavity, solid inclusion and lack of
fusion. The TIG method should be used to eliminate
them — inside of the pipe should be filled with argon or
nitrogen in order to protect the bottom layer of the weld
root and to form its profile. A combination of TIG and
MIG/MAG welding methods can also be chosen [6,24].

Achieving and maintaining good quality of the weld
joints can only be achieved with correctly set welding
parameters, especially it is the welding current, voltage
or compliance with the electrodes drying time [12]. It is
possible to used some simulation modelling. As stated
in [25] the mathematical model was developed using
MATLAB tool to further predict the temperature distri-
bution and total stress concentration at any localized
nodal point. The model can be used to obtain optimal
weld parameters such as weld, speed torch temperature,
current and voltage. The residual stress was predicted
through a model of the multi-pass girth weld joint using
Finite Element Method (FEM) [26,27].

5. CONCLUSION

The combination of various methods for evaluating the
quality of the weld joints of the pipes was to reveal the
causes of failures and defects and offer solutions to
increase the quality of the weld joints.

By technical methods we are able to identify
welding defects on the macrostructures of welds using
stereomicroscope. According to valid standards [11,
15], we detected them and classified into the groups,
classes and subgroups.
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The use of the cause and effect diagram allowed us
to identify the causes of welding defects evaluated in
five main categories. Significant secondary causes can
be considered the right choice of welding process,
compliance with WPWS, skills and experience of
welders, inspection of the weld joints and working
conditions during welding.

From the detection and classification of welding
defects, we created the Pareto diagram which helped us
to identify the three most common types of welding
defects (vital minority) affecting the overall quality of
welding steel pipes.

Combination of technical and management methods
and tools offers a view of the issue from a broader
angle. This presupposes that the problems that have
arisen will be solved more comprehensively.
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IPOLIEHA KBAJIUTETA 3ABAPUBAIbA
3ABAPEHMX CIIOJEBA Y UHIYCTPUICKUM
LEBUMA

M. TaBonosa, H. Hanpcrkosa, M. XiiuHuII0BA,
II. Beno

OBaj paa ucTpaxyje HOCTYNKE 32 MpPOLEHY KBaJUTETa
3aBapeHMX CIOjeBa y CIIydyajy 3aBapeHHUX LIEBU KOje ce
KOpUCTE Y HWHAYCTPUjCKOM EHEPreTCKOM CEeKTOpY.
KBapoBu u HerocTaiy 3aBapuBama IpBO Cy UCIIUTaHU U
UICHTH()UKOBAHM MeTanorpa)ckoM aHalM30M 3aBa-
pernx MakpocTpyktypa. Cienehe cy pasnBojeHe U
CBPCTaHE y KaTeropHje HUBOA KBAJIMTETa y CKJIagy ca
HNCO 6520-1: 2007 u UCO 5817-3: 2008. 3atum cy
y3eTH y 003up Aujarpam y3poka u rocienuia Mmmkasa
u [lapero qujarpam 3a MpoILeHy KBAJIUTETa 3aBapHBamba.
Oga 11Ba aymaTa 3a KBaJUTETHE MEHALlepe oMOryCuia cy
MPeno3HaBame HAjO30M/PHUjUX IPEllaka U HeJocTaTaka
3aBapuBabkba, ajld U IHbHUXOBO IMOBE3UBAKLE Ca IbUXOBHUM
cnemuduyaum y3pouuma. I[lopexn Tora, oBu anartu
JI03BOJbABajy YTBPHHBAE YYCCTAIOCTH I10jaBJbHUBAHA
kBapoBa. Konauno, 00e MeTozie OTKpHJIe Cy HEAOCTATKe
y TEXHHYKUM M TEXHOJIOIIKHUM oOnacThMa M 0coOJby,
mro je oMoryhmio nmoGospliame mporeca 3aBapHBamba
LEBU Y pajy U Belly CUI'YPHOCT LIEBHUX CHCTEMA.
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