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Welding is a common process for joining large steel structures. Welding defects are
imperfections in the welding process, that exceed allowed limits and are severe enough to
endanger the structural integrity of welded constructions. Defects can be repaired, but they
cause extra costs and delay production.

Aim of this thesis is creating a system for Levator, for reacting to welding defects and
reducing their amount in an environment with mainly manual flux-cored arc welding and
submerged arc welding. The system is created mainly by utilizing ideas from Total
welding management-quality system, observing wind turbine transmission piece
production to find causes for defects, analyzing data from production and designing
controls to prevent defects or stop subsequent defects after the first one.

Main causes for defects were found and a system for reducing defects was designed.
Defect reduction capability of the system is estimated at 25% of defects for the current
situation of Levator, with very low defect rate of 1%. With higher starting defect rate, the
benefit from system is estimated higher.
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Hitsaaminen on yleinen prosessi suurten terdsrakenteiden liittdmiseen. Hitsausvirheet ovat
maadritellyt rajat ylittavia epataydellisyyksid, jotka ylittavat sallitut rajat ja voivat vaarantaa
rakenteen kestavyyden. Virheelliset hitsit voidaan korjata, mutta ne aiheuttavat
kustannuksia ja viivastyttavat tuotantoa.

Diplomitydn tavoitteena on luoda Levatorille jarjestelma hitsausvirheisiin reagointiin ja
vahent&a virheiden maaréaé jauhekaarta, seka jauhetéytelangalla k&sinhitsausta kayttavassa
tuotannossa. Jarjestelma on suunniteltu paédosin soveltamalla Total welding management-
laatujarjestelmad, seké etsimélla tuotannosta ja tuotannon tuottamasta datasta virheité
aiheuttavia tekijoita, joille voidaan suunnitella virheen tai sen toistumisen estavia
kontrolleja.

Hitsausvirheiden suurimmat syyt I0ydettiin ja jarjestelméa hitsausvirheiden ehkaisemiseksi
maadriteltiin. Jarjestelma voi vahentaa olosuhteista riippuen hitsausvirheiden maaraa
arviolta 25% Levatorin nykyisessa tilanteessa hitsausvirheprosentin ollessa yksi.
Jarjestelman hyodyn arvioidaan olevan suurempi suuremmalla hitsausvirheprosentilla.
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1 INTRODUCTION

Levator is a heavy steel workshop in Southern Finland, city of Hanko. The original
workshop started as a part of Kone Corporation in 1969. During the years the Kone
workshop has developed into its own company, Levator, while continuing to manufacture
similar products: cranes and heavy steel structures. Levator has its own harbor and lifting
capacity up to 400 t at shore of the Baltic Sea. This enables the company to manufacture

and transport large constructions efficiently by sea. [1]

1.1 Introduction of the project

During the making of this thesis, Levator is manufacturing transition pieces for offshore
wind turbines. Wind power is one of the fastest growing renewable energy sources. Wind
turbines can be built onshore and offshore, both choices having advantages and
disadvantages. Onshore wind turbines have limited amount of good building sites, due to
wind speed at different areas, accessibility for building and maintenance, and due to social
issues, such as noise and aesthetics. Problems of offshore wind turbines are connected to
their location. The further from coast and deeper the turbine is, the larger the maintenance
and installation costs are. Offshore turbines also have additional requirements for
manufacturing due to wave loads and corrosive climate. Advantages of offshore turbines
also come from their location. Wind speeds average higher on sea and lessened social
impact allows for larger turbines. [2, 3]

1.2 Aim of the thesis

Goal of this thesis is to make a system for reacting to welding defects, thus reducing them.
Reducing welding defects during this project and future projects is an important goal for
Levator, as welding defects cause large interruptions in production workflow, especially
since DNVGL-0OS-C401, Fabrication and testing of offshore structures, is followed in this
project. This offshore standard, set by an offshore classification society, DNVGL, states
that a 48-hour delay is required between completion of a weld and performing NDT, non-
destructive testing, inspection. If the workpiece does not pass NDT inspection, the weld is

repaired and then waits another 48 hours for new NDT inspection to be performed. The



new inspection on the weld is also on larger scope and continuous defects can lead to NDT

inspection scope increase on scale of the project. [4]

Levator usually manufactures large constructions that require a lot of workshop area. This
makes minimizing the amount defects an important factor in production workflow. Repair
time of defects starts around 0,75-2 hours for 100 mm, depending on position and depth of

the defect, and taking up to longer than the original welding time in fully defect welds.

There are many existing quality systems or philosophies for overall quality, such as Lean,
Total Quality Management and Six Sigma, but only one, Total Welding Management,
designed specifically for process of welding. Suitability of existing quality systems for the

tool to be created is considered.

Most of the work is done by observing production and finding connections from events in
production that lead to defects, or finding connections between defects, so that the
following defect could be prevented by reacting to the first, or the first defect prevented by
reacting to a production event that is likely to cause a defect. Personnel interviews and
welding defect literature are used to aid in determining defect causes and preventing

consecutive defects.
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2 WELDING QUALITY

Basic meaning of quality is to provide a service that fulfills agreed requirements, also
succeeding so, that all phases until the service provided are done according to a plan. At a
steel workshop this can be translated into producing a workpiece with required measures,

finishing and weld quality, all done in time, without need for rework and documented

properly.

As quality is a wide term, it can be categorized in many ways. Simple, cost-based
categorizing can be done to divide quality expenses into both costs of making good quality,
and costs incurring from lack of quality. Some of the costs for lack of quality can be easily
quantified, as customers demand compensation for faulty product, damages caused by
faulty product or delays in delivery. Costs that are more difficult to calculate include cost
of losing client confidence and production delays from finding and fixing defects. Costs for
producing quality are the time spent on inspection, preventing and solving causes for lack

of quality and investments on equipment for measuring or producing quality. [5]

This section lists reasons behind reducing welding defects and methods considered and
used for finding and reducing welding defects during making of this thesis. Six Sigma and
Total Welding Management are analyzed, as they were estimated to be the two
management philosophies most suitable for goals of the thesis. Different measurement
strategies possible in production are also introduced and considered. After introduction of
quality tools, most common welding defects for processes and materials used by Levator
are introduced, their causes listed and susceptibility for different defects based on literature
IS estimated.

2.1 Total welding management

TWM, Total Welding Management, is a tool specialized for management in a company
that considers welding as one of its key processes. TWM considers welding an exact
science, meaning that production inefficiency or errors cannot be explained with chance.
Welders want to perform at their best, and when they do not, there can always be found an

underlying cause, whether it is lack of training, badly designed weld, inaccurate
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preparation or unergonomic working position. This thought pattern fits well into the goal

of the thesis, reducing defect amount, as it encourages to find a solution for all defects

instead of putting up with defects as something that will inevitably sometimes happen. [6]

At the core of TWM is an idea, that all other company processes exist to support welding

and the welder. This way of thinking is meant to reach up all the way to the top

management. Top management is involved strongly in implementing the system,

supporting management groups and setting goals. The idea is, that middle management is

divided into four groups with different responsibilities considering welding. These

responsibilities are pre-determined, shown in figure 1, and can be applied to any kind of

welding operations. [6]

KEY RESULTS AREA

Figure 1. Four management groups and their five areas in supporting

CRITICAL FUNCTION

DESIGN “IMANUFACTURING MANUFACTURING QUALITY
ENGINEERING ENGINEERING OPERATIONS ASSURANCE
Material Workmanship Personnel Training Policy &

Selection Standards & Qualification Accountability
Weld Size Welding Material Quality
Determination Process Input Standards

Selection
Weld Joint Equipment & Equipment Quality
Selection Tooling Selection Performance Procedures
Manufacturing Method Method Inspect,
Review & o Measure,
Procedure Development Procedure Application Report
Weldment Work Center Work Center Corrective
Specification Planning Control Action

welding production [6].

and improving

For all the key areas of different management groups, evaluation is done to determine how

‘Five Welding Do’s’ can be affected by each area. These ‘Five Welding Do’s’ are [6]:

-Reducing weld metal volume

-Reducing arc time per weldment

-Reducing rework and defect products
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-Reducing welder work effort

-Reducing waiting times and welder movement

After evaluation, projects to achieve the ‘Five Welding Do’s’ are planned and initiated.
TWM proposes a six-part project structure for this phase to achieve long-lasting results [6]:
Evaluation (Finding improvement projects, estimating benefits)

Planning (Time table and actions for project)

Training (Training all personnel connected to the project)

Implementation (Start performing according to project specifications)

Control (Setting controls to ensure the improvement does not rollback)

2 e A A

Reporting (How the situation has improved from starting point)

According to Barckhoff [6], to achieve best gains, TWM should be implemented as a total
system instead of picking parts of it here and there. Suitability of implementation of TWM
at Levator is compromised by few facts. TWM is a welder-centered management tool, and
most of the welders in the project are welders from a company Levator is co-operating the
project with. Welders stay and leave the project in a rotation, multiplying welder training
needs and reducing familiarity with the welding problems and environment. Also, most of
the welders from the co-operating company are eastern European, where working culture
does not empower the idea that factory floor level workers make decisions [7]. Also, large
amounts of welding decisions that are emphasized in TWM are made in design. As
communication with customer about design changes is very slow and uncertain to provide

results, it is not seen as a viable option to spend resources on.

As the as-is implementation of TWM can be considered unsuitable, a variation or parts of
it could be implemented. Varying size of T-bar weld reinforcement, example in figure 2,
could be used as an example project to apply TWM in Levator scope.
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Figure 2. Sample of different weld reinforcement for T-bar butt welds. The widest and the

narrowest welds of small sample of five welds have 25% variation in total weld width or

45% if plate thickness is excluded from the calculation.

Quality department would start with the project evaluation, recording completion times and
size of the T-bar welds. This information would be presented to management as a
monetary incentive to improve the process. Plan would be to use some of the skilled
welders the co-operating company has, as TWM applies internal welding trainers, to
prepare a sample board that would have examples of welds that are the aimed size and ones
that are oversized and define parameters for welding the T-bar with sufficient speed and
small enough weld. Then have the welder trainers educate the welders welding T-bars,
start welding and implement a goal for improvement. If this goal is not met, additional
training can be given. A certain period after implementing the process, controls would be

set to ensure the improvement does not revert back to the original situation.

TWM does not offer advice for solving defect problems or setting up inspection systems,
but gives advice on how a basic framework for improving welding production management
can be done. Most suitable action for improving the current system at Levator would be to
appoint and train internal welding trainers, according to TWM principles. The welder
training, especially theoretical, highlighted in TWM could be given to internal welder
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trainers and foremen supervising the welders instead of the often changing welders. These
internal welding trainers could be used to prevent technique mistakes, by setting up a
system for having them check or teach the work of either welders new to the company or
welders changing to difficult welds after welding easier ones for a while. In addition to
preventive teaching, a certain limit for defect length could be set, so that the internal
welder trainers would react to those defects by training the welder of the defect. Internal

welder trainers could also work as specialists in difficult welding locations.

The idea is, that with low defect percentages, quality department would not need to take
part in intercepting human error defects as that would be done by welder trainers, who
would be more qualified to teach welding technique. Quality department would keep a
record of defect data and arrange for improvement projects based on that data. Quality

department would also ensure that defect prevention training is given.

2.2 Six sigma

Six sigma is a purely statistical approach to quality control. Name six sigma is derived
from probability of something that is six standard deviations from average. That would
mean a 0,0003% chance, idea to reduce amount of production defects to practically zero.
In Six Sigma, the idea is to find measurable parameters and find a way to control them.
The goal is to bring the process to wanted accuracy/quality by controlling those parameters

and then create a measuring method to upkeep that level of quality. [5]

Six Sigma is a system with focus on reducing defects, so it could be used in reducing
welding defects. Largest obstacle of using Six Sigma at Levator would be the small
amount of data available for a statistical method. Other difficulties with applying it at
Levator would be the large number of different parameters that affect the end result in
welding, recording all those parameters and making clear relations on effect of the
parameters. Applying process capability study was considered as a means to pre-emptively
react to air gap fit-up of a workpiece, but was seen unfit due to large variation in the

process.
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2.3 Measuring

Whether to measure, when and what to measure are typical decisions in production. For
reducing welding defects, possible pre-emptive measurements affecting defect formation
could be: groove angle, groove depth, groove cleanness, tack welds and air gap. During
welding, there are a many additional measurable parameters: voltage, current, welding

speed, stick out length, weaving and gas flow being the more important ones.

Colledani et al. [8] present four good examples on measuring contributing to quality in
different production environments. These examples can basically be divided into four
different solutions:

-measuring a workpiece with purpose of making assembly to fit it
-measuring a workpiece and final assembly with a purpose of finding best fits
-measuring in many production phases to achieve defect-free production

-measuring to find defect parts to scrap

Measuring can be simplifiedly divided into measuring either the process or the product of
it. Measuring products often slows down the production cycle by adding the measuring
process as an extra production phase. The goal of product measurement should be either
using measurement data for modifying the next process in cycle, or to know if the product

is defect and needs to be repaired or scrapped.

Process measuring often happens by a way of observing parameters during an ongoing
production process. Process can be adjusted depending on the measuring results, or if the
effect of process parameters on the final workpiece are known, measuring the process tells
whether the complete workpiece is defect. Process measuring does not necessarily slow
down the process itself, but processing the information is not always instantaneous.
Difficulty in process measuring is to find how parameters measured from the process are
translated into parameters in the final product. Product parameters before processing can
also be required to be known in order to find out the final product parameters.
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Currently at Levator, workpiece measurement in production is being done in final
dimensional control and in few locations before welding. Goal of these pre-welding
measurements is to achieve required dimensional tolerances by using varying welding

sequences.

To reduce welding defects, measuring the welding groove geometry could be used in
giving the welder information about optimal welding parameters for each part of the weld.
Many of the welds at Levator are done after opening backside of the weld by gouging.
Gouged groove is then ground and welded. This all is done manually, so grooves are
ununiform. A problem with this measurement strategy would be the large amount of time
needed to measure the grooves, compared to the small impact it would have on an already

small defect percentage.

2.4 FCAW and SAW processes
Basic principles of welding processes mostly used at Levator are shortly introduced in this
chapter. MAG-welding, metal active gas welding, is also used in mechanized welding, but

welds in the project are defect-free and not discussed in the thesis.

SAW, submerged arc welding, is a process used in offshore manufacturing. Its benefits
include large deposition rate, welding protected from environment and environment
protected from welding, meaning reduced the amount of noise, fumes and radiation to the
workshop environment. In SAW process, a flux is deposited ahead of the welding wire and
the welding happens under the flux. Some of the flux melts to create a slag layer, while
non-melted flux can be collected for reuse. The slag protects the welding process, while
also acting to insulate the weld, so that the heat generated is directed to melting of base
material and welding wire. Melted flux also contributes to chemical composition of the

weld. Figure 3 shows basic idea of submerged arc welding. [9]

Levator also uses a tandem process variation of SAW for increased productivity. Tandem
process has two welding wires both with their own power sources. First wire is used to
achieve desired penetration and the trailing wire makes the weld shape more favorable and

increases the groove fill rate.
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Figure 3. Basic mechanism of submerged arc welding [10].

Another main process used at Levator in addition to SAW is FCAW, flux cored arc
welding. It is quite similar to MAG welding. Difference between those two welding
processes is the wire used. In MAG welding the wire is a uniform metal wire, as in FCAW
the wire has a filler core and a metal outer layer, demonstrated in figure 4. Electricity is
mostly conveyed through the metallic outer layer, which has less area than metal wire,
causing FCAW wire to have higher current density and thus melt faster. In addition of
increased deposition rate, with flux-cored wires flux composition can be used to modify
weld mechanical properties and welding characteristics for additional benefits such as arc
stability. For example, flux-cored wire used at Levator is a rutile-based wire that has low
hydrogen content and its chemical composition is designed to give the weld metal good
impact toughness at low temperatures. It also has good properties for positional welding, as

the slag solidifies quickly and helps with controlling the melt. [11]
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Figure 10-55. Flux-cored arc welding process.
Figure 4. Description of FCAW process [12].

2.5 Defects in FCAW and SAW welding of structural steels in the project

In this project material thicknesses range from 4 mm all the way up to 75 mm. Most of the
steel used is S355NL with maximum allowed CE, carbon equivalent, at 0,43.
Thermomechanically rolled steels are also used in critical areas. There are also some
stainless steel welds and stainless steel-to-structural steel dissimilar welds. Stainless steel
and dissimilar welds in the project are low in amounts and had even lower defect

percentages than structural steel welds, which is why they are not discussed.

Hot cracking is one of the defects in submerged arc welding of structural steels. Hot
cracking, or solidification cracking, happens at last stages of solidification of the melt, at
high temperatures. Hot cracks often appear at the surface or middle area of the weld bead

and continue lengthwise along the weld centerline, as in figure 5. [9]
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Figure 5. Hot crack running along weld centerline in a gouged weld.

One reason for appearing of hot cracks is when final solidification of the weld happens on
a unified centerline. This can happen because of shape of the weld or because of chemical
composition of the weld. If compounds with lower melting temperature than steel are
formed in weld pool, they tend to solidify last. If these compounds can gather on weld
centerline, where final solidification happens, a crack-susceptible area is created. Shape of
the weld can cause similar effect. If the profile of the weld is too narrow, solidification to
centerline can happen mostly from the edges of the weld instead of happening from root to
face. This weld profile effect on hot crack forming is clarified in figure 6. [9]
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—

Figure 6. Description of different grooves and weld bead shapes on cracking susceptibility

of welds as solidification of the weld progresses (modified from [9]).

One way to reduce risk of hot cracking by means available in welding is controlling the
weld shape. For estimating the criticality of this weld profile effect, simple width-to-height
ratio can be used. Ratio of less than 1/1 is considered to cause susceptibility to hot
cracking. Improving the width-to-height ratio to deter hot cracking can be done by
reducing welding speed, reducing current or by increasing voltage. Another weld bead
shape susceptible to hot cracking is a “mushroom shaped” one, in figure 7, that is result of
using both high voltage and welding speed. Levator is using 60° groove angles on SAW
welds, which translates to 1/1 ratio of width-to-height. [9, 13]
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Figure 7. Another SAW weld bead shape susceptible to cracking [12].

Variables that affect hot cracking in addition to weld shape are chemical composition and
structural tension. SFS-EN 1011-2:en gives a tool for estimating chemical composition of
the weld regarding hot cracking. UCS, unit of crack susceptibility, uses the following

Equation 1:

UCS=230XC+190XS+75XP+45xNb—12,3xSi—54XxMn—1
(1)

Where C is percentage of carbon in the final weld metal, S sulfur, P phosphorus, Nb
niobium, Si silicon and Mn manganese. With values of UCS over 20, material can be
considered susceptible to hot cracking. This affects especially root welds, where mixing

rate of parent metal to the weld is the highest. [9]

Structural tension and restraints, such as fixtures preventing the workpiece from moving
during the welding also increase the risk of hot cracking. The rates at which weld metal
expands when heating and shrinks when cooling down create tension in the workpiece,

which can cause the crack to form. [9]

Cold cracking is also one of the risks, especially present when welding thick materials.

Causes for cold-cracking are [11, 14]:

-susceptible microstructure of metal
-hydrogen diffused into weld metal

-stresses in the welded structure.
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Cold cracking happens after the weld has cooled down, and can take up to days to appear,
especially on thick plate welds, because of hydrogen diffusion speed. Cold cracking can be

avoided by following means [11, 14]:

-ensuring low weld hydrogen content by choosing and properly storing low hydrogen
consumables, cleaning weld surfaces and using post-heating to assist hydrogen diffuse
from the weld during the cooling
-choosing a welding procedure with materials, sufficient heat input and preheating to avoid
hardening of weld microstructure

-choosing a welding procedure to minimize amount of stresses in the welded structure

With low hydrogen amounts, 5-10 ml/100 g, cold cracking in HAZ, heat-affected zone,
requires Vickers hardness of 400 HV according to Bullough [15]. Consumables used at
Levator are low hydrogen, 5ml/100g and most Levator WPSs require hardness levels of
below 350 HV to fulfill DNVGL-0S-C401 requirements, so cold cracking susceptibility in
HAZ is low [4]. Table 1 shows a table in SFS-EN 1011-2:en - Welding. Recommendations
for welding of metallic materials. Part 2: Arc welding of ferritic steels, that gives
maximum recommended plate thicknesses to be welded without preheat with consumables
of different hydrogen levels and materials of different CE. [16]. Many of the welds in
project are below these thicknesses, but are preheated anyway to ensure cold-cracking-free

welds and that maximum allowed hardness is not exceeded.

Table 1. EN 1011-2:en table showing recommended maximum combined plate thickness

weldable without preheating with different hydrogen level consumables [165].

Diffusable hydrogen Maximum combined thickness
content?®
CE of 0,49 CE of 0,43
ml/100 g of deposited Heat input: Heat input:
metal
1,0 kd/mm 2,0 kJ/mm 1,0 kd/mm 2,0 kJ/mm
mm mm mm mm
>15 25 50 40 80
10=<15 30 55 50 90
5<10 35 65 60 100
3<5 50 100 100 100
<3 60 100 100 100
@ Measured in accordance with ISO 3690.
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For calculating a recommended preheating temperature, EN 1011-2:en uses the following
Equation 2 [16]:

T, = 697 x CE 160 tanh (2) + 62 x HD%3% + (53 x CE —32)x Q — 328 (2)
Where T, is preheat temperature (°C), CE carbon equivalent (%), d plate thickness (mm),
HD hydrogen content of the weld metal (ml/100g) and Q heat input (kJ/mm).

In case of thick plates and multipass welds, risk of cold cracking can be more pronounced
in weld metal than in HAZ. Some amount of hydrogen diffusion happens with each
welding pass, causing hydrogen to gather in upper part of the weld, where weld metal
residual stresses are also largest [14]. According to Nevasmaa [17], one way to evaluate
this cracking risk is a relationship between the amounts of HD hydrogen content of weld
per deposited weld metal, and yield strength of the weld metal. SAW welds demonstrate a
cold cracking risk at yield strength of 585 MPa, when HD is around 13 ml/100 g. In case of

Levator, both values are considerably lower in all multipass welds.
Lack of fusion is a welding defect that was estimated to be more common during the

project in manual welds, due to defects located at middle of PB, horizontal vertical

position, welds in T-bars. Figure 8 shows two different ways for the defect between weld

Ry

o

bead and base material.

Figure 8. Lack of fusion at side of weld and between weld beads (modified from [18]).
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Common causes for lack of fusion are [11]:

-lack of heat input to melt the base material correctly

-base material of both sides of the groove not melting due to erroneous angle of the
welding torch

-melt running ahead of welding arc due to too small welding speed

-too high voltage in comparison to air gap

Lack of penetration, shown in figure 9, is a defect in which the required penetration depth

has not been reached. Causes for lack of penetration are [18]:

-too small air gap, groove angle or current
-too large welding wire diameter

-wrong technique

Figure 9. Lack of penetration (modified from [18]).

In this project, manual WPSs, welding procedure specifications, had a heat input of 0,8-2
kJ/mm for root bead and 0,5-1,5 kJ/mm for fill and cap beads. Upper limits of WPSs were
used often for productivity. These were estimated to be sufficient values to be a large
enough heat input. Attention in cases of lack of penetration was focused on welder

technique, air gap and root weld voltage.

Inclusions are foreign particles in a weld, for example a piece of slag trapped between weld
bead and groove side, pictured in figure 10. Both FCAW and SAW are processes that have

slag, and are susceptible to slag inclusions. Reasons for slag inclusions are [18]:
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-placement of weld beads, lack of overlap allowing slag to get trapped between weld beads
or weld bead and groove side
-slow welding speed letting the molten slag reach the welding arc

-insufficient slag removal between weld beads

Figure 10. Row of inclusions (modified from [18]).

Visually detectable defects were more common in the project than internal defects. The
repair is faster than internal defects, as most require only grinding. Welders identify and
repair some of the defects, and VT, visual testing, inspection performed to every weld
ensures repair of all defects. Common factor in visual defects is effect of welder skill, as

welding with wrong speed or torch angle are reasons for many of the defect types.

Spatter is droplets of filler wire or weld metal that has exited the weld pool and solidified
in an unappropriate location, as in figure 11. Spatter is not allowed due to surface treatment
requirements, and constitutes for most of the finishing work done to welds in the project.

Causes for spatter are [11]:

-loss of gas shielding
-wrong parameters

-contamination of welding surfaces or consumables
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Figure 11. Unremoved spatter on weld.

Undercut is a defect in the base metal caused by welding. The base metal next to weld has
melted, but the weld metal has not filled the groove. Figure 12 shows slight undercut in a

manual FCAW weld. Common reasons for undercut are [11]:

-high current
-high welding speed

-wrong angle of welding torch

Figure 12. Example of undercut on a fillet weld [18].

Incorrect weld toe is a too sharp angle between a weld bead and base material or between
two weld beads, as in figure 13. Incorrect weld toe can be avoided by correct parameter

settings and filler wire positioning.

v

Figure 13. Sharp angle between base material and weld bead (modified from [18]).
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3 QUALITY MANAGEMENT

Most common welding defects and their causes were listed in the theory section. In this
chapter, quality control demanded by standards and methods of performing of quality

control at Levator are introduced. Improvements to quality control are also considered.

3.1 Quality control

Offshore business is widely certified, quality controlled and documented. Levator is
certified for EN 1SO 9001 - Quality management, ISO 3834-2 - Quality requirements for
fusion welding of metallic materials -- Part 2: Comprehensive quality requirements and EN
1090-2 - Execution of steel structures and aluminium structures. Part 2: Technical
requirements for steel structuros, up to EXC3, execution class 3. In addition, Levator
applies OHSAS 18001, Occupational Health and Safety Assessment Series, and in this
project, DN-VGL-0S-C401 due to customer demands. Out of these, EN 1SO 3834-2,
DNVGL-0S-C401 and additional customer demands are the ones that control the quality
of welding. EN 1SO 3834-2 sets requirements for application and documentation of most
welding variables, which are listed below.

Welding machines have their own identification and they are validated at regular basis.
Validations are marked on the machines and recorded in Excel table, in addition to
information like location of the machine, cooling type and if the source is for welding or

gouging/heating to ensure that validation of the machines stays up to date.

Welding consumables are stored according to manufacturer recommendations. Welding
wires at minimum +15°C and maximum 60% humidity. Unopened flux bags are kept at
same storage. Flux is preserved in flux towers, where flux from opened packages is kept at
the recommended 150+/- 25°C. Storage temperatures and humidity are checked weekly.
[19]

All welders are required to have qualifications for the welds they perform. This table is
ideally used to assign welders to their workpieces. Welder qualifications are tracked in

table shown in table 2. Table shows, which WPSs the welders are qualified to weld. For
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prolonging the qualification, a signature is required from welding coordinator every six
months to prove that the welder has been in active duty. Same table is used to keep track of

welding operator qualifications and their prolonging every six months. [20, 21]

Table 2. Welder and operator qualification record tracking table at Levator.

No | Welder Internal | Certificate | Examination code Expiry date | Certification | Operator | Bl B2
name No No body
1 Kompaniets | 544 KLA 14 | ISO 9606-1136 P BW | 24.10.2018 Bureau X) )
Pavlov A 561 2.1 P FM1 s20 PE+PF bs Veritas
g9
2 Kompaniets | 544 MLA EN ISO 14732 138 | 10.9.2018 Dekra 0 X X)
Pavlov 00109 (railtrack)
3 Korshykov | 481 KLA 16D | ISO 9606-1 136 P BW | 24.2.2018 Bureau
Ruslan 180 2.1 P FM1 s20 PE+PF bs Veritas
g9

ISO 9606-1136 P FW
2.1 P FM1 t10 PD+PF ml

4 Korshykov 481 SG00262 EN ISO 14732 136 | 8.6.2018 Dekra o}
Ruslan (railtrack)

5 Korshykov 481 SG00272 EN ISO 14732 138 | 8.6.2018 Dekra o}
Ruslan (railtrack)

All welds required WPSs that also had to be verified by DNVGL representative and the
customer. There are some additional WPS information requirements in DNVGL-OS-C401,
such as presenting heat input categorized into root, fill and cap beads, compared to ISO
15609-1. WPQRs, welding procedure qualification records have stricter requirements for

impact and hardness testing results and extent of testing. [4]

When looking for defect causes in production, material susceptibility is ignored in this
thesis, as material for the project is delivered by the customer from a manufacturer that is
considered trustworthy and decided on by designers and thus cannot be affected. Material
certificates are also checked. WPSs are used to control the welding parameters so, that they
do not create conditions where hot or cold cracking occurs with the material the WPS is

meant for.

Weldplans, shown in table 3 are done based on manufacturing drawings and used by NDT
personnel for determining inspection class of welds, meaning whether they do full check,

20% or 2-5% spot checking. They are also used by fitters for filling welding traceability
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tables on workpieces. One issue is new revisions and their proper control. Especially
during this project, since drawings were coming from client, human error on either end
could result in usage of outdated drawings and extra work.

Table 3. Example of welding plan, showing required NDT inspections and WPs.

Weld Type of | Weld Weld Material | WPS Category | Welding | VT (%) | MT (%) | UT (%)
number | joint length thickness (Level) Process
(mm)
1 T-BW 18840 25 S355NL | Bl 1l 136 100 20 20
2 BW 275 10 S355NL | Bl 1 136 100 5 5
3 T-BW 80 15 S355NL | Bl 1 136 100 5 5
4 T-BW 375 10 S355NL | Bl | 136 100 100 100
5 T-BW 150 10 S355NL Bl | 136 100 100 100
6 BW 275 10 S355NL Bl 11 136 100 5 5
7 T-BW 80 15 S355NL Bl 11 136 100 5 5

Welding traceability tables on workpieces, shown in figure 14 are filled by welders, fitters
and NDT personnel. Fitters fill the weld number and WPS to be used when fitting the
workpieces, welders fill the completion time of the weld, welder identification number for
root, fill and cap beads, consumable lot number and power source number they have used
when welding. Completion time by hour is important, as waiting time for doing VT, MT,
magnetic particle testing, and UT, ultrasonic testing is 48 hours. Waiting time is a
mechanism used for ensuring that possible hydrogen cracks are spotted when doing
inspection, as hydrogen cracking happens after cooling of welds. NDT inspectors also
mark the welds as checked on these tables. Welding traceability table checking happened

as part of other checks requiring information of the table.



30

- e

¢ h 4 1'~°".7a. w2,c )
| WELDER | DA TETHE K) e
J“xrc 23.01. I? (.

507 RFL. 0‘4 20

; I © - W5.LOT POWER w

e

Figure 14. Welding traceability table painted on a workpiece.

This weld traceability data is collected by foremen on paper and later compiled by project
coordinator electronically together with NDT documents. There is room for improvement
here, as this means that same data is basically recorded by two different people. This has
caused many documentation mistakes due to human error during the project as there are
thousands of lines of handwritten text to be recorded [22]. These compiled records can

then be used for welding data analyzing.

Quality control in production is mostly responsibility of foremen. Correct usage of WPSs
is controlled by spot checking, as the number of welders and welding is too large to be
regularly checked when compared to estimated benefits of regular checking. The checking
of WPS usage serves simultaneously to test the values shown by welding machine against
true ones tested with an electrical meter. This spot checking could be improved by

organizing it with defect data to check on certain welding machines or welders.

One important production variable considered is opening of the root by gouging. Even if
most of the manually gouged groove is wide, there can be short narrower parts that do not
fulfill the advised weld shape requirement for avoiding hot cracking. Manually gouged

grooves also require more of the welder, as the grooves are not uniform and welding is
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more challenging. Groove quality control was done as a spot check due to amount of
welding grooves, by taking pictures of more ununiform grooves, and comparing pictures to

welding defect data later.

3.2 Sub-assembly completion checks

Post-weld checks for completed sub-assemblies were planned to be made for the project,
but the idea was scrapped early, as welding traceability system developed in a different
direction and the amount of paper was realized. It could be a viable option to be done
electronically, as welding information collection could be done simultaneously and a
documented extra check done by a foreman would serve as a protection from possible
forgotten welds and reduce amount of forgotten edge roundings and spatter cleanings that

are spotted at painting shop. Figure 15 shows an initial version of these checklists.



32

BEATRICE Document: Lower Platform 20161128rew
Ohject: Lower Platform
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Figure 15. Initial plan for workpiece checklist.

3.3 Defect data collection

In addition to welding definitions DNVGL-OS-C401 also sets requirements for NDT. All
the welds are designated in different structural categories that have requirements for
different NDT methods and joint types, shown in Table 4 [4].
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Table 4. NDT requirements by structural and inspectional categories and joint type [4].

Structural | Inspection | Type of connection Test method

category | category visual | Magneticl) | Radiography 2) | uUltrasonic 3)

Special / I Butt weld 100% 100% 100%

Essential Cross- and T-joints, full penetration welds | 100% 100% - 100%
Cross- and T-joints, partly penetration and | 100% 100% - -
fillet welds

Primary I Butt weld 100% 20% 4] 10%

Cross- and T-joints, full penetration welds | 100% 20% - 20%
Cross- and T-joints, partly penetration and | 100% 20% - -
fillet welds

Secondary 111 Butt weld 100% | Spot 5} Spot 5)

Cross- and T-joints, full penetration welds | 100% | Spot 3} - Spot 5)
Cross- and T-joints, partly penetration and | 100% Spot 5 -
fillet welds

UT personnel inspected welds at some point after the 48-hour waiting period. This
inspection point varied greatly, as some workpieces were inspected on the spot they were
welded, but some could be taken further on assembly line or stored on each other, so that
workpieces at bottom could not be inspected before top pieces were lifted off. This
variation existed even within manufacturing of single components. The variation at start of
the project was larger, and was reduced when production grew to its normalized speed.
This step was made somewhat easier by the MT inspection requirement on most
workpieces, as the white contrast paint used in MT inspection could be used as a visual

marker for inspected welds in production as shown in figure 16.

Figure 16. White MT contrast paint as a clearly visible marker for inspected welds.
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At the beginning of the project, defect data was collected by walks done in production and
communication with NDT supervisor. This way information was conveyed about locations
of most welding defects and data was recorded on site. This was important, as there could
have been on-site factors impacting weld defects, that are not recorded in NDT reports.
These factors could be, for example, a rusty plate, uneven assembly spot, faulty

mechanizing rails or welding location with strong draft.

However, not all defects were informed about in this way. Information from some defects
was only available from final reports, which could arrive weeks or months after welding,
depending on workpiece. This is a too long time, as there were defects that could have

been prevented during the project with better communication of defect information.

Another issue concerning defect information that could be improved is the amount of
information NDT inspectors record about defects. The amount is limited to data necessary
for repairing the weld. This includes only length and depth of defects. For figuring out the
type of defect, location and orientation of defect in relation to centerline of weld are
important. Better information about defects can be used for more accurate and faster
solving of the welding problem.

Electronically handled welding information traceability collecting and NDT reporting
systems would be large improvements over current system. Electronical system could
remove a lot of rework and mistakes in documenting. It could also be used for faster
informing of quality department of defects and therefore speed up reacting to them, which
would have been helpful on the case of defects on tower welds. Tablets are already a tried-

and-true system in construction business for same kind of purposes. [23]
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3.4 Defect data analysis

Data for analyzing cause of defects was collected in and analyzed using Excel. Data for
welds was available through welding traceability information required in the project. This
collected welding data included: date and time of completion of welds, welder, welding
wire lot, flux lot, power source, WPS used, weld number from drawing and related NDT
reports. The goal of using this data was to find areas of increased defect probability and to
find some common factors for defects that could not be fixed with a simple technical
solution, especially defects attributed to human error. If the goal could not be realized and
used to reduce number of defects, at least it would provide more accurate information on

problematic areas.

Wire lots were ignored in defect rate statistics during the project as wire lots rotated
relatively often, defect amounts were small and human error seemed to be the dominant
cause for defects. Wires are also tested by the manufacturer. Single welding defects could
cause too much deviation in data if wire lots were considered as viable defect cause as

other factors.

Welding power sources were also ignored as a defect variable as some of them were not
moved a lot during the project, so a production location that had a difficult weld could
easily cause error in data. Welding power sources are also tested yearly during validation

and welders usually notice when a welding machine starts to behave differently.

Based on data of 19123 welds, shown in table 5, there is a 31% chance that after a defect
weld, at least one another defect is welded by a same welder. PD, horizontal overhead
position, and flange welds are omitted from this data, as their difficulty was estimated to
impact the defects more than mistakes, and they had comparably more repetitive defects

than other welds because of that.



Table 5. Weld numbers for NDT delay analysis.
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Total PD and | Other | Single Successive
Total welds: 19122 flange welds | defects defects
welds
Total defects 164 46 118 51 67
Defect cases - - 74 51 23
Successive defects - - - - 44
Successive defects outside | - - - - 18

NDT delay of 48 hours

Out of 118 defects, 51 were single cases. 23 of defect cases had two or more successive

welding defects. Less than half of these successive defects happened during a longer time

span than two days, the NDT waiting limit, when defects are expected to be noticed at

earliest. Five days after the first defect weld is the limit, when effect of reacting to first

defect starts to drop. Seven days after the NDT, only half of successive defects have yet to

be welded, and 10 days after the first defect, there is a very small chance that NDT can

affect defects. Based on this data, NDT inspection should be done within 4 days of weld

completion. Numbers clarified in figure 17.
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Figure 17. Chart showing within how many days of first welding defect possible

successive defects are usually welded. Orange bar shows the amount of defects that are

welded before the NDT waiting limit.
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The same defect data, PD position and flange welds excluded, also shows that 40% of
defect cases happened on first few welds after welder had changed to weld different welds,
such as changing from WPS B8 SAW welding to WPS B4 SAW welding or WPS B2
FCAW welding to WPS B1 FCAW welding. This information would be worth considering
in preventing defects, if defect rate was higher. With current defect rate, setting a
mechanism for preventing those defects would take more resources than repairing the

defects.
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4 CASES

At start of the project, a general understanding of defect frequency and problematic
workpieces was generated by workshop walks and with help of NDT reports. These cases
are workpieces or welds that were paid special attention to, due to noticing defects in early

phase of the project or larger defect rate than on other workpieces.

4.1 Case 1: Defects in 1st bead after opening of root in SAW welds

This case happened during early production, there were defects in first few longitudinal
welds of tower rings. These welds had been welded by a semi-automatic SAW process
using a welding portal and WPS B4. This WPS covers 2-sided V-groove welds of plate
thicknesses ranging from 25 mm to 45mm, welded with SAW tractor or portal. These
defects located mostly close to the centerline of the weld. Opening of one weld proved the

defect to be hot cracking.

Hot cracking is a defect that can happen in SAW, especially if shape of the welding groove
is narrow and deep. Groove angle is 60° according to WPS. However, the defects located
in the first weld bead after opening of the root of the weld with arc gouging. Opening of
the root is done according to internal guide, shown in figure 18, which advices 40° as a
sufficient groove angle. The opening is manual work and susceptible to errors, but there
are kilometers SAW welds in the project, which makes detailed checking of opened

grooves not a preferred option.
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Weld back gouging

Welds back gouging details are shown figure 3. Gouging depth shall be always min 1 mm under visual
root. Avoid narrow groove and sharp shapes. If the gouging depth is more than half of the electrode
diameter use multi pass technique. Groove shall be smooth minimum groove angle is 40 deg.

After gouging clean groove by power brush or disc grinder.

|
W=15 '

H=20

WiH=15/20=0,75 < 1, NOT OK! WiH=20/20= 121, OKI
HNote narmow groove angle!

Figure 3. Try to avoid deep and narrow grooves. Recommended width/ depth —ration 21

Figure 18. Internal guide used at Levator for opening of the root of welds.

The amount of weld defects on SAW welds on plate structures was very small compared to
length of the welds without defects, 4% of the welds in a sample of 300 had defects and the
defects were mostly short, less than 100 mm in welds that are up to 11 meters long. If the
single solved case during start of production is removed from the percentage, defect
percentage drops to 3%. It could be assumed that only the worst parts of the opened groove
would cause defects to form. An adjustment to lower welding speed and current was
planned to make weld bead shape more favorable to avoid hot cracking by lowering hot
cracking susceptibility to root gouging of insufficient quality. However, the welder was
already using lower limit of the WPS. Welder was then explained the fact, that the defects
might be due to opening of the root. Subsequent defects were not spotted during the
observation period of 15 workpieces. Raising the angle of opened groove above 40° or
checking of the opened groove by another person as one phase of production will not be
done at the current defect density, especially as the exact size of defect-causing volume

changes is not known.
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One difficulty with choosing changing welding parameters as a corrective action is the
extensive testing and validation of welding required by DNVGL classification society.
These changes must also be accepted by customer. Because this whole process may take
weeks, testing a change to welding procedure to reduce defects is slow

For future projects, a slight reduction in root weld current and welding speed can be
considered as a possibility to prevent these hot cracks and other short defects in SAW
welds of similar material thickness. The low defect percentage will present a difficulty in
proving this theory. Based on this case, special attention should be paid to quality of root
opening and root bead parameters at the start of projects, when welders have not yet
acquired a routine for the welds.

4.2 Case 2: Defects attributed to difficult welding positions/fatigue

During this project, there were two different occurrences of defects that could be attributed
to difficulty of welding positions. In the first such case, weld defects occurred in 2-sided
half-V groove of T-joint, welded in horizontal vertical position, PB. Welders welded pre-
fabricated, T-bars onto a plate as stiffeners. Requirement for full penetration joint and low
height of the joint in middle of a large plate forced welding to be performed in a difficult
welding position.

There were four defect welds with a 100% failure rate welded in time frame of one week.
These welds all had undercut for full length, the welding defect was close to surface and
the welds had been performed by same welder. Based on these facts it can be assumed that
defects were caused by misalignment of welding torch. Similar welding defects appeared
irregularly and rarely during most of the project, but they were short defects most of the

time.

One of the suspects as a cause of welding defects in these double-bevel butt welds was the
air gap between the adjoining plates. It was abandoned as a suspect to be a major cause, as
the air gaps had very large variance, as shown in figure 19, and the weld had low defect
percentage. Excessively large or small gaps seen in spot checking were noted and later

compared to NDT reports for defect data and no correlativity was noticed.



41

Figure 19. Example of air gap variance of around 10 mm in a same weld due to fit-up

differences between workpieces.

Welder skill plays a large part in this defect case. Welder must choose welding voltage
correctly within WPS parameters to match the groove. Additionally, in FCAW welding,
arc length and current change with stick-out length as the voltage stays constant. This
means welder skill has an effect on current, as distance from the welding seam changes
when welder moves the welding torch. Keeping the distance constant is especially difficult
when welding in hard-to-reach places or difficult welding positions. Figure 20 shows a
picture of a very unergonomic welding position with a weld that is difficult to reach

otherwise. Unfortunately, different welding positions are not possible for most of the

workpieces due to their immobile nature.

7 L - o~

Figure 20. Example of a very unergonomic welding position.
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There were found no studies that focused on correlation between fatigue level and its effect
on amount of welding defects, but studies showing a correlation between fatigue and
human error have been done in other professions [24]. Statistics of welding defects on
welds completed at different hours are collected from welding traceability information at

the company, and are shown in figure 21.

Welding defect percentage for each hour

0,12
01
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0,06

0,04
Dm I | | I |
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1 2 3 4 5 |7 8 9 W 1 12 13 14 15 1 17 Bl w n 2 B 2

Figure 21. Defect percentages for welds completed on each working hour. Red lines

indicate shift change.

Sample includes 91 select double-bevel butt welds from the construction, recorded during
a period of half the project length, shown in table 6. In the sample, there are 48 defects in
1140 welds. The welds were chosen, because they were similar and had most defects out of

manual welds, enough to not be totally random occurrences.
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Table 6. Data used in assessing effect of working shift length

Welds Welds Day shift Night shift
completed completed
during first 8 | during last 4
hours of shift hours of shift

Total welds: | 624 516 673 467
1140
Design  welds | 289 244 287 246

that had at least
one defect: 533

Defects: 21 27 25 23

Data shows that welds marked complete on last four hours of the shift were defect 55%
more often than the ones on first eight hours of the shift. Difference between defects on
welds completed at night shift and day shift was 33% more defects on welds completed by
the night shift. Data was tested by removing welds that had no defects in the. This resulted
in 62% more defects in the last hours of shift and 7% more defects for night shift, clarified
in figure 22. Welds with the most defects were also checked for their division into end of
shift and rest of the shift. This was done to remove the possible error in results, that could
be caused by certain welds that are always completed at certain time or point of the shift
due to management of production. Sample of defects is relatively small, but based on this
data welder fatigue has a large effect on welding defect percentage in manual welding.
Some ways to make manual welding processes less straining on welders or to reduce the

impact of a fatigued welder on weld quality are considered below.
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First 8 hours Last 4 hours Day Night
Figure 22. Defect rate differences between end of the shift compared to rest of the shift
and day and night shifts. Sample is of double-bevel groove butt joint welds that had at least

1 defect during the project.

One, somewhat unconventional solution for a problem in steel workshop could be a non-
technical one. A way to improve welding ergonomy without changing welding process or
position of workpiece is reducing welder muscle fatigue and discomfort by strength
training. [25]

To reduce the number of defects due to torch misalignment errors, the effect of those
misalignment errors on weld quality can be reduced. There exist advanced welding
processes for this goal in manual welding, like Kemppi WisePenetration. In
WisePenetration process, welding current is kept even by the welding machine even as
stick-out length changes within some limits during welding. This could help in eliminating
some defects caused by welder torch misalignment. [26] Testing the process was tried,
however, welders testing the process felt that the conventional welding process they were
used to was more suited for them, and did not want to start using the new process.
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In future projects, identification and possible mechanization of similar welds that require
either a very low kneeling position or welders to lay on their side, is planned to be done in
early phases of production planning. There were some welds that were mechanized

midway during the project.

Largest occurrence of defects that can be connected to difficult welding position is in a
double-bevel groove butt joint on a 50 mm thick plate that is welded in PD position. The
weld is over a meter long and welders weld it standing on a platform inside the structure in
confined space. The welds in question had a clearly visible learning curve until 9th
construction, after which defect percentage dropped greatly. Defects started appearing
again after welders changed in the rotation. If this rotation of welders on welds with
noticeable learning curve shown in figure 23 can be avoided, for example by production

planning, some defects can be prevented.
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Figure 23. Average defect amount of PD welds on five latest transition pieces. Red line

shows when welder rotation started changing.

The largest improvement to preventing defects would be gained by shortening working
shifts, but the gain is nowhere near equal to the loss of productivity such action would

cause.
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4.3 Case 3: Lack of penetration due to lack of air gap

2nd case addresses first welding defects spotted during the project. These defects located

on stiffener rings of shear plates shown in figure 24.

' 'Leurn_cg"_ms NO | N
8 % 1 " LS O
M : & 14 L 1

Figure 24. A bended plate fit as a stiffener into shear plate.

Weld in question was manual FCAW 2-sided half-V groove weld in PA, flat position. It
was noticed during NDT inspection and repair, that the welds had lack of penetration along
their full length at root of the weld. Based on earlier projects, it was assumed that this
happened because air gap between plates had been left too small. Variation of the air gap
in this location has many factors. Fitting is the only variable affecting air gap in many
locations, as factors affecting the air gap on shear plate stiffener are:

-cutting of stiffener and shear plates
-beveling of the shear plate
-bending of the stiffener plate
-fitting

The assumption about air gap being insufficient proved right, as next workpiece had close
to zero air gap. Production supervision was informed and control measurements on air gap
were started. The goal of these measurements was to find a limit, below which defects

happened, to avoid extra work from making air gaps too wide. VVoltage when welding root
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bead was also taken into consideration, but was soon stopped, as higher voltages were also

deemed to be suitable for welding the root with proper air gap.

Based on this control, 1,5 mm was determined as a sufficient air gap, as there were no
defects spotted with most common, 2 mm air gap. There were few workpieces that had
narrower, 1,5 mm air gap, that had no defects. A single workpiece with air gap below 1,5
mm was welded, and had defects for approximately half of its length. Based on this 1,5
mm was set as minimum limit for the air gap. Control was continued daily and foreman
and fitter were informed as air gaps close to the 1,5 mm limit were spotted. In future
projects with similar workpieces, air gap measurement is planned to be transferred for the

fitter and to be followed by quality department.

However, even with sufficient air gap, occasional defects were found in these welds. The
few defects that were found after were 100% defect welds that happened due to welder
technique. One of the two welders was a newly hired welder and the other one was an
experienced one, who should have had no problems with the weld. A comparison was
made of 120 welds on same workpieces to find out, how welder experience at the company
or experience of welding the same workpiece previously affected defect rate. Table 7
shows results from the comparison, gathered by using welding traceability tables and data

from air gap control.

Table 7. Estimated defect causes for shear plate stiffener welds based on air gap control

and information from foremen.

Welds Defects |Experienced welder |Inexperienced welder
120 8 5 3

Caused by lack of air air gap 50 % 4 0

Caused by wrong technique 50 % 1 3

Out of eight defect welds of the 120, half were estimated to be caused by too small air gap
and half by wrong welder technique, clarified in table 1. The air gap was deducted as a
cause by matching run numbers of workpieces with air gaps below or at the 1,5 mm limit
to defects in NDT reports. 1,5 mm gap was realized as a limit for increased chance of
defects after spotting of three defects, but at that point, fourth workpiece had already been
welded. The defects caused by air gap were short ones in three of the four cases and a
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single 100% one. There were also single fit-ups with an air gap smaller than the designated
limit during the project that did not cause defects.

Three out of four of welds that occurred due to welder technique mistake were welded by a
new welder that had just started at the company and only single one by an experienced
welder, who had been working on the project for a while already but was welding these
workpieces for the first time. In the case of the unexperienced welder he had already
welded all the defect welds at the point when NDT inspectors noticed the defects. He
repaired the defects and made no more defects on the same welds. In this case a shorter
delay between welding and NDT inspection could have prevented two of the 100% defects
from happening. A system for prioritizing NDT of first welds done by welders on a
difficult welds or welds welded by new welders to the company could be implemented

based on this case.

The case of the technique mistake of the more experienced welder is a harder one to
prevent. The 120 welds had 29 different welders welding them, and out of those, 28 had
worked at the project for a longer time. So only 1 out of 28 experienced welders welded
with a defect technique. Based on this and the previous T-bar welding case, it could be
possible to pre-determine difficult or long manual welds that will have prioritization on
NDT inspection. This would mean that NDT inspection will be done as soon as possible
when a new welder or a welder with a long break from similar welds starts welding them.
Welders who welded a 100% defect weld tended to weld at least the next weld with also
wrong technique, causing more 100% defect welds. Based on these findings, technique
training should be given to welders welding a 100% defect weld, to avoid repetition of the
same defect. The very few 100% defect welds had a very large impact to total welding

defect length, amounting to approximately 20% of it.

4.4 Case 4: Defects on circumferential weld on 75 mm tower plates

Flange weld is the single thickest weld in the project. A flange, where the wind turbine
tower is connected, is joined to a six-meter diameter, 75 mm thick tower ring. Flange
tolerances are strict and the workpiece is large, meaning that a lot of time is spent on
straightening it if welding deforms the piece. Defect repairs are also time-consuming, since

pre-heating the large workpiece is slow.
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The defects were short, mostly less than 200 mm, and located at changing locations and
depths along the welds. Groove ununiformity caused by gouging or weld starting and
stopping points was first evaluated as the cause. Volume changes could cause local
variations in weld beads and lead to inclusions or lack of fusion due to misaligned torch or
parameters in those locations. This hypothesis was tested by taking pictures of locations
with most volume difference in the groove during welding, estimated by eyesight. Figure
25 shows two such locations. These kinds of locations were photographed and later
compared to defect locations after NDT was done. Based on this, even large volume

changes can be welded defect-free.

Figure 25. Locations of volume fluctuations in welding groove. Weld starting point on

left side and weld after crossing a tack weld on right side.

One theory is that the weld is simply difficult to perform. This assumption was made based
on experience of working personnel. IWS, international welding specialist, who has been
working at the company for decades. He was consulted on the defect case as he had the
most experience on SAW processes. He could tell that there had been similar cases before,
where stiff construction with large material thicknesses had been difficult to weld defect-
free. Those cases had been partially solved by finding a small range of parameters, where
welding would be successful. However, the solution was only partially successful, as even
within the correct parameter range, welds would sometimes end up defect. This makes
finding the correct parameter range difficult and time-consuming. In addition, the welders
in earlier project had to have enough experience with the weld in question, so that they had
been able to fine-tune the welding parameters to conform to groove changes. This theory is

supported by fact, that defect stopped in first welder rotation after few first workpieces.
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The defects started to appear when welder rotation changed, and continued systematically
for the second rotation. In third rotation, with same welders as in the first rotation, defect
number reduced again after few first workpieces. Based on this theory, a recording of
welding parameters and comparison between welder rotations is suggested to be started
when encountering a similar workpiece next time, to find out why defect amounts between

welder rotation varied. [27]

A hypothesis for defect cause of welds in higher defect density area was bead height of two
longitudinal welds that joined the two 75 mm thick plates together. A welder had noted
that while welding outer side of the weld between flange and tower, the construction
shakes when longitudinal welds cross the rollers supporting the construction. As welding
defects on the flange were spread as shown in figure 26, defects could be formed when
weld beads located at 90 and 270 degrees on the flange roll off the rollers that are
supporting and spinning the tower. This was supported by the fact that more defects
appeared at areas that were being welded at the time when weld beads crossed the rollers.
These areas are circled with red color in the figure. To find out if the hypothesis is correct,

recording of weld bead profiles is suggested for next similar workpieces.

4
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Figure 26. Spread of welding defects around different locations of the flanges. Higher
defect rate on area circled in red is estimated to be caused by welding beads crossing the

rollers.
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As one possibility for the defects is hot cracking and one factor for hot cracks is restraint
on the weld [28], different welding sequences could be tested to reduce the welding defects
in cases of hot cracking [29] or some method to cause a load on the workpiece before [30]
or during welding [31]. Theory of defects caused by extra restraint fits the circumstances,
as there were fewer welding defects on the circumferential welds on joining of thinner, 35

mm plate and almost none on joining of 25 mm plate.

One possibility to reduce these defects, at least partly assumed to happen due to differences
in groove volume, could be an adaptive welding process, that measures the groove and
adapts voltage and amperage to match the groove ahead of the torch during welding. This
would also integrate measurement of the groove to the process, improving groove quality
assessment and control [32]. An analytical method, such as Taguchi method, could be used
to determine welding parameter influence on welding bead shape more accurately [33].
Using this method there would still be a need to convert that more accurate welding

parameter information into defect-free welding parameters.

As the cause for this defect case was not figured out during the project, it can be suggested
that with thicker materials and more restrained constructions, welding parameters and
starting points of welds should be recorded from the beginning of project to find out the

root cause of the defects and the correct parameter range, with which to weld successfully.

4.5 Case 5: Overgrinding of welds

Grinding welds unnecessarily is not a defect, unless grinding exceeds allowed limits. It is
however, a practice that wastes time on “repairing” welds that are already acceptable. In
manual welding of T-bars during the project it was noticed that the amount of grinding
welders did varied greatly. Most welders ground small amounts of spatter and parts of the
weld and finished the grinding according to remarks left by inspectors, shown in figure 27,
after VT had been performed on the weld. More than necessary grinding on welds was
caused by welding with low voltage, which caused more spatters. However, there were
some welders who seemed to have a habit of grinding the welds so, that they would not
need to be repaired afterwards. These estimations made by welders caused extra grinding
without really speeding up the inspection and repair process, as the welds would be VT

inspected anyway and welders rarely managed to prepare the weld so well, that there were
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no remarks on VT inspection. Figure 28 shows an extreme example of a weld that has been
ground too much. Best ways to avoid extra grinding could be forbidding welders who have
the habit, from grinding before VT inspection, or training the acceptance limits to welders,

for example with sample board utilized by TWM.

Figure 27. An example of how a completed weld should look like before final visual

repairs, with small amount of grinding done and VT remarks visible.
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Figure 28. An example of weld that has been ground unnecessarily much.
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5 RESULTS

At the end of this thesis work, goal of lower defect percentage than during earlier project
was achieved. However, this can not only be attributed to work done during the thesis as
the only implementation of quality system during the making of this thesis was air gap
control for shear plate stiffener welds and small number of notifications about tack weld

sizes and preheating.

Most relevant causes for welding defects was detected to be the number of hours worked
during the day and difficulty of the weld. Most welding defects were based on human error
and happened to both experienced and inexperienced welders. In the cases of repeated
defects, a different NDT prioritization to perform NDT on new welders as soon as possible
could have reduced defect rate by approximately 5% from current, while internal training
system could have reduced the defect rate by the preventing same 5% of defects as
prioritized NDT and additional 5% of defects that were welded before NDT delay limit of
48 hours, to a total of 10%. Estimation of preventative training defect reduction percentage
assumes that welder training successfully prevents defects, but uses only long defects made
during a short time frame, which can be attributed to lack of welder skill. As possible
reduction in smaller mistakes made by welders during a longer time frame is not
considered in the percentage, real benefit could be larger. Defect reduction is estimated to
be larger with higher defect rate, as it would prevent more subsequent defects.

Welds with difficulties in welding were identified and causes for defects in most of them
were found. Keeping same welders on difficult welds with a learning curve, or optionally,
training the changing welder rotation, could have prevented approximately 10% of defects
during the project. The 10% estimation assumes that defect rate slightly rises during welder

rotation, instead of ‘resetting’ to figures at start of learning curve.
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Communication with the company doing NDT was improved during the project. Defect
reports are now done weekly, instead of earlier practice of getting NDT reports only from
final reporting. New communication practice has reduced the time between noticing defect
and quality department becoming aware of the defect from months to a week or less. This
allows checking of defect location and supervising the next weld in most cases. This could
still be improved by implementing an electronic documenting system or defect list kept by
NDT personnel daily. Making welding traceability system and NDT documentation
electronical would also be improvements by reducing amount of rework needed on the
documents. Successive defects welded by same welder were found to happen on
successive days, or alternatively 5 days after first defect welded. Maximum NDT
inspection delay is suggested to be no more than 4 days for possible reacting to welding
defects as weld starting day should be included in the 5-day period. Difference of NDT
delay between 4, 6 or 9 days can cause 5% or 10% reduction in total defect amount,

assuming that finding the first defect prevents successive defects.

To prepare for future projects, internal welder training system similar to one in TWM,
NDT inspection prioritizing system and actions for difficult welds are suggested. The list
below, also shown as a flow chat in figure 29, suggests how the tasks related to the system

should be defined at project planning phase to begin the use of the system:

-Responsibilities of NDT

o Defect information for production management and quality department

-Responsibilities of welding supervisors and production management
e Producing information on completed welds for NDT
e Execution of welder training plan

e Inspection prioritization depending on production
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-Responsibilities of quality department
e Inspection & testing plan
e Weldplan, initial inspection prioritization plan, measurements and controls
e Defining reaction to defects and welder training plan

¢ Analyzing defects and making improvements

— Quality department

!

-Inspection & testing plan
-Defining reaction to defects
-Weldplan

-Inspection prioritization plan
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Figure 29. Organizational chart describing the system

A simple system for reacting to found defects was created as a process chart, shown in
figure 30. As there was very little repetition in short welding defects, no action is taken
regarding them, unless collected defect data shows a certain weld or welder being more
defect-prone. Welder training is utilized to prevent further defects when there is a reason to

assume that defect is due to wrong welding technique.
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Figure 30. Actions taken when a defect weld is spotted.

Based on current project, assumptions for defect causes and ways to fix them can be made.
Defect assumptions can be divided to SAW or FCAW process, long or short defect and
root defect or other defects. Long defects can be considered errors in welding technique,
while short defects can be assumed to be mistakes due to human error. Figure 31 is a list of
assumed welding defect causes and fixes for them. Other pre-emptive actions to reduce

welding defects that are suggested to be taken based on current project are:

-Ensuring that FCAW PA air gaps are 1,5mm-+
-Paying close attention to 50mm+ thickness circumferential welds

-Paying close attention to root openings at start of project

-Rotation of PD welders kept minimal
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Figure 31. Assumptions for defect causes and fixes of different defects based on current

project.

Figure 32 clarifies estimated result percentages of defect reducing methods mentioned in

this chapter.
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Figure 32. Estimated defect reduction of different methods. Reduction of combining the
methods is estimated lower than the sum of methods, as some overlapping of methods
would happen. Reduction achieved by controlling NDT delay is estimated at 5% or 10%
depending whether NDT delay of 4 or 6 days is used.
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6 DISCUSSION

In current situation Levator has a very low defect percentage. Productivity and efficiency
of welding could be improved better by focus on mechanization of welding or supporting
activities, such as opening of the root. Welding process improvements such as to reducing
reinforcement in T-bar welds or aiming to implement narrow gap welding could also be
made. However, the situation is largely dependent on skill of the welders, as many defect
cases were realized to be largely influenced by welder skills. Implementing training system
could prevent defect percentage from degrading in future, even if something happened to

the supply of skilled welders.

The small amount of repetition in welding defects made by welders in a longer time frame
is a surprising result, which might show changes with a larger sample. Analysis of defect
causes based on welding traceability data would have benefited from larger defect
percentage. Some of the analyses were not reliable enough to be considered in results, as a

difference of one defect could have large effect on percentages.

Interesting future research topics for manual welds would be effect of Kemppi
WisePenetration or similar process, as many manual welding defects were assumed to be
lack of fusion at weld root. Other topic could be testing welder fatigue on manual weld of
highest defect percentage, which was a time-consuming weld in PD position, by setting a

rotation of more than one welder during same shift on the same weld.
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7 CONCLUSIONS

A system for preventing welding defects by both reacting to defects and performing
preventative actions was developed. Plan at the start of the thesis was developing a system
based on reaction to defects, but preventative actions were added as a part of the system to

best achieve the goal of reducing welding defects.

Actions suggested by the system are based on data collected from the project by Levator to
manufacture transition pieces for offshore wind turbines. Data used in the thesis was
collected from NDT inspection reports, welding traceability reports and observations made
in production. Data and literature were used to make assessments of defect causes, which

led to suggested actions.

Defect causes recognized to affect quality of the welding the most are long working shifts
and errors of welders in welding or groove opening. Repetition of defects is rare in a
longer time frame excluding the difficult welds with a noticeable learning curve. Most of
the defect repetition happens within a short time frame, due to cases of lacking welder skill

or wrong technique, marked by long defects in the welds.

Reduction to welding defects achievable by implementing the system is estimated to be
around 25%. This is achieved mainly by implementing internal training system, controlling
NDT inspection delay and keeping welder rotation low on the difficult welds with learning

curve, or optionally training the rotating welders.
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