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Sammanfattning

Det har nu varit kant under en langre tid att vi lever pa en planet med resurser som inte ar oandliga.
Varldspopulationen 6kar, mer produkter produceras och manniskan forbrukar mer an vad planeten
klarar av att aterhamta sig under en mansklig livstid.

Det ar viktigt att ratt sorts stal anvands for det sarskilda andamalet for att spara pa resurser och
optimera konstruktioners egenskaper. N&r man talar om att analysera livscykelkostnader, pratar
man om priset for tillverkning, anvandning, underhall och atervinning av produkten. Underhall &r
ofta en kostsam och tidskravande procedur, om man istallet i tillverkningsfasen kan astadkomma
en forlangning av produktens livstid eller reducerat behov for underhall bor det beaktas. Genom
att implementera hoghallfast stal i konstruktioner kan man gora viktbesparingar. Problem som
uppstar med konstruktioner i hoghallfasta stal &r att svetsarna inte uppnar samma hoga hallfasthet
som grundmaterialet. Man designar darfor konstruktionerna med svetsarna i atanke sa de utsétts
for sa liten risk for utmattning som mojligt, detta medfor 6kade kostnader for konstruktionen i
designfasen. Fall da svetsforband maste placeras i mer utsatta delar av konstruktionen kan inte
hoghallfasta stal nyttjas fullt ut. S& om man kan producera béttre svetsar kan besparingar goras pa
design, material, underhall och livslangd.

| denna rapport undersoks 3 olika efterbehandlingar for att forbattra svetstan pa hoghallfast stal.
De tre behandlingarna ar att TIG-behandla, slipa eller modifiera tan plastiskt med ett sa kallat
HFMI verktyg. | rapporten sammanstalls rekommendationer, fordelar och kostnader for
behandlingarna.

Priset for utrustning for de olika metoderna varierar kraftigt och dven designen kan variera. Sa vid
inkOp av ny utrustning bor maskinernas prestanda och operatorens asikt tas i beaktande eftersom
detta kan effektivisera behandlingen och ge mer behandlad svetsta pa kortare tid. Om man raknar
pa kostnader for behandling av svetsta sa indikeras det starkt att kostnaden for utrustning &r mindre
vasentligt. Storre delarna av kostnaderna styrs av hastigheten som operatdren kan utfora processen
med och driftkostnader.

Fran ett ekonomiskt perspektiv &r HFMI metoden béasta lésningen om stora mangder svetsar ska
behandlas och vid mindre mangder &r slipning den mest ekonomiska l6sningen. TIG behandlad ta
hade jamnast kvalitet av de tre metoderna i vara forsok.
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Abstract

It has been known for a long time that we live on a planet with a limited stock of resources. The
world population is increasing, more products are being produced and humans are consuming more
in a lifetime than the planet can recover. It is a constant competition between industries to keep
their prices down and get consumers to buy their product. Unfortunately, affordable products do
not mean that the resources are used at maximum efficiency and that companies invest in long-
term solutions.

When using steel, it is important that the right type of steel is chosen for the specific purpose to
achieve sustainability in production and use. Lifecycle costs need to be analysed, which is the total
cost for manufacturing, all use, maintenance, and recycling cost for the product. Maintenance is
often a costly and time-consuming procedure. Spending extra time and money in the
manufacturing phase may extend the products life or reduce need for maintenance, this may save
money in long-term usage. To reduce material costs, high-strength steel can be used in
constructions. This results in lighter designs which means that less material is needed. Problems
that can occur with constructions in high-strength steels are that the welds do not achieve the same
high strength as the base material. This results in more money being spent on designs to
compensate for the welds. So, if better welds can be created financial savings can be done for
designs and maintenance. With better welds more high strength steels can be applied in several
applications, with increased optimisation and sustainability as a result.

In this report, three different PWT are examined to improve properties of the weld toe on high-
strength steel. The three treatments are TIG-remelting, grinding and plasticly modify the toe. The
report compiles recommendations, benefits, and costs for the treatments.

The price of equipment for the different methods varies greatly and the equipment design on the
tools can also vary. So, when purchasing new equipment, the machines performance and operator's
opinion should be taken into consideration. The calculations for treated welds strongly indicate
that the cost of the equipment is less significant. The larger parts of the treatment cost seem to
depend on the operating speed and powering of the equipment.

From an economic standpoint HFMI treating welds are financially beneficial for mass production.
If PWT is needed for shorter amounts of weld toes or if a company can’t afford that investment,
burr grinding is the most affordable treatment. TIG-dressing tended to get the most even quality
among the three treatments in our trials.
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FAT
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MAG
HAZ
FZ
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HSS
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1 INTRODUCTION

1.1 Background

As the human population grows bigger more materials are needed to sustain it. Obtaining and
utilising many of these materials tend to pollute the environment. Steel industries generate around
7-9 % of emissions from fossil fuel, one way of reducing the emissions is by reducing the need for
new products by making steel products lifetime longer [1]. Connecting pieces of metal by forging
has been traced back to the bronze age. Welding procedures has since then evolved to create better
products and post welding treatments (PWT) have been developed to further improve the welds
strength and lifetime.

Industries working with steel design are slimming down their designs by implementing high
strength steel (HSS) into them, this has helped to further develop their products. One of the
advantages with high strength steel is that it can withstand higher loads than low alloyed steels. A
disadvantage with welding HSS is the demand for high-quality welds, to fully utilize HSS fatigue
potential.

The cost for a construction should be measured over its lifespan and not just for what it cost to
produce; this is called the lifetime cost. This includes costs for raw material, production costs,
usage costs, maintenance, and recycling costs. Products can either be run until failure or
maintenance can be performed to prolong it. Maintenance can cause downtime, be costly and
increase the lifecycle cost. Therefore, it’s of great importance to determine what can be done in
production to minimize the need for maintenance.

A good example of use of HSS is the Swedish sport center Friends Arena that implemented high
strength steel in the roof with yield strength between 460 to 900 MPa. By doing this it is
estimated that the weight of material for the roof is lowered from 4585 to 4000 tons. Production,
transportation, and recycling saved 900 tons of CO, emission and 3600 MWh in power usage;
this is compared with the roof being made with 100 % S355 [2]. For a construction like Friends
Arena PWT may be less necessary since fatigue failure is considered to not occur at stress range
under 25 MPA. [3]

1.1.1 As-welded:

The original welds are referenced to in this report as as-welded (AW). When assembling products
by welding it’s important to keep in mind how the welding method affect the original material and
how the final product will be used. The importance of how the product is being used was
discovered by August Wohler after a train crash in Versailles, France. The discovery was that
cracks could appear when exposed to cyclic stress far under ultimate strength and/or yield strength
of the material. With this knowledge he developed the SN-Curves that plots magnitude of stress
vs numbers of cycles to give an estimation of the fatigue life. This discovery laid the foundation
for the development of FAT-classes, this can be used to predict the fatigue lifetime for both
different types of material and certain types of welds. For example, if a weld is said to be of a
FAT-class 80 it breaks after being loaded with a stress range of zero to 80 MPa for 2x10° cycles.
If welds manage to endure 107 cycles it is commonly considered that the weld will not break by
fatigue [3]. When welding high strength steel, it is important that the weld cools at the right speed.
If the weld cools off too fast there is a risk of getting martensite in the weld, if the weld cools off



too slow there is a risk of creating broad soft zones in the heat-affected zone in the base material
[4]. Welds also receive residual stress when cooling off, the residual stress tend to spread unevenly
over the weld due to the thermal heat distribution from welding. Tensile residual stress is not the
only factor that determine welds fatigue strength, however one of the PWT treatments examined
in this report creates compressive residual stress which can add significant lifetime for certain
constructions, such as bridges. AW fatigue strength compared to base material can be seen in
figure 1 [5].
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Figure 1: Reduction of fatigue strength from notches and welds [5].

1.1.2 Post weld treatment

When adding lifetime to a weld there are several types of post weld treatments (PWTSs), they may
be performed in production, on site while mounting, or later in the products life as maintenance or
life enhancement treatment. This report will look at creating toes for welds by TIG-dressing, Burr-
grinding and HFMI treating in order delay the propagation of cracks and looking at the cost for
these procedures. It is important to look at the big picture when selecting PWT, prolonging one
weld does not guarantee the final product lifecycle cost to be reduced and may only move the
location of propagation of the crack from one position to another, for instance from the toe to the
root of the weld. The advantage with having the crack initiate at the toe is that it can be seen taking
form, then usage can be stopped before the product fully breaks. Having the crack initiate from the
root keeps it hidden until it cracks through the surface of the weld see figure 2 [6]. It is therefore
important to also utilize design knowledge to make best use of the PWTSs.

Weld toe

Crack Crack

Figure 2: Crack propagation with different initiation points [6]

By reshaping a weld toe the weld can receive a smoother transition for stresses to move through
the weld when affected by loads, the concentration of the stress is thereby distributed on a larger
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surface. It is also important to keep in mind that when creating welds, not to create undercuts see
figure 6 since this may have a negative influence on stress concentration. Figure 3 shows
Karthikeyan Thalavai Pandians work on stress concentrations in connection to weld toe radius,
toe angle and undercuts [7].

Matrix Plot of Stress concentration vs Radius; Toe Angle; Undercut
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Figure 3: Stress concentrations connection to weld toe angle, toe radius and undercut by
Karthikeyan Thalavai Pandian [7].

1.1.3 TIG-dressing:

When TIG-dressing the weld toe region is remelted, reshaping the geometry to a larger transition
radius which allows stress to easier move through the weld. The stress concentration is also
distributed over a larger surface and smaller discontinuities in weld toe are remelted (removed).
This procedure relies heavily on the expertise of the welder and the pre-developed welding
procedure. It is commonly used for creating larger toes, the procedure can also reduce defects such
as cold laps [7], [8]. There are guidelines on how to aim and how far from the weld the weld-torch
should be placed to achieve a preferable toe, see figure 4. A small tilt also helps to reach the wished
new weld toe geometry. Table 1 show typical values used for the TIG procedure according to 11W

[6].

Figure 4: Angles for weld-gun when TIG-dressing according to W [6]
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Table 1: Common parameters for TIG toe dressing according to [IW [6]

Shielding gas Ar or mix of Ar and He
Gas flow rate 7-12 1/min

Nozzle diameter 10-14 mm

Preheat temperature 50*-200 °C

Electrode diameter 3-4 mm

Voltage 12-17V

Current 160-250 Amp

Dressing speed 80-160 mm/min

Heat input 1-2.5 kJ/mm

* Comment: 50 °C is minimum according to IIW however it can be performed in room temperature.

1.1.3.1 Preparations:

Generally, the same preheat temperature should be used for TIG-dressing as for the as-weld,
unless a flux-core is used. If TIG dressing is performed right after the welding the working
temperature should be approximately 150 °C for at least 20 minutes to avoid cracking in the
weld. A welding procedure specification (WPS) needs to be developed for the TIG-dressing
procedure; the operator needs to qualify according to it [24].

1.1.3.2 Problems that can occur:

If the gas flow is wrong the arc becomes unstable which may cause pores and weld bead
or cause the electrode to oxidize.

For Duplex Stainless Steels, 1 or 2 % Nitrogen can be added to avoid too large changes

in austenite-ferrite balance.

Low heat input may cause too high hardness in HAZ.

High current and low dressing speed may cause undercut or a poor TIG bead profile.
Wrong stop/restart technique can cause craters.

Steel with carbon levels over 0,12 % risk receiving hard zones in HAZ by TIG-dressing.
If the torch is placed too close to the toe it can create undesirable geometries which result
in low improvement or may even reduce the welds fatigue. This can be seen in figure 5
example b) and c). In case an unsatisfactory toe is created the process can be performed
again and extra material can be added if needed [6].

12



a)
Optimum shape

=

b)

c)

i

AF toe ~ 0.5mm

Figure 5: Geometries created by TIG dressing, a) suitable distance from weld [6]

Creating undercuts when TIG-dressing can negate the fatigue benefits from the
procedure, performing the treatment in PB position may reduce the risk of receiving

undercuts see figure 6 [9].

Figure 6: Welding position to minimize risk for undercuts [9]

When TI1G-dressing HSS the HAZ and FZ tend to soften compared to the base material.
Steel with lower strength will receive a harder HAZ and FZ see figure 7 and 8 [10], [11].
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Figure 7: Hardness differentials in steel grade S1100 [10], [11]
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Figure 8: Hardness differentials in steel grade S460 [10],[11]

1.1.3.3 Safety:

Protection and precautions as for welding i.e., protective clothing, welding gloves, and welding
helmet. The operating area needs to be separated from other employees to not risk damaging
their eyesight.

1.1.3.4 Fatigue Benefit:

After TIG-dressing the weld can be considered to have a higher stress range capacity of factor
1.3 and a factor 2.2 on life. This means that an as-weld with FAT-class 63 becomes FAT-class
80 and if the treated weld is fatigue loaded with 63 MPa the lifecycle can be expected to become
4.4 x 10° cycles. It has been proven that welds of steel with FAT-class 90 and below can benefit
from TIG-dressing (FAT-classes over 90 include non-welded details). Figure 9 illustrates the SN
curves for TIG-dressing according to IIW. These values are what 11W considers the PWT to
accomplish in increasing the FAT-class, however there are studies that show that the treatments
can accomplish more [6].
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Figure 9: SN-curve for steel TIG-dressed weld toes in steel according to W [6]

1.1.3.5 Equipment and maintenance
The equipment for TIG welding is available at wide price range and machines comes at a price
between 10’000 SEK to 200’000 SEK (approx. 1000 euro to 20’000 euro). These machines

come with different functions and control systems. The electrode will from time to time need to
be reformed with a grinding machine.

1.1.4 Burr grinding:

Creating a treated weld toe by burr grinding is done by removing material locally, at the weld toe
creating a larger weld toe radius. The grind depth should be 7% of the plate thickness and max 3
mm [6]. The tool removes material by rotating between 10°000-100°000 rpm and with a running
pressure of approx. 6.3 bar for pneumatic grinders. The head of the tool is normally made of
tungsten carbide or high speed steel for its hardness and high melting point properties, this to
give the tool a long lifetime and reduce the weld toes variation. Figure 10 shows two different
tool materials and how high the tools are recommended to spin per minute for different tool
diameter. For grinding in stronger material, a higher RPM is needed [12].
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Figure 10:Tool heads diameter and their rotation speed according to Atlas Copco [12]

Burr grinding is a time-consuming process, to receive an even toe the operator needs to be
patient and accurate. There are no standards for burr grinding. Instead, W has established
guidelines on how to aim the tool to achieve a desirable toe, see figure 11. The tool can be
pushed or dragged, what is best is up to the operator to decide. The time for grinding depends on
the equipment, the material and weld geometry. A pneumatic burr-grinder can produce a new
treated toe with a speed around 50 to 100 mm/min [6].
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Figure 11: Angles for burr-grinder according to 11W to get a preferable weld toe geometry [6]

1.1.4.1 Preparations:
Before the grinding treatment, the welds should be cleaned and de-slagged.

1.1.4.2 Problems that can occur:

Too small head on the tool may cause an unwished notch effect. For welds with steep weld
reinforcement angles or T butt welds in thick plates, the grinding may need to be done first with
a smaller burr-tool to create a path for the bigger tool to receive the desired toe geometry [6].
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1.1.4.3 Safety:
The highspeed procedure produce hot sharp shavings and loud noise. Recommended safety

equipment: protective clothing, leather gloves, safety glasses and ear protection. In 2002 the
European commission established that for hand-vibration an operator should maximum be
exposed to 5 m/s? during an 8-hour work shift. If the level of vibration exceeds 2.5 m/s? a plan
for reducing the vibration should be started for the production and a health surveillance program

for the operators.

1.1.4.4 Fatigue Benefits:

After the burr grinding the weld can be considered to have a higher stress range capacity of a
factor 1.3 and a factor 2.2 on life i.e., the same improvement levels as for TIG-dressing. This
means that an as-weld with FAT-class 63 becomes FAT-class 80 and if the treated weld is
fatigue loaded with 63 MPa the lifecycle can be expected to become 4,4 = 10° cycles. It has been
proven that welds of steel with FAT-class 90 and below can benefit from burr grinding. These
are fatigue benefit values according to 11W they are the same as for TIG-dressing, SN curves by
ITW for burr grinded welds in steel can be seen in figure 12 [6]. These values are what W
considers the PWT to at least accomplish in boosting the FAT-class, however there are studies

that show that the treatments can accomplish more.
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Figure 12: SN curve for burr grinding steel [6]
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1.1.4.5 Equipment and maintenance:

The burr on the grinder is an expendable part that have a lifetime that depends on what material
that is being worked on. The burrs are commonly made of tungsten carbide and cost around 95
SEK per head. Tool-heads lifetime also depends on the quality of the grinder and experience of
the operator. Grinding with a damaged burr may cause the grinder to vibrate more and may also
damage the grinder for future work. The tool-heads come in different sizes and shapes as seen in
figure 13. Burr-grinders can be bought at a wide price range and it is unfortunate that companies
often buy new cheaper ones for each project. For environmental purposes it can be recommended
to buy a more expensive one with longer life, since it often means less emissions. The machines
are either powered by electricity, compressed air, or a mixture of the two.

’z{%
J |

5

!
|

Figure 13: Different shapes for burr-grinds heads [25]

1.1.5 HFMI:

HFMI machines changes the geometry of the weld toe by a fast mechanical hammering on the
surface. This creates a larger toe radius; it hardens the surface close to the weld toe and creates
compressive residual stresses [13]. The principle for HFMI is that a cylindrical indenter
hammers with high frequency (around 90 Hz or more) and transforms the transition between the
weld and the base metal. HFMI machines are suitable for plates with thicknesses of 5-50 mm. A
pneumatic HFMI treatment can create a toe manually at 180-300 mm/min [14]. An image of a
HFMI tool created by HIFIT can be seen in figure 14 [15]. The procedure can also add lifetime
for a product by closing already initiated cracks, see figure 15 c).

(Note: discovered cracks in welds are often not allowed to be treated before the weld have been
repaired, however treating undiscovered cracks will still help to prolong life as long as the cracks
depth is less than 2 mm [23].)

Figure 14: HFMI tool by HIFIT
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Table 2: Data for a HFMI tool made by Hi-Fit

Compressed-air supply 6-8 Bar

Power supply (battery) 3.7 V and 950 mAh
Pressure indicator 0to 12 Bar

Display deviation +0.2

Required airflow rate: Min 400 I/min
Impact frequency 180 to 300 Hz

1.1.5.1 Preparations:

The base material and weld shall be cleaned before treatment, slag and other irregularities should
be removed. A HFMI treatment procedure shall be developed and approved before applying
HFMI on the actual component.

1.1.5.2 Problems that can occur:

Treatment of too convex welds or welds with large weld angle can result in plastic deformations
that initiate a crack instead of prolonging the welds lifetime, see figure 15 a) and b). To not
damage the product the treatment needs to be adjusted according to the certain weld geometry
that are being treated.

a)

Figure 15: Creating crack with HFMI [14]

1.1.5.3 Safety:

The noise level is considerably lower than traditional for burr grinding, none the less the operator
should still use noise protection and glasses. The HFMI equipment vibration needs to be under
2.5 m/s?, otherwise time restrictions are required for how long an operator can use the equipment
during the work shift.
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1.1.5.4 Fatigue Benefits:

It has been proven that welds of steel with FAT-class 50 to 90 can benefit from HFMI (FAT-
classes over 90 include non-welded details). HFMI treatments have shown to increase the FAT
class more the higher strength the base material has. For example, steels with 355 to 550 MPa
with FAT-class 63 with HFMI treatment receives a FAT-class of 112. And steel with 750 to 950
MPa with a FAT-class 63 receives a FAT-class of 140 when HFMI treated. SN curves for
welded steel joints with strength of 550 to 750 can be seen in figure 16 [14].
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400 — FAT 160 (80)
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Figure 16: SN curves for HFMI treated welded steel joints, with base metal strength
550 MPa < f, <750 MPa [14]

1.1.5.5 Equipment and maintenance:

HFMI equipment is available at a wide price range and maintenance of the equipment can be
considered a bit more complex than for TIG and Burr grinding. The machines that are on the
market today comes at a price range between 25’000 SEK to 200’000 SEK. These machines
come with different heads, functions, and control systems. Tool-pins cost around 500 SEK and
can run for hundreds of meters without maintenance. The machines are either powered by
electricity, compressed air, or a mixture of the two.
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1.1.6 Weld quality measurement:

Weld geometry and the PWTs has traditionally been measured using gauges which is a time-
consuming and in-accurate method. A less time-consuming method is to measure with a laser-
scanner, the data from the scan can then be compiled by software to create a digital image of the
weld. For this project the system Winteria will be used to determine the weld quality according
to SS EN 1SO-5817. Some of the requirements for SS-EN ISO 5817 can’t be determined by
scanning such as nr 6,7 and 8 seen in table 3, these requirements will be controlled by cutting up
parts of the finished weld. Welds are commonly not perfectly symmetrical, and the shape and
quality will differ depending on the welding position. For this thesis the welds are produced in
position PB, see figure 17, which tends to create a weld that is less symmetric than one made in
position PA.

Figure 17: Welding positions definition

The desired measurements for toe angle, throat thickness and toe radius for weld quality B and C
according to SS EN 1SO-5817 can be seen in table 3, quality D is also included to show how

small the margins are and how a weld easily can change from being intended as class C to D.
[16]

Table 3: Weld classes according to SS EN 1SO-5817

Weld quality and limitations
nr D C B
= h <0,2t mm h<0,1tmm h < 0,05t mm
1 oy
NN Rmax < 1mm Rmax < 0,5mm Rmax < 0,5mm
A
NP
N-.\ h<1+40,25b mm h<1+0,15b mm h<1+4+0,1b mm
2
WA hmax <5mm hmax <4mm hmax <3 mm
O
v
&
3 a = 90° a = 100° a = 110°
ai=2aanda, > a
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h<2+4+02amm

h<2+40,15a mm

h<15+40,15amm

h<03+4+01lamm

Rmax < 2mm

h <034 01amm

hmax <1mm

None allowed

Welds actual throat
thickness

Accepted

h<1+4+0,2amm

hmax < 4mm

h<1+40,15a mm

hmax <3 mm

h <0,2a mm

himax < 2mm

None allowed

None allowed

h<1+4+03amm

hmax < 4mm

h<05+402amm

himax <3 mm

h<05401amm

hmax <2mm

\

Ny

h:h1+h2+h3

h <04tmm

h <0,25amm

h <0,3tmm

h <0,2amm

h <0,2tmm

h < 0,15a mm
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1.2 Purpose

The goal with this project is to examine different post weld treatments (PWT) to prolong the welds
lifetime and lower the lifecycle cost (LCC). This is done by comparing weld-toes created by TIG
dressing, burr grinding, and HFMI-treated welds on high strength steel. The different methods give
different results in prolonging the product lifetime and the intention is to analyze cost aspects and
determine what procedure will cost less and discuss when the different methods are preferable.

1.3 Delimitations

e As-welded: Quality according to SS EN ISO-5817 B and C will be produced. Welds will
be produced by a MAG-robot with a gas mix of 82 % Ar and 18 % CO», HSS Strenx 700
and fillet material OK AUTROD 12.51.

e TIG-dressing: Produced manually by a certain operator that do not normally perform TI1G-
dressing procedures.

e Burr grinding: Produced manually by an unexperienced operator.

e HFMI: Produced manually by several operators with limited experience with the
equipment.
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1.4 Method
1.4.1 As-welded:

High strength steel plates are welded into a cruciform-joint using a MAG-robot in weld position
PB. The wings are first tack-welded with two 50 mm welds to the base as seen in figure 10 (b) (on
both sides totally 8 tacks per AW). The AWs are then made according to figure 18 (c), weld 1 and
3 are made in the same direction, respectively 2 and 4. The AWs are created in two different
versions, weld quality B and C according to SS-EN 1SO 5817.

a) t=8mm

600 mm

b)

60‘“6\
Figure 18: Welding of plates
1.4.2 TIG-dressing:

The TIG-dressing treatment is performed according to I1Ws recommendations that are stated in
table 1, except preheating, the TIG-dressing is performed in room temperature. The gas that is
used is pure argon and the gas flow is measured to be 8 L/min. The AW specimen will be clamped
during the treatment.
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1.4.3 Burr grinding:

The process will be performed according to 11Ws recommendations which are stated in 1.1.4. The
tool-head is made of tungsten and has a diameter of 6 mm see figure 19. The AW specimen will

be clamped during the treatment.

Figure 19: Burr-tool used for burr grinding treatment

1.4.4 HEMI:

The treatment is performed with a steel pin with a diameter of 3 mm. Seen in figure 20 marked
with a 1 is the pin and 2 is the opening for the HFMI tool where the pin simply slides into.

Figure 20: HFMI pin
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1.4.5 Measurement procedure:

1. The test specimens of B quality should consist of only B quality, the specimens with C
quality can contain some parts of the weld with B quality however no D quality. This is
determined by laser scanning and analysing the data with the software from Winteria,
figure 21 shows the setup for laser-scanning and figure 22 shows the result from one as-
welded scan. Before measuring, the as-weld should be cleaned from substances and dirt
that can disturb the scanner.

Figure 21: Set-up of laser-scan of as-welded test specimen

Measuring summary

QUALITY STANDARD

3D View Quality Levels

501 - UNDERCUT - LEFT 100.0 00.0 100.0 100.0
501 - UNDERCUT - RIGHT 100.0 100.0 100.0
5051 - WELD TOE ANGLE - LEFT 100.0 00.0 100.0 49

5051 - WELD TOE ANGLE - RIGHT 100.0 100.0 100.0
5052 - WELD TOE RADIUS - LEFT 100.0 100.0 100.0
5052 - WELD TOE RADIUS - RIGHT 100.0 100.0 100.0
512 - EXCESSIVE UNEQUAL LEG LENGTH 100.0 100.0 100.0

= y 5213 - INSUFFICIENT THROAT THIC SS 100.0 100.0 100.0
8 / 5214 - EXCESSIVE THROAT THICKNESS 100.0 )0.( 100.0 100.0

Pass or Fail for Quality Level C along the weld Percent of total failures for C

501 - Undercut - Left

501 - Undercut - Right

5051 - Weld toe le - Left
e

All Valid

5213 - Insufficient throat thickness

Figure 22: Winteria software recreating the as-weld after scan, illustrating weld quality
measurements and results.

2. After the PWT is performed the welds are scanned again to enable comparisons.

3. Last step in measurement procedure consists of cutting it into pieces and polish the cut-
out macro to examine the weld and how the weld toe modifications differ between
different PWTs.
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2 FRAME OF REFERENCE

2.1 Cost of production

This part of the thesis will theoretically study the different PWT in production. The cost is
evaluated over a period of one year (52 weeks * 5 days * 8 hours = 2080 hours) to give an
estimation on how the difference in acquisition cost influences over a longer period. The different
machines downtime is not taken into consideration. The cost for PWT will be evaluated using
acquisition cost and in usage cost. Maintenance/repair cost of the equipment is not included in the
cost analyses.

2.1.1 As-welded limitations:

The cost for creating and maintaining the AW product can be used to measure if the PWT is worth
the effort. The cost for the produced AW product can be calculated with welding speed, cost for
operator and machines, filler material and cost for gas [17].

2.1.2 TIG-dressing limitations:

European Commission’s project ecodesign from 2019 demands a certain quality and lifetime for
manufactured equipment in the European Union. According to the ecodesign project average
acquisition cost for a TIG machine are 9°000 SEK, with a lifetime of 7 years the maintenance
and repair cost for its entire life should be 37 % of the acquisition cost [18]. To maintain the
equipment a certified TIG-welder is needed.

2.1.3 Burr grinding limitations:

As stated in background the European Commission has determined that vibrations over 2.5 m/s?
can be harmful to operators’ hands over an 8-hour shift [19]. Table 4 is developed by Atlas Copco
for how long human hands can be exposed to different levels of vibrations.

Table 4: How long a grinder can be used depending on different vibrations according to Atlas Copco

In-use vibration value Max daily exposure time before exceeding:
Action value 2.5 m/s? Limit value 5 m/s?
1.8 m/s? 15h 62 h
2.5 m/s? 8h 32h
3.5 m/s? 4h 16 h
5 m/s? 2h 8h
7 m/s? 1h 4 h
10 m/s? 30 min 2h
14 m/s? 15 min 1h
20 m/s? 8 min 30 min
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Studies have shown that typical grinders vibrate more than 2.5 m/s?when at perfect condition. In
Finland 22 grinders were examined and they received vibrations at 3-20 m/s? and 80 % of the
grinders had values that exceeded 5 m/s? [20]. When vibration standard 1SO 28927-1 were
developed a certain tool were used at 7 different laboratories grinding for at least 105 operations
of 1 minute. Each result can be seen in figure 23 [21]. It is up to the operator to inform the
employer if they believe the tools vibrate too much and in need of maintenance or be replaced
[12].

0.00 2.00 400 6.00 5.00 10.00 12.00 14.00 16.00 m,.’sz

no-load

Figure 23: Mean value vibrations while free running before and after grinding x-axis and
vibrations while in use on the y-axis [21]

From table 4 and figure 23 it can be determined that vibrations differ a lot from operator to
operator. This means that measurements need to be done for each operator to determine how
much they can burr grind during an 8-hour shift. Measuring vibrations is a time and cost-
consuming process and has a measurement uncertainty of 20-40 % [12].

To estimate the lifetime of a tool head, figure 23 is used, best usage (red dots) of the tool shows
that vibration change from vibrating minimum ca. 4 m/s? to after ca. 105 minutes of usage to
vibrate maximum ca. 10 m/s2. Worst usage (blue squares) shows that the tool change from
vibrating minimum ca. 5 m/s? and maximum ca. 19 m/s? during ca. 105 minutes of usage.
Looking on the average of best and worst usage over the 105 minutes of grinding the vibration
increases with 0.06 m/s? and 0.13 m/s? per minute. It could be argued for that with best usage the
same tool head can be used more than the double amount of time as for worst usage

(0.13/0.06 ~ 2.17). For this thesis treatment of HSS with burr grinding it is estimated that the
tool head should be changed after 50 m. It is not taken into consideration that the toolhead might
need to be changed earlier if the grinding procedure are performed faster. Increasing the speed of
the treatment without increasing the grinders rotation speed may shorten the lifetime. Since this
will increase the tool-heads temperature and extra force will likely also be used by the operator.
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Factors that may determine the tool heads lifetime:
e Rotation speed of grinder
e Force put on tool towards weld
e Material being treated
e Material of tool-head
e Stability of grinder under treatment

Main factors for grinding time according to Atlas Copco [12]:

e Grinder output

e Feed force

e Operator stress and physical strain

e Time spent replacing worn abrasives

e Accessibility

Cost for grinding according to Atlas Copco [12]:

e 60 % manpower
e 30 % abrasives

e 6 % energy

e 2 % capital

e 1 9% maintenance

e 1% purchasing

The three biggest cost for burr-grinding are manpower, abrasives, and energy. To keep burr
grinding cost efficient these factors should be prioritised. As stated previously vibration is one of
the limitations for how long an operator can perform the procedure, therefore it is advisable to
invest in a grinder that suites the operator and make sure that the operator informs when the
grinder needs maintenance. Another factor is keeping air leakage for the equipment to a
minimum. Most commonly burr-grinders are powered pneumatically, powering the compressor
is an expensive procedure. Leakage should be kept to a maximum of 5 %, it’s quite common that
the leakage is between 15-20 % according to Atlas Copco see table 5 for cost of air leakage [22].
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Table 5: Air leakage and cost in euro, in a study by Atlas Copco made in 2016 [22]

Leakage rates and equivalent hole diameters

Hole Air leakage Additional Typical energy
diameter at 6.3 bar COMpressor kW cost
mm L/s poOwer req. per year *
1 0.3 91 Euro
3 10 3.1 937 Euro
27 8.3 2510 Euro
10 105 33.0 9979 Euro

* 1kWh = 0.035 Euro ** Calculation based on 24 h/day. For example, a hole with a diameter of 5 mm
results in a leakage of 27 litres of air per second from the air distribution system. To compensate for this
loss of air flow capacity, 8.3 kW of additional compressor power is reguired. With an average price per
kWh of 0.035 Euro, this relatively small hole results in an additional, annual energy cost of 2570 Euro.

If the compressor can’t compensate for the leakage to keep up the pressure, extra cost lands on
the manpower factor. If the pressure is lowered with 1 bar it results in the grinding process to
take around 40 % longer [22].

2.1.4 HFEMI limitations:

HFMI tools vibrates in a similar way and the analysis in this thesis is limiting itself to purely
pneumatical HFMI equipment. The vibrations vary depending on the type of brand of equipment
and how the operator operates it. This leads to uncertainty with vibration like burr grinding,
however at a smaller scale. Measuring vibration for each employee might be needed, and as
previously stated in chapter 2.1.3 measuring vibration is a costly procedure [22]. When it comes
to the lifetime for HFMI equipment there are brands that offers up to 12 months guarantee on their
machines and some brands have 10-year-old machines still in use today. Some brands offer
education on how to use the equipment, maintain, and repair it. One of the brands deem that only
their certified personnel should educate new operators of their equipment.
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3 IMPLEMENTATION

3.1 Cost in the thesis:
The following chapter revolves around estimations for costs of producing welds and PWTs. It is

taken from the perspective from the lab environment where experiments for thesis were
performed. It is then anticipated that it will work just as well for mass production in a factory,
this is optimistic and the following PWT needs to be analyzed further in real conditions to
determine different downtime costs. Energy cost for the thesis is set to 1 SEK/kWh (0.1
Euro/kWh). Nothing is automated so an operator is always present during the welding and PWT
cost analysis. The cost for the operator is set to 400 SEK/hour, this was chosen because the
Swedish welding commissions website has it as preset for estimating welding cost. For all price
assumptions for thesis see appendix A.

3.1.1 Cost for thesis As-welded:

The cost for creating welds can heavily differ depending on the equipment and the actual
application. The AW cost is for one weld in different quality made on high strength steel, tack
welds are not included. Cost and time for maintenance of machines are not taken into consideration
for the as-welded product. The energy consumption is only measured for powering the EWM force
arc that is used for the weld, the power needed for the robot arm and the equipment’s standby
mode is not taken into consideration. The results regarding cost for as-welded product is not
intended to show the exact cost for welding HSS. This cost is instead used as an estimation to
conclude how the PWT cost is compared to the total cost for welds.

3.1.2 Cost for thesis TIG-dressing:

The cost for TIG-dressing is calculated into three different versions. Version 1 is made with a
relatively cheap TI1G-machine and with the slowest recommended speed by IIW. Version 2 is
made with a more expensive TIG-machine and with the fastest recommended speed according to
ITW. Version 3 is calculated with the actual parameters and equipment that were used in the
thesis. Cost that are being considered negligible for the cost analysis are parts that are worn out
over time such as welding-gun, gas lens and other spare parts.

3.1.3 Cost for thesis Burr grinding:

The cost for burr grinding will be measured according to perfect condition, perfect condition means
air leakage to be 5 %, no misconduct of equipment that can shorten the life of grinder or burr-
heads. The setbacks for vibrations of burr grinding are mentioned in chapter 2.1.3, it is estimated
that it would take 4-5 operators to burr-grind an entire 8-hour shift. The tool heads lifetime varies
as stated in 1.1.4.5. When analyzing the cost, it is estimated that a tool head should be exchanged
after 15-meter grinding. The burr grinding is analyzed according to three different speeds,
maximum and minimum speed according to 11W and the actual speed that was used in the tests in
the thesis.
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3.1.4 Cost for thesis HFMI treatment:

HFMI costs are evaluating three different machines. Two of the machines are compared on 11Ws
maximum and minimum recommended speed and the third machine is on the speed that was used
in the experiment. The tool-heads are said to be able to treat material for hundredths of meters
before being worn out. For the cost analyses it is estimated that the tool-head is changed after 500-
meter HFMI treatment and estimated to cost 200 SEK apiece. The cost for pressurized air is taken
from Atlas Copco and converted to price today with 1 SEK/kWh [22].

Two mechanized versions are included to compare with manual labour. One version is on treating
the weld toe once, the second version is for when the process needs to be run twice before
achieving desired weld toe. These versions include an extra cost for a robot and extra cost for
powering the robot. It is estimated that the mechanized version takes a quarter of the operator’s
manual time so the cost for operator is divided by 4. For full costs calculations see Appendix A

3.1.5 Cost comparison for As-weld and PWT:

As stated, there are several ways of benefiting from PWT, by prolonging lifetime, reducing need
for maintenance, requiring a stronger weld without joint preparation, and slimming down
construction to save on material and manufacturing time. In this chapter 4 different scenarios will
be financially discussed. Maintenance for welds differ depending on the construction so it will not
be taken into consideration here. Instead, an estimation will be done on the strength of the PWT
and how that can save on material. In figure 24 and 25 a cruciform joint can be seen being exposed
to the fatigue force F perpendicular to the weld. The maximum perpendicular stress can be written
as equation 1 and can then be rewritten as equation 2.

‘F

lefr F

Figure 24:Cruciform joint length exposed to force perpendicular to weld

t=8 mm

F

t=smm I

F

<mmm

Figure 25: Weld size for fillet weld
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Scenario 1: Invest in equipment for PWT

Investing capital in new equipment can be expensive and risky, investors often want to see when
the equipment will create revenue. For scenario 1 different PWTs equipment costs will be
compared and how much weld that needs to be treated between equipment before one becomes
more profitable than another.

Another way to compare the equipment are on time consumption. While performing a PWT the
operator cannot perform other tasks. Therefore, it is also compared on time since there is value to
gain by treating welds faster. This is referred to as scenario 1 in chapter 4.2 cost justifications of
PWT for different scenarios.

Scenario 2: Prolonged life

Achieving a weld of higher FAT class results in a weld that can withstand higher stress, longer
life, or a mixture of the two. For scenario 1 the PWT welds lifetime will be divided with the as-
welds lifetime, the factor will be used to estimate cost savings. The SN curves developed by W
will be used for estimating the prolonged life seen in figure 24, 25 and 26 [6], [14]. A TIG-dressed
or burr grinded weld of FAT 80 it is estimated to receive twice the lifetime see figure 26 and 27.
HFMI treated FAT80 doesn’t pass 80 N/mm? see figure 26, it is estimated that the HFMI treated
weld will at least withstand 107 cycles.

For analyzing cost per lifetime, it will be estimated that TIG-dressed and burr grinded welds
receives the as-welds lifetime times 2 and the HFMI treated receives 5 times the as-welds lifetime.
The costs for welding and PWT the are divided by the lifetime factor 2 and 5. This is referred to
as scenario 2 in chapter 4.2 cost justifications of PWT for different scenarios.
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Figure 26: Number of cycles for TIG-dressed FAT80 when exposed to 80 N/mm?
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Figure 27: Number of cycles for burr grinded FAT80 when exposed to 80 N/mm2
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Figure 28: Number of cycles for HFMI treated FAT80 when exposed to 80 N/mm2
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Scenario 3: Shorter welds

Keep in mind that individual SN curves needs to be done for welds of different length because of
the stress concentration differences. When welds are exposed to loads, the start and stop of the
weld receive the biggest amount. Shortening the weld results in extra stress for start and end see
figure 29. However, for sake of the argument we will use the SN curves seen in figure 26, 27 and
28 made by 1IW [6], [14].

It is estimated that a burr grinded and TIG-dressed weld can withstand the same stress range at
2*10° cycles and be of 0.8 of the as-welds lengths. Same goes for the HFMI treated except for at
0.5 of the as-welds lengths, this is done by using equation 2 see figure 30.

This is referred to as scenario 3 in chapter 4.2 cost justifications of PWT for different scenarios.
As-welded is compared with treated welds on time it takes to produce, cost to produce, energy
used to produce it, and amount of filler material.

1 1

Start
End
Start
End

4 4

Figure 29: Stress concentration for original weld and shortened weld

As — welded FAT 80 legf as-wetdea
TIG — dressing FAT 100 R Exposed to same R leff TiG-aressea = 08 X leff as—weldea
Burr grinding FAT 100 stress range legr as—weta = 0.8 X lefs as—welded
HFMI FAT 160 leff as—weta = 0.5 X lefr as—welded

Figure 30: Ratio for PWT welds and as-welds length when exposed to the same stress range
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Scenario 4: Joint preparation (Honorable mention)

A cruciform that is joint prepared before welding receives a higher FAT class. Joint preparation
add cost to constructions, welding procedure becomes more complex and more added material is
needed. If the preparation of the joint is solemnly to reduce the risk for cracks in the weld toe,
PWT of the toe may be a cheaper solution. In figure 27 1IW states that a burr grinded weld of FAT
63 improves into FAT 80, this is the same improvement as a K-joint prepared burr grinded
cruciform see table 6 number 3. Therefore, if no risk for crack propagation can be determined in
the root of the weld, joint preparation can possibly be replaced with PWT of the toe.

After consideration it has been decided that scenario 4 will not be included in chapter 4 for results,
this was decided because of the wide cost range for joint preparation and for the different amount
of filler material being unknown. However, it is still considered to contain valuable information,
S0 it remains in the report as an “honorable mention”.

Table 6: Fatigue for cruciform joints [3]

o . FAT
Nr: | Figure: Description: N/mm?

Cruciform joint fillet weld:

1 - No joint preparation crack propagating at weld 63
toe.
Cruciform joint butt weld:

2 K-joint prepared before weld, crack 71
propagating at weld toe.
Cruciform joint butt weld:

3 = ) K-joint prepared before weld and toe burr | gg
grinded, crack propagating at weld toe.
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4 RESULTS

4.1 Cost for As-welded and PWT:

The following chapter contains the collected and processed data from this master thesis. Table 7-
10 shows estimations for what it cost to produce the welds for the cruciform joints in this thesis
and PWT of them.

Burr grinding and HFMI treating welds took roughly the same time for treating welds of B and C
quality. TIG-dressing was the only PWT method that clearly showed signs of needing more time
for treating welds of lesser quality. So, only table 7 include a thesis version for quality B and C.
Figure 31 and 32 shows the different cuts for AW and PWT joints that was produced in this
thesis.

Table 11 are cost for as-welds produced in this thesis and what that weld would cost if the
different PWT were added to it at IIWs recommended speed.

Table 7: Estimation cost for as-welds produced during thesis

Cost As-weld with robot and ewm forceArc

Weld quality B C
x0 Welding speed 50 70 | cm/min
m Welding robot 200000 200000 | SEK
x1 Operator cost 400 400 | SEK/h
X2 Gas 480 480 | SEK/h
X3 Energy ewm forceArc 12.4 17.9 | SEK/h
x4 Added material 1457 2056 | SEK/h
Xtot Hourly cost 2349 2954 | SEK/h
k Year 1 2080 2080 | h
y=K*Xtottm Price year 1 5085837 6344778 | SEK

Weld length per year 62400 87360 | m

Cost per meter year 1 82 73 | SEK/m

Table 8: Estimation cost for TIG-dressing with new equipment over a year

Cost for TIG-dressing

Min speed IIW | Max speed IIW | Thesis quality B* | Thesis quality C* | Units
x0 Speed 8 16 11 9.8 | cm/min
m TIG machine 10000 50000 40000 40000 | SEK
x1 Operator cost 400 400 400 400 | SEK/h
X2 Electrode cost 6.25 6.25 6.25 6.25 | SEK/h
x3 Argon 100% 8 L/min 192 192 192 192 | SEK/h
x4 Energy 2.29 2.29 0.92 0.91 | SEK/h
Xtot Hourly cost 600.54 600.54 599.17 599.16 | SEK/h
k Year 1 2080 2080 2080 2080 | h
y=k*xwt+m | Price year 1 1259132 1299132 1286269 1286251 | SEK

Toe length over 1 year 9984 19968 13728 12272 | m
Price per meter year 1 126 65 64 94 | SEK/m

Comment: Operator needed more time to treat weld of quality C than B. The operator does not regularly TIG-dress

weld toes, a well experienced welder may be able to treat different qualities at same speed.

38




Table 9: Estimation cost for burr grinding with new equipment over a year

Cost for Burr-grinder
Min speed IIW |[Max speed IIW [Thesis version |Units
x0 Speed 5 10 13.3[cm/min
m Burr grinder 5500 5500 5500|SEK
x1 Operator cost 400 400 400[SEK/h
X2 Pressurized air 0.6 0.6 0.6|SEK/h
X4 Tool-heads 4.5 9 12|SEK/h
xtot Hourly cost 405.1 409.6 412.6|SEK/h
k Year 1 2080 2080 2080/h
y=k*xtot+m |Price year 1 848156 857516 863756|SEK
Toe length over 1 year 6240 12480 24960|m
Price per meter year 1 136 69 35|SEK/m

*Comment: Thesis version, operator preferred pulling over pushing the equipment when performing the treatment.
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Table 11: Cost for weld and treating the weld toe

Cost for As-welded + treatment

Weld quality B Weld quality C
Min speed IIW | Max speed [IW | Min speed [IW | Max speed IIW_| Average
As-welded 82 82 73 73 77 | SEK/m
TIG-dressed 208 147 199 138 173 | SEK/m
Burr grinded 217 151 209 141 180 | SEK/m
HEMI treated* 124 108 115 99 111 | SEK/m

*Comment: HFMI treated = as-welded cost + average cost for HFMI of version 1 and 2 in table 10

Figure 32: PWT cruciform-joint C quality. Note:

As-welded
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4.2 Cost justifications of PWT for different scenarios:

Here follows the different scenarios for why PWT should be included when manufacturing welds
as stated in chapter 3.1.5 cost comparison for As-weld and PWT. Data in table 12, 13 and 14 are
compiled length, time, cost, and resources from table 7, 8, 9 and 10.

Scenario 1: Invest in equipment for PWT

In figure 33 the approximated amount of weld needed to be treated before HFMI equipment starts
to make a profit compared to inexpensive PWT equipment.

The time to treat the different lengths with respective PWT and the time operators can do other
tasks if welds are HFMI treated instead of TIG-dressed or burr grinded can be seen in table 12. So,
investing in HFEMI equipment can still be profitable by relieving operators to perform other tasks.

What PWT to choose depending on length treated
250000

200000

150000

—e—HFMI Version 1 max speed IIW
HFMI Version 2 max speed IIW

—e—TIG-dressing min speed | IW

100000 ——T|G-dressing max speed [IW
Burr grinding max speed IV

Cost for length of weld (SEK]

0 200 400 600 800 1000 1200 1400 1600
Length of PWT (m)

Figure 33: Approximated length needed to be treated for one PWT to make a profit over another

Table 12: Time for producing profitable lengths from figure 30 and saved time by HFMI treating

Time saved by HFMI treating with IIWs max speed

TIG min speed IIW vs HFMI Version 1 TIG min speed IIW vs HFMI version 2
Time to TIG-dress 970 m 202.1 h [ Time to TIG-dress 155 m 323 h
Time to HEMI 970 m 53.9 h | Time to HEMI 155 m 8.6 h
Time saved time by HFMI 148.2 h | Saved time by HFMI 23.7 h

TIG max speed IIW vs HFMI version 1 Burr grinding max speed [IW HFMI version 2
Time to TIG-dress 1500 m 156.3 h | Time to burr grind 440 m 733 h
Time to HFMI 1500 m 83.3 h | Time to HFMI 440 m 24.4 h
Time saved time by HFMI 72.9 h | Time saved time by HFMI 48.9 h

42




Scenario 2: Prolonged life

The purpose of table 13 is to simulate how the lifetime cost can be reduced by withstanding time.
Creating HFMI treated welds are financially justifiable instead of creating new welds when
untreated welds lifetime comes to an end. For TIG-dressed and grinded welds it would instead be
financially justifiable to skip the PWT and when the lifetime for the weld comes to an end create
a new weld. In real life it may not be possible to redo a weld without costly repairs or by creating
downtime which may be unacceptable. So, the entire construction is scrapped and a new is taken
into service instead. TIG-dressing and burr grinding may create more expensive welds. However,
the welds may lead to constructions that can withstand time longer which may justify the PWT.

Table 13: Value in adding life to a weld

Average cost for weld + PWT Cost over a weld’s lifetime
As-welded 77 SEK/m 77 SEKl/lifetime
TIG-dressed 173 SEK/m 86 SEKI/lifetime
Burr grinded 180 SEK/m 90 SEK/lifetime
HEMI treated 111 SEK/m 22 SEKllifetime
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Scenario 3: Shorter welds

Table 14 purpose is to show differences in cost and resources between as-welded and shorter
PWT welds. According to table 13 HFMI treated welds takes 50 % longer to produce, cost 33 %
less, consume 41 % less energy and save 16 tons on filler material compared to the longer as-
welded counterpart. Table 13 exclude separate cost for each PWT such as gas and tool-heads, for
separate cost see table 7, 8, 9 and 10.

Table 14: Resources for as-weld and 80 %, respectively 50% length of as-weld with PWT

Saved resources by shorter welds

Energy Filler
consumption | Material
Quality Length of welds (m) | Time to produce (h) | Cost (SEK) | (kWh) (tons)
B 62400 2080 5085837 25792 27
As-welded LC 87360 2080 6344778 37232 38

Average of
BandC 74880 2080 5715307 31512 33
B 49920 6864 7315619 31684 22
C 69888 8944 9621552 45256 31
Average of

TIG-dressed | B and C 59904 7904 8468586 38470 26
Average
difference
from AW 80% 380% 148% 122% 80%
B 49920 9984 4368189 25819 21655
C 69888 13312 5495150 37046 30572
Average of

Burr grinded | B and C 59904 11648 4931670 31433 26114
Average
difference
from AW 80% 560% 86% 100% 80%
B 31200 2773 3354118 15147 14
C 43680 3467 4308069 21767 19
Average of

HFMI treated | B and C 37440 3120 3831094 18457 16
Average
difference
from AW 50% 150% 67% 59% 50%
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5 DISCUSSION AND CONCLUSIONS

5.1 Discussion

Adding a PWT to a construction weld can be a costly procedure. It is therefore important to look
at what is being treated. It is clear that manpower is the costliest part of all three PWT. Therefore,
when choosing a PWT one should be sure that treatment suits the situation at hand to minimize
the time for the treatment, and that only the critical parts of a weld are treated.

IWs recommendations include different amounts of guidelines for the three PWT, burr grinding
contained the fewest amount [6][14]. The original idea was also that master thesis student only
would perform the burr grinding. This made me preconceive that burr grinding was considered the
easiest one of the treatments. Because of unforeseen problems with creating the weld of quality C
all three PWTs were conducted at Swerim in Kista instead of having different experts in respective
field perform the treatments. This should be taken into consideration when comparing the results
for how fast HSS welds can be treated with each method. However, | felt that this was a huge
advantage for myself, since this allowed me to see all the treatments performed up-close in person.
It also changed my opinion to that HFMI may be the most user friendly of the three treatments.

Not enough HFMI treatment were performed on the different weld qualities to be able to really
determine how the quality of the weld effect how fast the treatment can be performed. This could
be used as an argument that HFMI works well on lesser quality as well. However, since we were
not able to perform the treatment even at 11Ws slowest recommendations, it’s more likely the level
of experience with the equipment was the reason that B and C quality got so similar time.

The tool size that was used for HFMI treating had half the diameter of the tool used for burr
grinding. Looking at figure 24 and 25 the grinding treatment took too much from the weld. | would
like to state that this could have been avoided with a smaller tool. However, my lack of experience
with the treatment is a more probable cause for the unsatisfying result. What | experienced with
the grinding treatment was that the tool easier grinded into the weld than the base material. This
could be the case since the added material is of lower strength than the base material or that |
angled the grinder too much.

| believe that 11Ws speed recommendation can be exceeded for burr grinding. As stated earlier
from figure 24 and 25 the results for burr grinding were not good enough. However, my speed for
the procedure were 3.3 cm/min faster than I1Ws max recommended speed. Worth mentioning here
is that the hose used for powering the grinder was leaking, | would like to examine how no leakage
would affect the speed of the treatment.

Even though | used all the safety equipment for burr grinding, |1 almost immediately started to
experience irritation/itching in my nose. After adding a mouth guard these problems disappeared.
| also made the mistake of having an open space between my jacket and protective gloves, this led
to metal dust getting in all over my hands which was quite irritating for the skin. | believe the
leaking hose added to these problems by blowing dust around the room and into the gloves.
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I would also like to further investigate how the tool-heads are worn out and how vibration levels
differ when burr grinding at different pace. | believe this could help with determining if burr
grinding can be performed faster than the recommended speed. This is a necessity if burr grinding
should be able to compete with the HFMI method in the future at financial aspects.

The TIG-dressing procedure went off without a hitch and it can clearly be seen that this treatment
got the smoothest transition. TIG-dressing was the one treatment that clearly showed that C quality
took longer to treat than B quality. TIG-dressing C quality weld required the pace to be 1.2 cm
slower per minute which do not seem like much. However, this results in a 30 SEK more expensive
weld per meter. This could be used to argue that TIG-dressing is not a preferable PWT for welds
of lower quality.

Originally the PWTs were planned to be scanned to compare smoothness. However, we
determined it to be less suitable because of the big irregularities in the of toes received.

Table 14 is a summary on what the PWTs accomplishes and how they measure up to one another
in my opinion. These opinions are from what I’ve learned during this project and from discussions
that has occurred during my work so referring to sources is not possible. All treatments are
considered efficient in removing defects. The transition between weld and base look similar for
burr grinding and HFMI which can be seen in figure 24 and 25 except for size. However, based
on the figure 24 and 25 | would like to state that TIG-dressing receive the best transition. This is
not to say that Burr grinding or HFMI can receive just as good transition only that we did not
achieve it. Increased hardness is not tested in our experiments however, other work has proven
that HFMI receives a harder surface compared to TIG dressing [23]. It would be interesting to find
out how these benefits correlate to one another. For example, if the same transition pattern of size
and shape can be created by burr grinding and HFMI treating, the different fatigue result of the
treated welds would then correspond to how increased hardness and residual stress affect the
fatigue value. Creating the same transition for TIG-dressed toe as for the other treatments may not
be possible. However, with the increase hardness factor, an estimation can be done for how
beneficial the compressive residual stress is for fatigue.

Table 14: Benefits for different PWTs according to the authors experience

TIG-dressing v vv'v v
Burr grinding v v
HFMI v v'v vv v
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When it comes to investing in machines depending on lifetime, TIG-dressing would be the safest
solution, since EU laws assure equipment to be reliable for at least 7 years. The HFMI machines
lifetime is a bit uncertain since this is still a relative new treatment. One of the companies that
been part of this thesis claims that they have 10-year-old machines still in service, however how
often it is in use are unknown. I’ve found no numbers for the lifetime expectancy for burr
grinding machines, what is normal is 1 year warranty. The warranties seem not to apply for
fatigue breakage. However, we assume that the developers estimate that it will break shortly
after a year therefore they will avoid cost for repairing/replacing machines. With this assumption
| estimate that at least 7 burr grinders are needed to counter the lifetime of TIG and HFMI
machines. This results in burr grinding machines to be in the same price class as HFMI and TIG-
machines.
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5.2 Conclusions

From the results for the different treatments, it can be concluded that HFMI is the best treatment
for all three different scenarios discussed in chapter 3. An expensive HFMI machine can thanks to
the high treatment speed reimburse the company relatively fast by relieving operators see results
scenario 1. Scenario 2 shows that PWT welds lifetime is even less expensive than the original
weld. Scenario 3 shows that shorter welds treated with HFMI reduce the amount of energy used
in total production.

Scenario 3 shows the only argument for creating welds without PWT, that it simply takes too much
time. To create a HFMI treated weld of 50 % the length of AW you need 50 % more time. An
T1G-dressed weld of 80 % length of AW needs 280 % more time and an 80 % burr grinded of AW
needs 460 % more time. This scenario makes the HFMI treatment the most environmentally
friendly solution, not just by being produced much faster than the other counterparts. Except for
time the HFMI treated AW saves in on cost, energy, and filler material compared to the longer
AW counterpart.

What can be concluded from working in lab environment is that HFMI treatment is the safest of
the PWTs and can be run for the longest time without interruptions, estimations for when pauses
are needed are yet to be concluded for all 3 methods. | experienced the burr grinding tool to be
quite tedious to change toolheads on. If it were not attached hard enough it tended to slide in and
out when putting pressure towards the workpiece. And when 1 attached it to the fullest it resulted
in that | sometimes had to hit it with a rubber hammer to get it loosened. Only one burr grinder
was used so it might have been that this one was faulty. We did not need to reshape the electrode
for TIG-dressing. However, | can imagine that the downtime might become quite high when the
electrode needs to be taken out to be changed or resharpened. The HFMI had instead no problems
at all exchanging tool-heads.

To conclude, HFMI treating the weld toe receives the highest fatigue strength. Powering the
equipment is the most inexpensive of the PWTs examined. It is financially justified to invest in
HFMI both for mass production and smaller projects. This makes HFMI equipment a solid
investment, so long as the product in question doesn’t react negatively to compressive stress or
have high loads (which can relax the compressive stresses), such as construction cranes.

TIG-dressing can arguably be the best treatment if only smaller batches need to be treated and you
have a welder and the TIG machine already at your disposal, or when HFMI is less feasible

I would like to withstand from recommending burr grinding for mass production because of the
high vibration levels that can damage the operator over longtime use. However, it remains the
cheapest investment short-term if the company can’t afford to invest in expensive equipment.
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6 RECOMMENDATIONS AND FUTURE WORK

6.1 Recommendations

If the company can afford to invest in HFMI equipment do it.

If the company know there are only small number of welds that are going to need PWT and TIG
equipment are already in possession use it.

If the company can’t afford to invest long term the burr grinding is the safest solution.

6.2 Future work

The following are questions that | come up with under the thesis and would like to study further
in future work.

To receive a clearer understanding on the cost for different PWT documentation should
be done on the time for training operators, so a value can be put on having longtime
contracts with operators.

How the PWT quality differ when performed from different welding positions PA. PB,
PC, etc, to find if one may be superior from different angles.

Pauses for switching tools-head, burrs and sharpening electrode should be measured for
future comparison of the treatments. How long toe can be produced before these pauses
occur should be measured.

Vibration for HFMI equipment should be measured for high strength steel, from start to
finish since there are most likely the operators grip may change over time and the vibration
may also change when the tool-head is worn out.

When it comes to powering equipment a standardization method for cost of powering
different tools would be of great advantage, since buying in gas depends on independent
contract from company to company and powering pneumatical equipment may greatly
differ depending on what compressor are in used. This would help keeping cost analyses
and reports relevant since the cost constantly changes.

Measuring how the quality for PWT differ for operators during what time if day and
perhaps even what day of the week to give a clearer view of advantages of robotizing the
procedure may bring.

The operator cost for different operators what is the expertise worth for the different
operators?

Can the material removed from burr grinding be recycled, would it be worth adding some
type of vacuum to collect the dust?
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APPENDIX A: SUPPLEMENTARY INFORMATION

Costs for As-welded 1SO 5817-B, C and post weld treated weldments

Appendix A consists of cost calculations for creating welds and PWT in the thesis. Estimations
are made for material, gas and energy costs by researching on prices for B2B (business to
business), list prices.

Estimation of costs for producing as-welded joints are listed in table 2. It consists of a yearly cost
for the welding robot estimated at 200’000 SEK. Hourly operator cost is set at 400 SEK/h, other
hourly costs are energy cost, shieldgas cost, and filler material cost.

Energy consumption of various welding processes

1800
1800
1400

1200

Energy consumption in 100 hrs [kWh]

800

9.0m/min approx. 290A 11.0m/min approx. 340A 13.0m/min approx. 380A

Wire feed/current

| ® forceAre technology Inverter pulse arc ~ ® Step switched controlled/thyristor short arc ‘

Figure 30: Energy consumption for force arc (blue staples)

Estimation with figure 1 that powering EWM force arc (mean of bar 1 and 4 figure 1) for quality B Weld
for 1 hour.

960+1180
PB =
2x100

=10.7 kWh (Energy consumption from figure 1 for B quality weld)

Estimation with figure 1 bar 7 that powering EWM force arc for quality C Weld for 1 hour:

1500

P, = oo = 15 kWh (Energy consumption from figure 1 for C quality weld)

Energy cost for weld of quality B
Filler material 10.2 m/min
Welding speed 50 cm/min

Energy cost is estimated to be 1 kr/kWh

Voltage 30.3V
Current 326 A ; »
Efficiency 0.8

9.9 kW

~ 12.4 kr/h (Cost for energy measured at weld B quality)
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Energy cost for weld of quality C
Filler material 14,4 m/min
Welding speed 70 cm/min

Voltage 32.5V
Current 4394 ; -
Efficiency 0.8

14.3 kW

- 17.9kr/h (Cost for energy measured at weld quality C)

Cost for shield-gas per hour:
Con = Gprice X Grrow X 60 = 480 kr/h  (Cost for shielding gas in table 2)
Gfiow = 20 I/min (Gas flow per minute while welding same for B and C quality)

Geost = 0.4 SEK/I (Estimated gas cost per liter according to )

Cost for filler material for B and C quality AW:

Table 1: Values for filler material

Ceoit = 4000 sek Cost filler material coil with material (estimated)
Weoit = 15 kg Weight of filler material/coil (estimated)
Tthreaa = 0.6 mm Radian of filler material
Padamar = 7900 kg/m3 | Density of steel used for cost estimation

Length of filler material on a coil

Eengtn = weoll ___— ~ 1679 meter.  (Length of material on one coil)
Paddmat*Tthread”*m*10

Coddmatr = ElCeCTO;ih = 2.38kr/m (Cost for filler material per meter)

Caaamath = Caddmat * Vspeeatnreaa * 60  (Cost for filler material hourly in table 2)

Hourly cost welding (Table 2)

Copn =400 kr/h  (Cost for operator hourly estimated for thesis in table 2)

Ciown = 1 kr/kWh (Cost for energy estimated for thesis)

Caw = Pagamatn + Pon + Ppc * Crwn (Cost for welding, not including robot and personal)

Year 1 = 52 weeks X 5 days X 8 hours = 2080 hours (Hours available for welding per year)
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Table 2: Cost estimation for welds produced in thesis

Cost As-weld with robot and ewm forceArc

Weld quality B C
x0 Welding speed 50 70 | cm/min
m Welding robot 200000 200000 | SEK
x1 Operator cost 400 400 | SEK/h
x2 Gas 480 480 | SEK/h
x3 Energy ewm forceArc 124 17.9 | SEK/h
x4 Added material 1457 2056 | SEK/h
Xtot Hourly cost 2349 2954 | SEK/h
k Year 1 2080 2080 | h
y=K*Xtot+m Price year 1 5085837 6344778 | SEK

Weld length per year 62400 87360 | m

Cost per meter year 1 82 73 | SEK/m
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Estimated cost for TIG-dressing

Estimation of cost for TIG-dressing of a weld according to 11Ws recommendation and what was
used in thesis are listed in table 4. (Estimations for cost are made according to B2B).

It is common that an inexpensive welding machine can not be used over the same amount of time
as the more expensive machines without overheating. So for 1IW slowest recommended speed
for TIG-dressing, a price for the less costly welding machine is set to 10’000 SEK. For [IWs
highest recommended speed the price for the machine were set to 50’000 SEK. The weld
machine used for lab quality B and C cost around 40’000 SEK.

Cost for wear parts such as gas cup, welding torches and gas hoses are not taken into
consideration.

Gas costs for TIG-dressing (hourly):

Cyash = Gl”lr;;"’ X Grrow X 60 = 192 SEK/h (hourly cost argon 100% gas same for all versions)

Gprice = 0.4 kr/L (Estimated gas cost)

Griow = 8 L/min (Gas flow for TIG-dressing procedure done in thesis)

Energy cost TIG-dressing (kwWh)

IXU

Crigpn = Cp X (T Xex103 + E,(1 — e)> (Energy cost hourly for TIG-dressing)

Cp = 1 SEK/KWh (Energy cost for thesis)
| = 148 A weld quality B and 149 A weld quality C (Current for thesis)
U =12.2 V weld quality B and 12.4 V weld quality C (Voltage)

For energy cost current and voltage values for TIG dressing max and min are taken from table 3,
max speed 17 V and 250 A, for min speed 12 V and 160 A.

Table 3: Typical TIG dressing conditions for steel by 1IW

Shielding gas Argon or argon + helium
Gas flow rate 7 - 12 litre/min
Nozzle diameter 10 -14 mm
Preheat! 50 - 200 °C
Electrode diameter 3 to 4 mm
Voltage. V 12 - 17 volts
Current. A 160 - 250 amperes
Dressing speed, S 80 - 160 mm/min
Heat input, Q* 1.0 - 2.5 kJ/mm

e = 0.4 arc time factor
n = 0.8 power efficiency

Idle power Eo is negligible.
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Electrode hourly cost

One electrode is estimated to wear out durring an 8-hour-shift and the price for one electrode is
set to 50 SEK.

Cotern = 5 = 6.25 SEK/h

Operators hourly cost
Copn = 400 SEK/h
Total TIG-dressing hourly cost

CtotTig = Lgasn t Cetexn + CTigPh + Coph

Table 4: Cost for TIG-dressing at speeds recommended by 11W and speeds performed in thesis

Cost for TIG-dressing

Min speed IIW | Max speed IIW | Thesis quality B | Thesis quality C | Units
x0 Speed 8 16 11 9.8 | cm/min
m TIG machine 10000 50000 40000 40000 | SEK
x1 Operator cost 400 400 400 400 | SEK/h
X2 Electrode cost 6.25 6.25 6.25 6.25 | SEK/h
x3 Argon 100% 8 L/min 192 192 192 192 | SEK/h
x4 Energy 0.96 2.13 0.92 0.91 | SEK/h
Xtot Hourly cost 599 600 599 599 | SEK/h
k Year 1 2080 2080 2080 2080 | h
y=K*xtwttm | Price year 1 1256357 1298780 1286269 1286251 | SEK

Toe length over 1 year 9984 19968 13728 12272 | m
Price per meter year 1 126 65 64 94 | SEK/m
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Estimated cost for burr grinding

Pressurized air cost hourly

Atlas Copco estimated in their report “Pocket guide air tools installation” from 2016 that leakage
of 1 L/s at a pressure of 6.3 bar under 24 hours a day under 365 days cost 91 euro. The cost for
1kWh in their report were 0.035 euro, this converted to the price of this thesis in 2021 that 1
kWh cost 1 SEK and that 1 euro = 10 SEK. Atlas Copcos leakage rate can be seen in table 5.
Atlas Copco also consider it normal that there is 5 % leakage for pressurized tools, this is also
taken into consideration for the cost of powering the equipment. Tool-heads are estimated on
experience from experts in the fields opinion and what they experienced working on HSS. The
cost for a grinder is set to 5’500 SEK.

Table 5: Cost for leakage of pressurized air

Leakage rates and equivalent hole di ters
Hole Air leakage Additional Typical energy
diameter at 6.3 bar compressor kW cost
mm Us power req. per year *
1 1 0.3 91 Euro
3 10 3.1 937 Euro
5 27 8.3 2510 Euro
10 105 33.0 9979 Euro
* 1kWh = 0.035 Euro ** Calculation based on 24 h/day. For example, a hole with a diameter of 5 mm
results in a leakage of 27 litres of air per second from the air distribution system. To compensate for this
loss of air flow capacity, 8.3 kW of additional compressor power is required. With an average price per
kWh of 0.035 Euro, this relatively small hole results in an additional, annual energy cost of 2510 Euro.
C . .
Cpan = —V’;“ * Griow * fleakage (Pressurized air cost per hour table 5)
y
91leurox10sek
Cpa = = 2600 sek (1 L/s leakage cost over a year at 1 SEK/KWh cost)
Viy=1L/s %3600 * 24 + 365 ~ 3.2 x 107 L (Amount of 1 L/s leakage over a year)

Griow = 7200 L/h  (Estimation for powering a grinder)

fieakage = 1.05 (5 % leakage considered normal accord to Atlas Copco)

Tool-head cost hourly:

Cinn = %: * Vgring  (Hourly cost for tool-heads)
Ci, = 75 sek a piece (cost per tool-head)
L¢, = 50 meter (Length tool can be used on HSS before worn out)

Vgrina = grinding speed  (Different speeds can be seen in table 5)
Operators hourly cost

Copn = 400 SEK/h
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Total Burr grinding hourly cost

Ctotgrind = Cairh + Cthh + Coph

Table 6: Cost for burr-grinding at speeds recommended by IIW and speeds performed in thesis

Cost for Burr-grinder
Min speed IIW |Max speed IIW |Thesis version [Units
x0 Speed 5 10 13.3|cm/min
m Burr grinder 5500 5500 5500[SEK
x1 Operator cost 400 400 400|SEK/h
X2 Pressurized air 0.6 0.6 0.6/|SEK/h
x4 Tool-heads 4.5 9 12|SEK/h
xtot Hourly cost 405.1 409.6 412.6|SEK/h
k Year 1 2080 2080 2080/h
y=k*xtot+m |Price year 1 848156 857516 863756|SEK
Toe length over 1 year 6240 12480 24960|m
Price per meter year 1 136 69 35|SEK/m

Estimated cost for HFMI

Pressurized air cost hourly

Atlas Copco estimated in their report “Pocket guide air tools installation” from 2016 that leakage
of 1 L/s at a pressure of 6.3 bar under 24 hours a day under 365 days cost 91 euro. The cost for
1kWh in their report were 0.035 euro, this converted to the price of this thesis in 2021 that 1
kWh cost 1 SEK and that 1 euro = 10 SEK. Atlas Copcos leakage rate can be seen in table 7.
Atlas Copco also consider it normal that there are 5 % leakage for pressurized tools, this is also
taken into consideration for the cost of powering the equipment. Tool-heads are estimated on
experience from experts in the fields opinion and what they experienced working on HSS.

Table 7: cost for leakage

Leakage rates and equivalent hole diameters

Hole Air leakage Additional Typical energy
diameter at 6.3 bar compressor kW cost
mm Us power req. per year *
1 1 0.3 91 Euro
3 10 31 937 Euro
5 27 8.3 2510 Euro
10 105 33.0 9979 Euro

* 1kWh = 0.035 Euro ** Calculation based on 24 h/day. For example, a hole with a diameter of 5 mm
results in a leakage of 27 litres of air per second from the air distribution system. To compensate for this
loss of air flow capacity, 8.3 kW of additional compressor power is required. With an average price per
kWh of 0.035 Euro, this relatively small hole results in an additional, annual energy cost of 2510 Euro.

Cpan = % * Gfiow * fleakage (Cost for HFMI treatment SEK/h)
ly
Cpa = W =2600sek (1 L/s cost for air leakage at 1 SEK/kWh)
Viy=1L/s 3600 * 24 x 365 =~ 3.2 x 107 L (Amount of 1 L/s leakage over a year)
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Griow = pressurized airflow for each model’s minimum requirement to function in table 7.
fieakage = 1.05 (5 % leakage considered normal accord to Atlas Copco)

Minimum airflow for the different HFMI machines Gy,

Version 1: 15’000 L/h

Version 2: 19’800 L/h

Lab version machine is of an older version to measure up fairly with version 1 and 2 it is set to
the mean of the two = 17’400 L/h

Tool-head cost hourly:
Copp = 221 SEK/h
thh = 7~ * Vnrmi ( )
th

Cip, = 500 kr a piece (Cost per tool-head)

L, = 300 meter  (Length tool can be used on HSS before worn out)
vyrmy = HFMI treatment speed see table 7 for speed (m/h)
Comment: Same C,;, and L,;, for all versions.

Operators hourly cost

Copn, = 400 SEK/h

Total HFMI hourly cost

Ctotgrind = Cairn + Cenn + Coph

Mechanized HFMI

Calculated the same way as manual HFMI treatment. Instead of only a HFMI machine, a robot with
attached HFMI equipment is added with 1°200°000 SEK investment cost, operator cost 100 SEK/h (1/4
manning), extra powering cost 0.5 SEK/h.

Comment:

Total length a toolhead can travel before needing exchange needs to be further investigated when running
at high speeds as 75 cm/min.
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