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With the ever-growing demand for steel structures and the rise in environmental awareness,
industries are moving towards more sustainable means of producing steel structures, which entails
the use of high strength steel instead of mild steel and more sustainable production process. The
objective of this thesis is to present a more economical cutting process for thick steel plates based
on analytical data. To propose which welding process is more economical and environmentally
friendly, and compare the two grades of steels. Justify the move from mild steel to high strength
steel base on cost and environmental impact. The objectives are achieved by two sample materials,
S355J2 and S690QC, comparing SAW and GMAW, collecting analytical data from online and
similar welding experiments with the same parameters. These data were used to calculate the cost
of cutting processes and welding processes to evaluate which was economical. For the life cycle
assessment, GaBi 6.0 software was used to estimate the environmental burden of each welding
process and compared which is more environmentally friendly. The study gives more support to
the use of oxyacetylene cutting for steel plates, the use of submerged arc welding process for a
more economical and environmentally friendly welding process, and an upgrade to high strength
steel from mild steels. Based on the literature and results gotten from both cost and impact
categories, this study concludes that for cutting processes, oxyacetylene is the most economical
process for cutting steel plates. Submerged arc welding of high strength steel is cheaper than mild
steel. Using submerged arc welding is cheaper than gas metal arc welding. The use of high strength
steel for structure is more sustainable and environmentally friendly, and the submerged arc
welding process has less environmental burden and more environmentally friendly than gas metal
arc welding.
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INTRODUCTION

Welding, which all began as a means of maintenance, has become one of the essential methods for
both production and construction. It is estimated that about 50% of America’s gross national
product has welding as its core production method (Howard B. Cary & Scott C., 2005.). Welding
can be defined as a process of joining metals or nonmetals, by heating to their required welding
temperature, with or without applying pressure and using filler materials. (Howard B. Cary & Scott
C., 2005.) Welding is predominantly used to join metal structures and reduce the weight of the
structures as compared to using mechanical joints, for example metal construction and
automobiles.
There are wide varieties of welding processes, which all depend on the materials, application, and
required bond strength. Hence, the type of welding process selected must be appropriate to the
desired specification and quality. Joining steel plates often realized from welding processes such
as Gas Metal Arc Welding (GMAW) and Submerged Arc Welding (SAW).

1.1.

Background History

The aim for researchers has always been to improve the welding processes, making it highly
efficient, more economical, and environmentally friendly. Which has led to the development of a
wide variety of welding methods. Amongst these methods are GMAW and SAW which are the
major welding processes when dealing with steel plates.
GMAW is simply a welding process that uses an arc to join metals, shielding gasses,protects the
process from environmental contamination. This welding process, however, was developed back
in the 1940s, which was a faster means of welding than the Gas Tungsten Arc welding process,
which at the time used non-consumable tungsten electrodes, and process was very slow. It was
primarily for welding nonferrous metals, but due to its high deposition rate, it gradually started
being used on steels (Howard B. Cary, 2006., pp. 4- 10). Since then, GMAW has had rapid
development. Lyubayshkii and Novoshilov incorporated the use of large-diameter steel electrodes,
which were shielded with a reactive gas carbon dioxide, in 1950s, this brought high spatter and
high heat level. (Universal Technical Institute, 2019.)
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This process was further developed using the short circuit transfer, which reduced the heat levels
enabling it to be used on thin sections of base materials and all position welding. Later in the 1960s
the pulse spray was introduced which brought rapid transition between high-energy peak current
to low background current. Hence, metal transfer was clean, spatter free welds with improved
fusion at lower heat input. (Howard B. Cary, 1998.) Since then, to the current moment, there has
been improvement in GMAW processes to the current era, with the waveform control technology
such as GMAW P-waveform, advanced waveform control systems, et cetera (Jeff Nadzam, 2007).
The second welding process, which also trumps in the area of welding steel plates, is submerged
arc welding (SAW). This welding process is known to have developed from the military. From the
1920s, the two countries at the forefront of the development where Russia and USA, later in 1955,
when japan and Europe became involved and inventors (P. T. Houldcroft, 1992). D. A.
Dulczewskij from Russia and B. S. Robinoff from USA filed the first patent of this process in 1929
and 1930 respectively (Dulczewskij, 1929.). Both patents had a unique process as the former used
charcoal, sawdust, soot and start as flux for the welding of copper. (Dulczewskij, 1929.) While the
later used flux powder, which contained: 63 -76% SiO2 and 13 – 21% Al2O3 (Boris S. Robinoff,
1930). From the first patents, there has been rapid development with some significant
development, such as high-speed automatic unshielded electrode welding under a flux layer, which
was developed in 1939 at the electric welding institute. This method was characterized by constant
filler metal feeding rate independent of welding arc, with a welding rate of 32m/h and was used in
the production of 60-tonrain tankers. (Grobosz, 2014.) In 1949, the double arc welding under flux
was developed in the electric welding institute which proceeded with the development of
semiautomatic SAW and this method was mainly used for shot curvilinear welds and welds in
locations inaccessible for automatic welding, due to size of welding machine. (Grobosz, 2014.)
With the vast potentials of this welding process for industrial applications, numerous approaches
and modifications of SAW were made over subsequent years and decades. Submerged arc welding
started being used for surfacing, new approaches to submerged arc welding emerged such as multihead welding, flux core arc welding, welding with metallic powder addition, welding with strip
electrode and with cored strip electrode, welding with hot and cold electrode, narrow gap welding,
hybrid laser submerged arc welding et cetera (Grobosz, 2014.)
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One of the main materials used in welding is structural steel, which is a standard construction
material made from specific steel grades, designed with specific chemical composition and
mechanical properties for particular applications. The two structural steel grades highly used are
S355 and S690 (S= stands for structural steel, 355 or 690 – stands for minimum yield strength).
Some aspects that have made steel so highly used in welding are its wide range of tensile strength,
its weldability aspect, and its recycling capabilities.
Steel is said to be one of the materials in the world with endless recycling capabilities and it is the
most recycled industrial material in the world with over 500 million tons of scrap recycled annually
(Demeri, 2013.) The figure below shows how steel can be recycled endlessly and 100% from its
production through usage to recycling.

Figure 1.Life cycle of steel (Worldsteel, 2019).
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1.2.

Objective

-

Compare the various cutting processes from mechanical cutting, thermal cutting and non
thermal cutting process interms of cost of cut and suggest which is more economical

-

Compare with respect to cost the two welding processes gas metal arc welding and
submerged arc welding process. propose which is more economical and environmentally
friendly

-

Compare both steel plates (high strength steel S690QC and mild steel S355J2) which is
more economical and environmentally friendly

1.3.

Scope

The scope of this thesis will involve the life cycle cost comparison of the two grades (mild steel
S355 and high strength steel S690), and how the grades are affected by different welding
production process. For the mild steel, we will use a steel plate thickness of 25mm, while for high
strength steel will use will be 25mm thick. The welding processes will be gas metal arc welding
and submerged arc welding. In evaluating the cost of these processes, deprecition rate will be
ignored.
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2. WELDING THICK PLATES WITH GAS METAL AND SUBMERGED ARC
WELDING

There are a variety of welding processes that exist, each used depending on its application, weld
quality, the material used and the environment. While there are also a couple of welding processes
that could be used for welding steel plates. Recently there are welding techniques that are most
widely used which are: GMAW and SAW for this thick section. This chapter will elaborate general
background and operation of the two processes, how they are used, why and its limitations.
2.1.

Gas Metal Arc Welding Technique

GMAW is an arc welding process that joins metals together with the use of an external gas mixture
supply, which shields the electric arc formed between the workpiece and the consumable electrode
from contamination. (Lincoln Electric, 2014.) This electric arc is generated from heat transfer
utilizing plasma radiation, conduction, and convection from the plasma, and through electron flow
(Belinga, 2017, p. 24). This process can be semiautomatic or automatic, capable of welding most
metals such as carbon steel, high strength low allow steel, stainless steel, aluminum, copper in
different positions provided the appropriate shielding gasses, electrodes, and welding parameters
are chosen. (Lincoln Electric, 2014.)
2.1.1. Principle of Operation
GMAW process is primarily characterized by the following elements: power source, wire feeder
unit, welding touch, shielding gas, and electrode source. These elements can be seen in figure 2
(1- welding torch, 2- workpiece, 3- power source, 4- wire feed unit, 5- electrode source, 6shielding gas supply) alongside with the detailed welding torch. After the operator has the
appropriate settings, the power source is switched on when the electric arc touches the base metal;
the heat from the arc melts both the surface and the electrode tip, thus creating a molten pool.
Depending on the parameters set by the operator, such as wire voltage and current, size of wire,
and shielding gas. There are three types of metal transfer that occur are: short-circuiting transfer,
globular transfer, and spray transfer (ESAB, 2013).
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Figure 2. Gas Metal Arc Welding Process (Mod. P.Elango, 2015).
•

Short-Circuiting Transfer: This occurs at the lowest range of welding current and electrode
diameters. With this type of transfer, a small, fast -freezing weld pool is produced, which
is suited for joining thin sections, for out of position welding, and for bridging large
openings. The metal transfer is done only during contact between electrode and weld pool,
and this contact is made at a rate of 20 to 200 times per second. (Lamet, 1993.) The rate of
current is increased by adjusting the power inductance.

•

Globular Transfer: This takes place when the current density is relatively low with any
shielding gas but mostly used with CO2 and He (helium). The metal transfer here is
characterized by a drop size whose diameter is usually greater than that of the electrode.
Due to this phenomenon, the metal transfer is quickly acted upon by gravity hence limiting
its operation to flat positions. (Ramesh Singh, 2012, pp. 157-158).

•

Spray Transfer: This metal transfer method produces very stable, spatter free transfers with
the use of argon as the shielding gas. Due to the discrete drops which accelerated by arc
forces to velocities that are able to overcome gravity, this process can be used in any
position. Spatter lever is negligible because the drops are separated, hence no short circuits.
Almost any metal or alloy could be weld with this mode of transfer, but the thickness factor
of the material is to be considered since high current levels are involved. A special power
supply was introduced which controls the current output that pulse the welding current
from levels below the transition current to levels above it. (Richard L Alley, 1993, pp. 567574). When welding carbon steels, a standard mixture of 75% argon and 25% CO2 is used
which is recomended (Ramesh, 2012, p. 158).
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Figure 3 shows the various modes of metal transfer, how each is produced, and affects the
joining process. The globular transfer has the wides width but showest depth while spray
transfer has the most profound depth and narrowest width.

Figure 3. Main modes of metal transfer (Guzman, 2019).
2.1.2. Consumables
In GMAW, there are two main consumables the electrodes and the shielding gas. The electrodes
vary in size and chemical composition depending on the base material and the desired weld
properties. It is generally designed with extra deoxidizers (silicon is commonly used in steel
electrodes) to compensate for reactions with the atmosphere and the base metal. Some physical
characteristics such as uniform diameter and smooth surface, finish free of sliver, or scale is
required (Richard L Alley, 1993). Shielding gas, which is the other consumable whose primary
function is to protect the molten metal from contamination with the surrounding atmosphere, also
plays an additional role in the effect of arch characteristics, mode of metal transfer, depth of fusion,
weld bead profile, welding speed and cleaning action. When welding steel, CO2 is one of the
shielding gasses, which produces high spatter but allows for deeper penetration, when compared
with inert gases (ESAB, 2019.) Hence a compromise is always made between spatter and
penetration. Mixtures of CO2 and argon are often used since argon reduced spatter and has less
penetration. (Lamet, 1993.) The shielding gasses include hydrogen (H2), carbon dioxide (CO2)
Oxygen (O2) helium (He) and argon (Ar) according to the European standards EN ISO 14175 of
welding consumables and gases and mixtures for fusion welding and allied processes. (ISO14175,
2008, p. 13). These gases can be used in purely (single) or Binary (a mixture of two gases) or
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Ternary (mixture of three gases) or Quaternary (mixture of 4 gases). Figure 4 shows how the pure
and binary gasses can affect welding process, CO2 having the most penetration but a lot of spatter,
and He has the least spatter and least penetration.

Figure 4. Effect of shielding gas in GMAW (CTS, 2018).

2.1.3. Advantages and Limitations
GMAW has a wide range of applications due to its advantages such as (Welding answers, 2014):
- Being able to weld in all positions with the proper parameters.
-Welding speeds are higher than those of SAW.
- Deposition rates are higher than those obtained by the SMAW process.
- Less operator skill is required as compared to other conventional welding processes.
- Minimal post weld cleaning is required because of the absence of a heavy slag.
All these advantages make the GMAW process weld suited for mass production and automated
welding applications. This welding process like any other has its limitations such as:
- The complexity and less portable nature of the equipment is costly.
- Its inability to reach inaccessible welding areas with the welding which is larger.
- The arc must be protected against wind and breeze hence limiting its outdoor use.
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- The high levels of heat radiation and arc intensity can make operators reluctant to accept the
welding process. (Richard L Alley, 1993)
2.1. Submerged Arc Welding
This is a welding process that joins metals using an arc between the electrode and the weld pool
with the help of a blanket of granular and fusible flux, and this conceals the arc and molten metal
from the atmospheric contamination.
2.2.1. Principles of Operation
Components of a submerged arc welding machine consist of a power supply (AC or Dc depending
on the requirement), electrode wire reel, wire feed motor, unfused flux recovery tube, and a
workpiece. Figure 5 shows the setup and process of SAW with a schematic illustration of the
welding head.

Figure 5. Submerged Arc welding process (Layus, 2017)
This welding process is often fully automated, even though it can be semi-automated. The welding
process begins; the arc burns under the layer of flux, which is sufficiently supplied to cover the arc
and prevent sparks as the welding is in progress. Slag is formed by the flux, which is closest to the
arc melt. The slag protects the molten metal from reacting with O2 and N2 in the atmosphere. (Klas
Weman, 2012.) SAW has been adapted to suit various demands. for instance, if increase deposition
rate or welding speed in needed, a twin arc process is used where two electrodes are fed into same
weld pool while sharing a common power source. (Klas Weman, 2012.)
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2.2.2. Consumables
There are two main consumables in this welding process which are: filler wire and flux. These two
are adjusted to achieve a composition and strength of weld metal like the base material. For the
filler wire, its composition primarily affects the mechanical properties of the weld metal. Two
important factors are always considered when deciding an appropriate filler wire: for increase
strength of the weld metal, it can be alloyed with manganese and silicon and to increase toughness
at low temperatures molybdenum and nickel are used as alloy elements. (Klas Weman, 2012.) The
Flux aims to form slag and protect the molten weld metal against atmosphere, improve stability of
arc and assist ignition, give excellent surface finish to the weld and control the flow of the molten
weld metal. There are two types of flux: fused flux and agglomerated flux. Fused flux gives nonhygroscopic high grain strength, but Ci and Ni cannot be used as alloy elements,

while

agglomerated flux makes it possible for Ci and Ni to be used as alloying elements but has
hygroscopic relatively low grain strength. (Klas Weman, 2012., p. 111 &112)
2.2.3. Advantages and Limitations
SAW has its advantages which makes the application-wide, such as (Keen ovens, 2013):
-

It is environmentally friendly as the blanket flux eliminates arc flashes, spatter and fumes.

-

There is increase penetration due to high current densities hence little need for edge
preparation and high deposition rate.

-

The flux used has deoxidizers that remove contaminants from the weld pool hence
enhances the quality of the weld and its mechanical properties.

-

There is little or no waste of flux as the slag can be collected, grounded, and sized for
mixing back into new flux.

With these advantages, SAW still has its limitations, such as:
-

Only a flat or horizontal position can be used for welding; this is to keep the flux in the
joint.

-

For multiple passes, the slag has to be removed before subsequent passes.

-

Due to the high heat input, this welding process is mostly used to joint steels of thickness
greater 6.4mm. (Howard B. Cary & Scott C., 2005.)
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3. JOINT PREPARATION: CUTTING PROCESS
The welding process for any given material begins with the Joint preparation, which are steps taken
to ensure that the welding performed on the material meets the quality and required standards. A
decision is first made in the welding position for the welding process. There are eight welding
positions from which the best suited position is selected, which are: Flat welding position(1G &
1F), horizontal welding position(2F & 2G), vertical welding position(3G & 3F) and overhead
welding position(4G & 4F) (ISO 6947:2011, 2011, p. 35) . The next step is to determine the type
of welding joint suitable for joining the materials. There are about five joint types; Butt joint;
between two members allied in same plane. Corner joint; between members at right angles forming
L shape. T-joint; between members at right angles in the form of a T. Lap joint between
overlapping parallel members. Edge joint; between edge of parallel members (Howard B. Cary
and Scott C. Helzer, 2005, p.494). The next step is to determine the type of weld to be performed;
there are four types of welds: fillet weld, groove weld, backing weld, and slot weld. For this study,
the thickness of the material is 25mm, according to (ISO 9692-1, 2013, p. 15). We will be working
with a groove weld, specifically a Double V groove weld for both SAW and GMAW. Both are
shown in figure 6 left and right respectively.

Figure 6. The groove cut for both steel plates
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The cutting process is very crucial in welding technology, as each method of cutting will affect
the welding process and the material differently. The objective is to select the best method
concerning economy and quality, process capabilities and the effect on the material to be cut. In
this paper, we will base our interest on the economic aspect of the most used cutting methods. The
cutting processes, however, can be divided into three: mechanical cutting, thermal cutting, and
non-thermal cutting. Thermal cutting processes principally remove material by localized melting,
burning, or vaporization of the workpiece; each process has different applications concerning the
material and thickness. The most commonly used methods include laser cutting, plasma cutting,
and oxyacetylene gas cutting. Plasma cutting and oxyacetylene cutting will be our focus in this
category. For non-thermal cutting, the most used cutting process is the Abrasive water jet cutting,
which uses abrasive and water pressure to remove material from the workpiece (Klas Weman,
2012). Highlights on the various cutting processes will be given, but the cost calculations will be
done for plasma cutting, machining, and water jet cutting.

3.1.

Laser Beam Cutting

Laser cutting is a machining process, which removes material utilizing high intensity laser beam
focused on a workpiece, the heat resulting from the laser beam will melt or vaporize or melt
through the depth of the workpiece creating a cut. Laser cutting also makes use of pressurized gas
jet which enhances material removal by oxidation and melt expulsion. This method of cutting is
well used due to its great and precise cutting, its flexibility to be used with a variety of materials,
its high cutting speed, and little thermal effect on the material. Cutting can be performed in two
ways: Cutting with a CO2 laser and cutting with neodymium-doped yttrium aluminum garnet
(Nd:YAG), these two methods are used depending on the thickness, speed, quality, and material
to be used (Klas Weman, 2012).
A high power carbon dioxide laser can cut steel up to 25mm thick, which falls within our desired
thickness.
Lasers are most often described in terms of their power from 1kW to about 6kW. The laser power
can be defined as the sum of the energy decipated in the form of laser light per second. The higher
the power and lesser the area of contact of the laser the higher the intensity of the laser. (Faerber
.M, June 2008.) Laser intensity is heats up the material rapidly to ensure little time is left for the
heat to dissipate into the soroundings. Hence with high laser intensity the laser is capable of
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producing high cutting rates and qreat quality cut. The power of the laser also affects the cutting
speed of the laser as they are both directly proportional. (Faerber .M, June 2008.)

Figure 7. Laser metal cutting process (Laserline GmbH, 2019)

3.2.

Oxyacetylene Gas Cutting

This is a thermal cutting process in which chemical reactions are controlled to remove preheated
metal by rapid oxidation of pure oxygen. This process is mostly used to cut carbon and low alloy
steel plates of any thickness. The cutting process uses flammable gas (mostly acetylene or propane)
and burning gas (oxygen), the high-temperature flame produced, preheats the workpiece then a jet
of oxygen is released which burns the metal by producing metal oxide in the form of liquid slag
and blows it out (Annette O. Brien, 2004). The use of oxygen has three duties: to produce heat
with the fuel gas oxidizes the metal to cut and blow of the slag (Annette O. Brien, 2004). The
quality of the cut produced by this process depends on a couple of variables, hence due to its
complexity, each supplier provides a manual with recommendation of the approximate gas
pressure for various sizes, cutting speed, style of cut of cutting torch, thickness of cut, type of gas
fuel, quality and angle of cut. The equipment set up for Oxyacetylene gas cutting consists of
acetylene and oxygen gas containers, gas regulators, spark lighter, mixing chamber, needle valves,
pressure gauges, hoses, torch, and cutting tip.
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Figure 8 shows the general equipment assembly for the oxyacetylene cutting machine and a details
view of the torch used.

Figure 8. Oxyacetylene Welding Equipment Setup (Workshop Practice, 2012).
Oxyacetylene cutting cost calculation:
For the cost of cutting to be calculated, the two essential parameters to be determined are the
cutting time and gas consumption rate for the length of the cut.
i.

Cutting Time: the cutting time is given by the formaula:
T = L/C [mm/s]

T = cutting time,(s)
L = Length of Cut (mm)
C = cutting speed (mm/s)

ii.

Gas Consumption: The two gasses used for the cutting process, as mentioned above, are
oxygen and acetylene, which their measurements were taken during several experiments
cutting steel of thickness 2.5cm and cut length of 243.8cm. Values for the consumption
rate of the gases are taken from the experiments.

Appendix 1 shows the data collected from various experiments to determine the cutting speed and
gas consumption of oxyacetylene cutting process with steel thickness ranging from 6mm to
305mm. A comparison was made between manual cutting and machine cutting to get the speed
difference and consumption difference (Tyler G. Hicks, 2006, pp. 1645 - 1646)
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3.3.

Plasma Cutting:

This is a form of thermal cutting in which utilizes an extremely hot, high-velocity plasma jet by
an arc, and ionization gas flows through a constricted orifice. This arc plasma is concentrated on
a small area of the workpiece, where it melts the metal and forces the molten metal through the
kerf and out (Ajan Electronik, 2003). Compressed air is used as plasma gas. An essential aspect of
this cutting process is that it can produce lots of noise and smoke hence water is used mostly for
two purposed; to supplement the superheat when water is injected into the plasma orifice and used
to shroud around the arc hence reducing noise, pollution and arc brilliance (Klas Weman, 2012).
Plasma cutting is mostly preferred to oxyacetylene gas cutting because of its higher cutting speed,
due to this high speed and narrowly localized heating of the metal. It cuts through carbon steel
with no distortion, it also offers a lower HAZ (Larry Jeffus, 2012, pp. 533 - 543).

Figure 9. Plasma Cutting Torch (The Open University, 2019)
Assumptions:
-

Three essential cost influencers; depreciation cost, investment cost and operational cost,
and labor cost.

-

The calculation will be done to determine the cost of cut for just the specimen to be cut.

-

The thickness of the material is 25mm.

-

The depreciation cost is neglected.

-

The cost of the wear part and maintenance cost is neglected.
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-

Plasma cost calculation identified categories: depreciation cost, operational cost and labor
cost.
i.

Plasma Cutting Cost Per Hour: this is the sum of the three categories
CTotal = Cd + Cop + Cl

[Eur/h]

(1)

CTotal = Plasma cutting cost , Cd = depreciation cost, Cop = Operational cost,
Cl = Labor cost
ii.

Operational Cost: cost incused during the cutting process
Cop = Ce + Cgt + Cgp

(2)

Ce = Cue x E,

(3)

Cgt = cgp x Gt

(4)

Cgp = cgp x Gp

(5)

Ce = cost of electricity, Cgt = unit cost of plasma, Cgp = secondary gas cost
Ceu = unit cost of electricity, E = electricity consumption, cgp = unit cost of
secondary gas, Gt= plasma gas flow rate, Gp = gas flow rate of secondary gas
iii.

Labor Cost: this is the multiple of the hourly rate of worker and the
manufacturing time:
tm =

𝐿

[mins]

(6)

Cl = tm x hourly pay

(7)

𝑣

tm = manufacturing time, L = length of cut, ν = cutting speed, Cl= labor cost
iv.

Plasma Cutting Cost per meter:
Cplasma = CTotal / ν

[Eur/m]

(8)
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3.4.

Mechanical Cutting:

Mechanical cutting: This is also known as machining, which is a process where a workpiece is
being modified to attain a desired geometry or dimension or surface roughness. These aspects are
mostly attained through material removal. For a piece of steel to be welded, it can also be
machined through the process of milling and or drilling. Each process can be used independently
or simultaneously depending on the joint design and what is available in the shop. Our design is
a double y groove, which will be joint using SAW process. This grooved design can be easily
archived mechanically by either milling or drilling. These processes are briefly explained as
follows
3.4.1. Milling Process:
This is a metal cutting technology in which the cutting head is equipped with a multi-edged cutting
tool to remove metal material from the workpiece. During the milling process, the tool has
generated the cuts and the cutting speed while the workpiece executes the feed motion (Heinz
Tschätsch, 2009, pp. 173 - 199). There are about five main milling techniques mostly utilized;
these processes can be seen in figure 10 below. Face milling is a suitable technique for the
preparation of groove design; the face milling process is further modified to suit the bevel angle.

Milling Techniques

Up Milling

Down
Milling

Face Milling

Form
Milling

Figure 10.Milling Techniques (with face milling as the suitable technique)

Groove
Milling
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Face Milling: Normally, face milling, also known as facing is done with an Endmill such as twoflute and four-flute end mills, which are often used in milling machines, they are also commonly
used when material width is more than 50mm, but our case study material is 25mm. (Arthur R.
Meyers, 2001, p. 131). However, due to the desired bevel cut angle needed for our weld joint,
facing a vertical milling machine is recommended. This bevel cut can be achieved with a vertical
milling machine in two ways. Either by using a single angle cutter in which the milling head is
vertical, and the single angle cutter gives the bevel cut with the required angle, or by using an
end mill cutter and inclining the head of the vertical milling machine and perform facing on the
workpiece. This process is also known as angular face milling. The figures below show a single
angle cutter and the angle face milling.

Figure 11. Angular face milling (left) and Single angle Milling head (right).
The cost of producing the bevel cut with the milling machine will be calculated by getting the time
it takes for the machining process to complete and multiplying it with the kilowatts per hour to
have the cost of machine time; this value will be added to the cost of cutting fluid used during the
machining time. This will give us the cost of milling the bevel cut on the workpiece.
i. Rotational Speed (N): this is the number if complete revolution the cutting
tool makes in a minute.
𝑁=

𝑣
𝜋𝐷

(9)

N = rotational speed, ν = cutting speed, D= diameter
ii.

Feed Rate (fr): this is the speed at which the cutter advances against the
workpiece
𝑓𝑟 = 𝑁. 𝑛𝑡 . 𝑓

(10)
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iii.

Machine Time (Tm): the time it takes for the milling machine to complete
the cut
𝑇𝑚 =

iv.

𝐿+𝐴+𝑂
𝑓𝑟

(11)

Cost of Milling :
𝑘𝑊

𝐶𝑚 = 𝑇𝑚 𝑥 ( ℎ𝑟 )

(12)

Cm = 1,85 Euros

3.5.

Abrasive Water Jet Cutting:
This is a non-thermal cutting process, which uses a high velocity water jet to cut a wide
variety of materials from metallic to non-metallic. This process can be described as
follows: an electrically driven hydraulic pump generates an oil pressure of about 20MPa,
this high-pressure oil drives the water pump, which produces water pressure of up to
400MPa, and this water pressure is converted to high velocity of about 1000m /s in the jet
(Lars Ohlsson, 1995, pp. 12 - 25). The nozzle hole which the high-velocity water passes is
about 0.1 to 0.3mm diameter, and this produces a thin hair jet; this is mixed with abrasive
(garnet), which produces a cut about 1.5mm (Klas Weman, 2012). There are three types of
water jet cutting equipment;
-

Standard entrainment: Has an operating pressure of about 70MPa and a nozzle
diameter of 3mm.

-

Standard entrainment with higher pressures: Operating pressure reaching about
400MPa and a nozzle diameter of 2mm, and this produces the most quality cut and
cuts steels of about 100mm.

-

Direct entrainment: Operating parameters same as standard entrainment but use a
little pressure to mix the abrasive and water hence produces high energy efficiency,
high cutting speeds as compared to standard entrainment (Shaw, 1996).
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Figure 12 shows the schematic water jet cutting process:

Figure 12. Schematic illustration of Abrasive Water Jet Cutting (AlphaLaser_Cutting, 2019)
Abrasive Water Jet Cutting Calculation: (J. Zeng, 1999).
i.

Abrasive Water Jet Cost per hour (Cab): this is the sum of the total cost of the three
categories:
Cab = Co + Cp = 40,83 Euros/ hr

(13)

Cab = abrasive jet cost per hour, Co = operational cost, Cp= labor cost
ii.

Operational Cost (Co): cost incurred during the cutting process
Co = Ce + Cw + Ca
Ce = Cue x E

(14)

= 4.2 EUR

(15)
Cw = cw x Qw

=0,1EUR/hr

(16)
Ca = ca x Qa

= 23,10 Euros/hr

(17)

Hence Co = 27,4 Euros
Ce=cost of electricity, Cw= Cost of water, Ca= abrasive cost,
Cue= unit cost of electricity, E= electrical power consumption, cw=
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Qw= water consumption, ca = unit abrasive cost, Qa= abrasive consumption
iii.

Manufacturing Cost: hourly pay of worker multiplied by manufacturing time (J.
Zeng, 1999).
Cm = Cpay x tm
where

(18)

𝐿

tm = 𝑣

(19)

v = [(fa . Nm . Pw1.594 . Do1.374 . Ma 0.343) / (c.q.h. dm 0.618) ]1.15

(20)

fa= abrasive factor, Nm= machinability number, Pw= water pressure,
Do= orifice diameter, Ma= abrasive flow rate, c= system constant,
q= quality index level, h= work piece thickness, dm=mixing tube diameter
tm= manufacturing time, Cm= manufacturing cost, Cpay= cost of workers
L = cutting length, ν= cutting speed
iv.

Abrasive Water Jet Cost per meter:
C = Cab / v

C = 4,39 Euros /m

C= abrasive jet cost per meter
Appendix 2 give all the variables and their units used for the calcualtion

(21)
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4. WELDING COST ESTIMATION OF GMAW AND SAW FOR S355 AND
S69QL

Recently there has been an increase in the demand and use of high strength steels for structural
applications, which means more welding is being performed on this material as the base material.
With the shift in use from mild steels to high strength steel, this brings some changes in the use of
consumables and welding parameters; these changes, in turn, affect the cost of welding products
for the various material. This section brings forth a good cost estimation model for the welding
production of both materials, compare the materials and determine which material has higher cost
in terms of welding production for SAW. In each of the welding processes, four major categories
that significantly affect the welding cost are identified namely: Equipment cost, Consumable cost,
Labor cost, and Quality cost.
The materials used for the case study are S355J2 mild steel and S690QL high strength steel. These
materials are both structural steels, which mean they are recyclable, has high strength to weight
ratio, carbon content between 0.05% to 0.25% (Gilbert, 2012). S355J2 is one of the four variations
in the S355 grade steel (S355JR, S355J0, S355J2, and S355K2), Table 1 below shows the chemical
composition of S355J2 with its maximum quantity of entities. Appendix 3 gives the additional
information for this material.
Table 1. Chemical composition of mild steel S355J2
Chemical
compositions
and
Percentages

C%

Si %

Mn%

P%

S%

N%

Cu%

0.2

0.55

1.6

0.025

0.025

-

0.55

S690QL is a high strength low alloy structural steel, which has suitable welding and bending
properties; this material is mostly used to reduce weight in structures. The table below shows the
properties of S690Q. Appendix 4 gives a detailed chemical and mechanical composition of the
material.
Table 2. Chemical composition of high strength steel S690QC
Chemical Composition

C%
0.2

Si %
0.5

Mn %
1.5

S%
0.005

P%
0.02

Cu %
0.2

CEV
0.52
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4.1.

Welding Cost of GMAW for S355J2 and S690QL

Implementing the four categories: in calculating, the cost of welding production for this material
will include:
i.

Machine cost (cost of welding equipment and any other equipment to aid the welding
process), tooling cost (if there are fixtures concerning the welding process), and Power
cost (the number of working hours of the welding machine).

ii.

Consumable cost includes material cost (such as filler materials, shielding gasses, Flux).

iii.

Labor cost includes the level of skills of the operator, the preparation time and hourly pay
of the operator.

iv.

Finally, the Quality cost, and technician cost, which is all about the cost to make the weld
joint, which will correspond with the required quality and standard.
The sum of all these four categories will represent the total cost of the welding joint by the
GMAW process.

All the values used for the calculations for the various cost aspects can be seen in appendix 5. The
welding parameters for GMAW can be seen in table below for both materials
Table 3. Welding parameters for both steel plates
Parameters

S690QL

S355J2

Groove type

Double Y groove

Double Y groove

Filler material

Union NiMoCr, 1.2 mm

Elgamatic 100, 1.2 mm

Shielding gas

M22/Ar+8%CO2

M22/Ar+8%CO2

Power

7.2kW

9.0kW

Number of passes

12

10

Welding speed (mm/s)

12

10

Welding time (s)

25

30

Thickness

25mm

25mm

4.1.1. Consumable Cost:
The rate, at which the consumables are consumed, will depend on the welding position.
For our case study, we will be using the flat position 1G, according to AWS. As earlier
mentioned this would include all the utilities that are consumed as the welding process is
going on:

35

i.

Filler Material: The filler material to be used will depend on the composition of the
base metal and required properties of the weldment (where it will be used and the
conditions it will be used). The composition of the shielding gas will significantly
affect the efficiency of the filler material hence the filler material selected are Union
NiMoCr and Elgamatic 100 for S690 and S355 respectively. With this filler wire,
the shielding gas combination needed for a great weldment is 80% argon and 20%
carbon dioxide. The properties and usage specification of both filler materials are
shown in appendix 7. The table below shows the properties of the filler material:

Table 4. Chemical composition of filler materials

Union NiMoCr - Filler material for S690 QL (%)
C-0.08

Si-0.6

Mn-1.70

Cr-0.2

Mo-0.5

Ni-1.50

Elgamatic 100 - Filler material for S355J2 (%)
C-0.08

Si-0.85

Mn-1.45

P-0.010

S-0.015

Cu-0.05

The criteria for selecting this filler material is based on the fact that in GMAW the
filler material must have yield strength higher than the base material and must make
up for some properties the base material lack for the proper functioning. Of the
weldment in its required condition (Lincoln Electric, 2014., p. 34)
Appendix 8 gives usage and specification of this filler material.
Studies were done on the relationship between filler diameter and penetration, the
higher the diameter, the lesser the penetration (ESAB, 2019.),
Calculations:
Cost of electrode: getting the cost of electrode requires electrode price, weld metal
deposited, and filler metal yield percentage. Formula 22 show how it can be
calculated (Howard B. Cary, 2006., pp. 520 - 537)
Ec =

𝐸𝑝∗𝑊
𝐹𝑚

(22)

Where: Ec = cost of electrode [€/m] , Ep = electrode price [€/kg]
W = weld metal deposited [kg/m], Fm = filler metal yield % (95%)
W=A*ρ

(23)

Where: A = cross sectional area of weld [m2], ρ = density of material [kg/m3]
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Ec = 0.39 Euros for S355 and S960 0.34 Euros
4.1.2. Shielding Gasses:
This is another essential consumable in the GMAW. The shielding gas influences the arc and metal
transfer, weld penetration, surface shape paten, welding speed and undercut tendencies
(Ghazvinloo, Honarbakhsh-Raouf, et al. 2010). The most important aspect to be considered when
selecting the shielding gas is its compatibility with the electrode and its penetration reference
Welding principles). The compromise between high penetration and less spatter is what every
GMAW welding process is faced with, while argon does not produce lots of spatter. It has little
penetration, whereas carbon dioxide has lots of spatter and high penetration. This compromise
leads to binary shielding gas mixtures. For our welding purpose, selecting the G3SI1 as the filler
material, the binary gas mixture percentage recommended is Argon 80% and Carbon dioxide 20%.
Calculation:
Getting the cost of the shielding gas needed will require some variables such as; number of welding
passes, gas flow rate, welding time, cost of filler and shielding gas. (Howard B. Cary & Scott C.,
2005.)

Cgc =

𝐶𝑔 ∗ 𝐹𝑟 ∗ 𝑊𝑡
120

(24)

Cgc= cost of shielding gas used [€], Fr= gas flow rate [m3/s], Cg= unit of gas cost [€/m3]
Wt = welding time [s]
Cgc = 0.100 Euros for S690 and 0.200euros for S355
4.1.3. Equipment Cost:
This section, as earlier mentioned above will consist of machine costs and power costs.
These costs are directly related to the operation of the machine.
i.

Power Cost: The power consumption will be determined by the quality of the
weld required, and this depends on the corresponding parameters for the filler
material. With regards to filler material selected for the welding process. Power
cost is given by the equation (Howard B. Cary & Scott C., 2005., pp. 525 - 540)
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Pc =

𝑃𝑅 ∗𝑉∗𝐼∗𝑊
1000∗ 𝐷𝑅 ∗𝑂𝐹∗ 𝜀

(25)

where; Pc = Power cost [€/m], PR = power rate [€/kWh], V = voltage
I = current, W= weld metal deposited [kg/m], DR = deposition rate [%]
OF = operator factor [%], ε = machine efficiency [%].
Pc = 0.217 euros for S690 and 0.388 euros for S355
ii.

Labor Cost: labor cost and overhead can be considered the same, and they vary from

company to company depending on the size of the company and the qualification
of the workers. Any welding process is usually determined by the travel speed of
the welding, operator factor and the labor rate (payment rate for the operator). This
is given by the equation: (Howard B. Cary & Scott C., 2005.)
Lc =

𝑊𝑝𝑟
𝑆∗𝑂𝐹∗5

Where: Wpr = welder pay rate [€/hr] , Lc = Labor cost [€/m]
Lc = 2.952 euros for S690 and Lc = 2,94 euros for S355
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4.2.

Welding Cost of Submerged Arc Welding for S355 and S690

This welding had some unique characteristics such as higher metal deposition rate as compared to
GMAW, deep weld penetration, high-speed welding and mostly automated. The process is slightly
different from GMAW in that flux is used in SAW instead of shielding gas. Since both processes
fall under the arc-welding category, some formulae used in GMAW will still be adequate to use in
SAW, the flux consumption will be calculated as well. Getting the total cost of SAW we will use
the four cost evaluation categories as mentioned above in GMAW (machine cost, consumable cost,
labor cost, and quality with technician cost). Appendix 6 gives the values used for the calculations.
Parameters for the SAW process is shown in table x below
Table 5. Parameters for SAW process
Parameters

S690QL

S355J2

groove type

no root gap double Y groove

no root gap double Y groove

Filler wire

Top core 742B, 4 mm

Autrod 12.10, 4 mm

Flux

ST55

OK Flux 10.70

Number of passes

8

6

Welding speed (mm/s)

10

10

Power

20kW

20kW

Thickness

25mm

25mm

4.2.1. Consumable cost:
In submerged arc welding, there are two consumables; feeding wire (electrode wire) and flux.
Recently there has an addition of iron powder into the filling runs when welding materials more
than 20mm thick. The main reason is to narrow the Heat Affected Zone as compared to regular
SAW. The position of welding is still the same 1G (ESAB, 2019.).
i.

Flux: The use of flux serves several purposes as earlier mentioned in the
introduction, which is: provide a protective cover over the weld, shield and clean
the molten, etc. When the flux is poured on to the molten weld, not all of it is used.
After the welding is complete, the flux which has not formed slag are collected and
reused later. The flux used is OK Flux 10.40. Therefore, the calculation below
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focuses on the actual amount of flux being used for the welding. Appendix 9 gives
the detail composiotn of the flux
Calculation:
Determining the amount of flux used and the cost of the flux will require users to
know the amount of weld metal deposited, flux consumption rate and flux cost.
flux cost formula gotten from Anoop Desai (Anoop Desai, 2018, p. 159)
Fc = W * Fcr * Fcf * L

(26)

where Fc = cost of flux used [€] ,
Fcr = flux consumption rate (1) (Anoop Desai, 2018)
Fcf = cost of flux [€/kg], W = weld deposition [kg/m]
Fc = € 0.0923 for S690 and 0,080 Euros for S355
ii.

Filler Material: the filler material or electrode used is Ok Autrod 12.20 it properties.
Same formula as applied to GMAW will be used for SAW filler material. Appendix
10 gives more detail about the filler material.
Calculation:
Ec =

𝐸𝑝∗𝑊

(27)

𝐹𝑚

Where: Ec = cost of electrode [€/m] , Ep = electrode price [€/kg]
W = weld metal deposited [kg/m], Fm = filler metal yield % (98%)
W=A*ρ

(28)

Where: A = cross sectional area of weld [m2], ρ = density of material [kg/m3]
(36)
E = Deposition efficiency for SAW ranges from 97% to 99% so we will select 98%
(Anoop Desai, 2018)
Ec = € 0.14 for S690 and 0,170 for S355
4.2.2. Equipment Cost:
This takes into account any cost that has a direct relation to the operation of the machine during
the welding process, these include; machine cost and power cost
i.

Power Cost: cost will consist of the energy consumption parameters such as current,
voltage, machine efficiency, power cost, etc.

40

Pc =

𝑃𝑅 ∗𝑉∗𝐼∗𝑊
1000∗ 𝐷𝑅 ∗𝑂𝐹∗ 𝜀

(29)

where; Pc = Power cost [€/m], PR = power rate [€/kWh], V = voltage
I = current, W= weld metal deposited [kg/m], DR = deposition rate [%]
OF = operator factor [%], ε = machine efficiency [%].
Pc = € 0.38 for S690 and Pc = € 0.24 for S355

ii.

Labor Cost: The labor cost for any welding process is usually determined by the
travel speed of the welding, operator factor, and the labor rate (payment rate for the
operator). This is given by the equation:

Lc =

𝑊𝑝𝑟
𝑆∗𝑂𝐹∗5

Where: Wpr = welder pay rate [€/hr] , Lc = Labor cost [€/m]
Lc = € 2.90 for S690 and Lc = € 2.86 for S355
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5. LIFE CYCLE ASSESSMENT OF A HIGH STRENGTH STEEL STRUCTURE

For the past 20 years, the European Union has had sustainability and sustainable development at
the core of its policies and legislation; they have put various strategies in place, such as EU
Sustainable Development Strategy, amongst others. The purpose of these strategies is to ensure
stability in economic growth and prices, a highly competitive social market economy. Aiming
towards full employment and a high level of protection and improvement of the quality of the
environment. (European Commision, 2019.) Sustainable manufacturing ensures green products
that cut through the three pillars of sustainability: environmental, social and economic. Each
product is studied using Life Cycle Assessment (LCA), which is a tool used to know the
environmental impact of the processes and the products. (K S Sangwan, 2016, p. 2).
LCA is a process of evaluating all the inputs and outputs entities such as materials and energy,
which are related to the product, product system, and production process. These entities are
assessed throughout the lifetime of the product (from production to recycling) to know how they
influence the environment (ISO 14040, 2006, p. 13). This process has three major impact
categories as shown in figure 12. However, some aspects of our work have direct effect on these
categories. Hence the environmental assessment which is part of the life cycle assessment will be
used.

Green House Effect:
Assesses increased
temperature as a result of
green house gases (CO2,
CH4, N2O etc)

Acidification:

Eutropicahtion:

Assesses acidic elements
caused by atmospheric
polution(SO2, NO2, etc)

Assesses build up of chemical
nutrients in the ecosystem
(Nitrogen and Phosporus)

Figure 13. Life cycle major impact categories
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LCA is generally studied in four phases, as shown in figure 13 below; it also shows the relationship
between these four phases. This chapter is made of four topics (Joint preparation assessment,
production assessment, product utilization assessment, and recycling assessment); the LCA of each
topic will be analyzed using the four LCA phases.

Figure 14. Four phases of LCA (ISO 14040, 2006)
5.1.

Joint Preparation Assessment:

For steel to be welded into a structure it goes through the joint preparation which is cutting the
steel into a joint design feature. In this section, we will examine milling cutting process which is
prominent.
5.1.1. Machining process:
The milling process will be our focus. It is most widely used due to its high achievable tolerances,
and high quality surface finish. The four LCA phases will be used to get the LCA of milling process
with steel.
-

Goal and Scope: The aim is to look at the overview milling process and see how some of
its components affect the environment, such as energy and scrap. Furthermore, to see how
this process could be improved to reduce its environmental impact.

-

Inventory Analysis: These are the various components that make up the milling process.
They are divided into input, out and control as shown in figure 15. Input consists of
everything that goes into the milling machine. Control consists of the control parameters
to get the required finished product, and output consists of everything that goes out of the
milling machine during the milling process.
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Figure 15. Inventory Analysis of milling process.
Impact Assessment: The environmental impact stems from major identified scenarios: energy and
metalworking fluids. For energy, studies have analyzed the exact energy needed for a cut and the
total energy needed by the milling machine. The studies done by Gustowski (Gutowski. T, 2005,
pp. 1-17) and Kordonowy (Kordonowy, 2002), show the energy required in various milling
machines ranging from highly automated to automated machine and manual milling machine, the
comparison can be seen in figure 16. The actual energy needed for the milling process decreases
with an increase in automation.

100%

Energy Percentages

90%

31%

80%
51%

70%
60%

85%

50%
40%

69%

30%
48%

20%
10%

15%

0%
Highly Automated Milling

Automated Milling

Manual Milling

Types of Milling Machines
Machining

Auxiliary Equipment

Figure 16. Comparison of milling energy consumption by various milling machines.
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For metalworking fluids, there are two distinct ways of applying the fluid during the
milling process; flooded or minimal quality liquid. Either way, there is the use of fluid
and waste being produced. These fluids will have both environmental and health effects
depending on its composition, the material and the machining process. Healthwise, the
operator may be in contact with the fluid by evaporation due to high working temperature,
or by the rotation of spindle or workpiece, the fluid is dispersed, and finally the highpressure impact of the fluid on the tool or workpiece causes spatter of the fluid. (Marian
Schwarz, 2014, pp. 37-45). With inhalation side effects may range from irritation of throat
to nosebleeds, bronchitis, and pneumonitis. While for physical contact, it can cause
irritation and allergy. All of these still depend on the chemical composition, metal
composition and the individual (Marian Schwarz, 2014, pp. 37-45) (Thompson D., 2005,
pp. 153-60). Environmentally the waste from the cutting fluids is approximately ten times
higher than the estimated annual consumption of steel, which is more than 2x109 (Marian
Schwarz, 2014, p. 42). The waste fluid could be treated aerobically or anaerobically.
Chemical oxygen demand (COD) is used to quantify the number of oxidizable pollutants
found the effluent. Hence with the two treatment processes, 88% of COD can be removed
by aerobic treatment while only 64% can be removed by anaerobic treatment. For nonbiodegradable substances in the effluent, 35% was found using anaerobic treatment while
a lesser amount was found using aerobic treatment. (Thompson D., 2005)
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5.2.

Welding Process Assessment:

Welding processes, which are a crucial part of manufacturing, require enormous amount of energy
and resources, which bring about metal waste. Hence, environmental assessment of these processes
are mostly limited to fumes, greenhouse gasses, and energy emission. (Gunther Sproesser, 2015,
p. 46). The problems created by the welding processes can be divided into two parts: environmental
and social. For the environmental harms, it can be assessed in four main impact categories: global
warming potential, acidification potential, eutrophication potential, and Photochem ozone creation
potential. While for the social harm of the welding process could be assessed from three categories;
toxicological effect (oral toxicity, eye irritation and dermal irritation), cancer effects (risks of
beings exposed to carcinogenic substances) and physical effect (flammability and chemical
reactivity) (Yeo S. H, 1997, p. 79)
-

Scope and Goal: The goal is to carry out the LCA of the submerged arc welding process.
This will be limited to input parameters and the process itself; social impacts will be limited
to physical effect and finally environmental impacts.

-

Inventory Assessment: Material acquisition, all the various variables, and parameters that
are combined to produce the welding process, the wastes after the welding process, and
waste management are considered in the inventory assessment. Figure 17 shows a general
inventory assessment of a welding process, and it shows the system boundary for the
welding process. The focus for this LCA will be on the input, manufacturing process and
outputs.

Figure 17. General system boundary of welding processes. (Gunther Sproesser, 2015, p. 48)
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LCA software is used to analyze and assess each input variable in the process. For each
input product, the software starts analysis its effect from material acquisition phase to the
actual product. The sum of the effects of all inputs are calculated and expressed graphically
in the four main categories
-

Impact Assessment: Depending on the welding process, most of the waste produced are
slag, fumes and electrodes stub. Amongst all of these, electrical energy and fumes are
known to be affecting both environment and health. Fumes entities produced vary with the
welding process, welding parameters, and welding materials. A general constituent of
fumes produced by welding processes as shown in figure 18 can be categorized into two;
Particles and Gases, which are subdivided into pneumoconiosis and toxic inhalants,
primary pulmonary and non-pulmonary respectively.

Figure 18. Possible Constituents in Welding Fumes (S.H. Yeo, 1997, p. 82)
Concerning Energy consumptions and environmental impact, three welding processes with
the same welding workpiece were studies and analyzed (MMAW, GMAW, and LAHW).
Arc welding machines generally have about 80% efficiency as oppose to 30% of LAHW,
but LAHW showed the process with the least environmental impact. This is because of its
high power density making it possible for least number of passes and weld volume. Its high
welding speed means low electricity and gas consumption hence high productivity.
Comparing the power consumed and welding time, the low efficiency is overcompensated
by saving welding time. (Gunther Sproesser, 2015, p. 51). MMA is said to have the most
environment effect, because of its low deposition rate and welding speed, which results in
high energy consumption as more energy is needed to melt the weld metal in the subsequent
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passes. Hence high energy loses due to heat conduction in the base material (J.N. DuPont,
1995, p. 412). For arc welding processes such as MMAW and Submerged arc welding
(SAW), when considering material, electricity, fumes flux core and shielding gas, SAW
has a lesser environmental impact due to its lower fumes generation (Gunther Sproesser,
2015, p. 47)

5.3.

Product Utilization

In this section, the main concern is to evaluate how the two different grades can be used and how
they affect the environment during their usage. The general statement commonly used when
evaluating the environmental effect of both plates of steel in their use phase is; considering the
environmental impact value per ton of steel, the impact increases with an increase in yield strength.
However, looking at the long term and overview, less amount of high strength steel is needed to
perform same function hence making it more environmentally friendly as compared to mild steels
(Göran Andersson, 2013, p. 48). Using the root formula in equation 40, the weight reduction was
calculated high strength steel, giving us an approximate of 29% percent of weight reduction from
mild steel to high strength steel
weight HS

σ

= √ σMS
weight MS
HS

(40)

where: σMS and σHS are the yield strength coefficient respectively
For getting the environmental impact of steel structures, they are divided into two structures;
passive structures and active structures. Passive structures are those, which are fixed at a particular
location, perform a particular task with no external assistance examples include; tanks, furniture,
shelves, and process systems. While active structures are those such as cars. (Göran Andersson,
2013, p. 55). Passive structures most often have insignificant environmental impact during their
utilization phase. However, the environmental benefits for upgrading steel to high strength steel
are mainly related to the consumption of lesser amount of steel. Hence lesser amount for
transportation. The life cycle of the structure increases with an upgrade of steel strength, also
incorporating more corrosion resistant properties of using high corrosion resistant steel my
increase the life cycle of the structure (Göran Andersson, 2013, p. 55)
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5.4.

Recycling of Product

With sustainability at the core of every production, recycling the product is a drive from a linear
economy (take, make, consume and dispose of) to a circular economy (take, consume, reused, and
or remanufacture). The circular economy significantly reduces the cost in terms of energy, natural
resources and reduced pollution (Broadbent, 2016). This means reducing the need for resource
extraction and increasing the recycling of end products, which required less energy consumption
hence lower emissions and less environmental impacts. Steel, which is the main focus is known to
be the metal with the highest quantity usage and also gives the highest environmental impacts
annually. The quantity of steel used is about 8 to 9 times greater than the other metals combined.
The next five metals, which are manganese, nickel, titanium, cobalt, and chromium, are still
incorporated into steel as alloying elements or coating. (Jim Bowyer, 2015)
The steady increase in demand for steel has been a result of the world’s population increase, which
leads to an increase in consumption of resources. This means more and more steel is needed to
meet up with the demand, but there are limited recourses for which the steel can be produced
primarily. Hence an increasing need for steel to be produced secondary through recycling. Figure
19 shows the rise in demand for steel from 1950 to 2017. With this demand, there is high need for
recycling of steel to meet up with the demand and maintain a sustainable and less polluted
environment.
World crude steel production 1950 to 2017 million tonnes
1950

1960

1970

1980

1990

2000

2005

2010

2017
1689
1433

1148

717

770

850

595
347
189

Figure 19. World crude steel production from 1950 to 2017 in million tones (EuRIC, 2018)
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5.4.1. Recycling Approach
Currently, there are three approaches to recycling in general; the Cut off approach, the end of life
approach, and the 50-50 approach. Amongst these three approaches, the end of life will be our
focus. The end of life approach mainly encourages products to be recycled at their end of life,
hence reducing pollution in landfills and saves natural resources when creating new products
(Broadbent, 2016). Steel is an excellent product that the end of life approach is being applied to
because steel is 100% recyclable. This means at each product end of life; the steel can be recycled
into another product or same product (WorldSteel_Association, 2019). From the studies done by
world steel association in 2017, there has been increased in the percentage of recycled or recovery
of steel in every steel usage sector. This is shown in the table below, with the automotive and
machinery sectors trumping the recovery rate over construction and electrical appliances.
Table 6. Steel-Recycling Rates by Sectors in 2017 (WorldSteel_Association, 2019)
Sectors

Recycling Percentage

Machinery

90%

Automotive

90%

Construction

85%

Electrical and home appliances

50%

Applying the end of life recycling approach to achieve a circular economy with steel will entail
every steel product at the end of its life has to be recycled with little or no virgin material (Iron
Ore) added into the system. There are two type of loops in the end of life approach as allocated by
ISO 14044: 2006 standards for recycling procedures; open and closed-loop (ISO_14044, 2006).
The open-loop recycling describes a product system in which the material is recycled, and the
inherent material properties are changed. With regards to steel, an open-loop product system will
be one in which the recycled material is made to have different mechanical properties from the
original or previous material such as higher yield strength and toughness. Which will be used for
a different product (ISO_14044, 2006). The closed-loop recycling describes a product system in
which the recycled material is used for the same product type or the inherent properties of the
recycled material is not changed. Concerning steel, a closed-loop system will recycle a product
material to produce same product with same properties (ISO_14044, 2006). For most parts, steel
recycled is regarded as closed-loop because most recycled materials do not have a change in
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inherent material properties (Broadbent, 2016). Figure 20 shows an illustration of how the circular
economy can be achieved with steel, creating a loop.

Figure 20. End of Life recycling approach (Anna Nicholson, 2009).
5.4.2. Steel Recycling Process:
Steel production is divided into two categories: Primary steel production, which is the manufacture
of iron from iron ore in basic oxygen furnace (BOF), which is then used to make steel. Secondary
steel production, which is also referred to as recycling, converts scrap to new steel by re-melting
old steel (Broadbent, 2016). There are two processes for recycling steel basic oxygen furnace
(BOF) and electric arc furnace (EAF)
-

Basic Oxygen Furnace (BOF): This process is mostly used for primary production of steel,
but often, about 10 – 30% of scrap is used as iron input in the BOF process. Since there is
the use of scrap in the production process of some steel, it is quite acceptable to call the
process a steel recycling processes. About 30 – 35% of scrap can be processed in the
production of steel (Jim Bowyer, 2015)

-

Electric Arc Furnace (EAF): This process is primarily used for the recycling of steel, but
however, this process can also be used for primary production of steel. When this process
is used for secondary steel production, about 100% of scrap can be used as input for the
production of secondary steel (Jim Bowyer, 2015).
Hence, both processes can be used for the production of primary and secondary steel; the
difference is just in the quantity of iron ore and scrap needed to produce primary and
secondary steel respectively.
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Figure 21 illustrates the size of the arrows concerning the scrap and iron ore, the dominant
processes used to produce a steel type. From the figure more scrap is collected processed
in EAF process to produce secondary steel, and more iron ore is used to produce primary
steel with BOF process.

Figure 21. Primary and secondary steel production
Figure 21 gives a general perspective of the various processes, but taking it one step
forward is comparing the process numerically, which is done in figure 22. Data was
collected from the world steel association. A comparative analysis can be made between
the two processes, the average amount of various inputs needed and the average amount of
steel produced. For the same amount of crude steel to be produced by both processes, BOF
requires more iron ore, limestone and coal than EAF. Whereas more scrap is needed by

Quantity (kg)

EAF. Hence EAF is the preferred process for a green and circular economy.
1600
1400
1200
1000
800
600
400
200
0

BOF

EAF
Recycling Processes

Iron Ore

Lime Stone

Scrap Steel

Figure 22. Comparison of the recycling processes

Metallurgical Coal

Crude Steel Produced
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5.5.

LCA of welding processes

The LCA of the welding processes is done using the software called GaBi 6.0, and for each welding
process, the inputs and output data are collected and simulated to get their corresponding values
in the various impact categories we will be analyzing. These impact categories include;
Global warming potential (GWP): this is a category that quantifies the greenhouse effect for
substances that have same effect as carbon dioxide in reflecting heat radiation in the lower
atmosphere. Global warming potential is quantified and expressed as CO2 – equivalents (CO2-eq.).
So if a process or substance is simulated to get its global warming potential, this means the software
is trying to quantify its equivalence effect on the greenhouse effect as CO2. This equivalence is
usually quantified in a period of about 20, 100 or 500 years. For our case study, 100 years will be
use (Heidi K. Standdorf, 2005, p. 40). Substances that contribute to the impact of this category
include; CO2, methane, nitrous oxides including halons and carbon monoxide.
Photochemical ozone creation potential (POCP): this impact categories gives the relative value of
the amount of ozone produced from a particular volatile organic compound. This value is obtained
by dividing the amount of ozone produced from an equal significant emission of ethene. POCP is
what it is refereed in Europe but in America is it Incremental Reactivity (Carter W. P. L, 1995).
The unit used for the measurement is grams of ethene equivalence per gram of gas (g C2H4/gVOC).
Generally ethene has been selected to be the reference gas because it is one of the most potent
ozone precursors of all VOCs.
Acidification Potential: this impact category quantifies substances that have the same effect as SO2
in reflection of acidification. It is expressed as SO2-equivalence (SO2 –eq). Hence, each value
expressed in the acidification potential is relative to the potential of SO2.
Eutrophication Potential (EP): eutrophication occurs when there is excess of nutrients in water and
soil. These nutrients are mostly nitrogen and phosphorous. Hence EP is the measure of the potential
effect a substance has on eutrophication of water and soil. The EP value of the substance is directly
proportional to the environmental damage. EP is expressed in kg phosphate equivalence (kg
phosphate eq.)
There are other impact categories such as Ecotoxicity, human toxicity, nutrient enrichment,
stratospheric ozone depletion, et cetera. However, these will not be covered in this write-up.
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5.5.1. Life cycle inventory
Life cycle inventory is a record of the various inputs and their quantities that were used in the GaBi
6.0 software to simulate the environmental impact of the various welding processes
Table 7. Inventory for life cycle assessment
Parameters

Gas Metal Arc Welding

Submerged Arc Welding

filler material (g)

890

890

Shielding gas (l)

100

-

flux (g)

-

200

Energy consumption (kWh)

2.1

3

slag (g)

-

280

Assumptions:
Titanium oxide was used in the place filler material because this was the closest and also it is same
input used for other GaBi welding anaylsis due to the fact welding inputs are limited in GaBi.
Recovered flux was about 80g.
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6. RESULTS
Joint preparation for thick plates can be done with various cutting processes. Some cut calculations
were done on a sample of steel S690QL and S355. The formulae used in these calculations were
one of the different ways of calculating cost. However, these formulae used were most suitable to
know the different cost of welding these two plates of steel since there are just little differences in
the welding speed, number of passes, voltage, and current. Hence selecting an equation that will
incorporate these differences was seen as best option. Calculations where done for plasma cutting,
abrasive cutting, oxyacetylene (oxyfuel) cutting, and milling. From the chart shown in figure 23
below, oxyfuel cutting is the most economical means of cutting steel with €0.92 per meter cut of
steel.

Cutting cost [€/m]
5.00 €

4.39 €

4.50 €
4.00 €
3.50 €
3.00 €

2.50 €

2.37 €
1.85 €

2.00 €
1.50 €

0.92 €

1.00 €
0.50 €
-00 €
Plasma
Cutting

Abrasive
cutting

Oxyfuel
Cutting

Milling

Figure 23. Cutting of Plasma, abrasive water jet, oxyacetylene, and milling
So in comparison to all the cutting processes discussed in this write up, oxyacetylene cutting is
most recommended for the cutting of steel but using other cutting processes will be depended on
the quality of cut needed, the amounts of cuts per day (say if the company does mass production),
and how environmentally conscious the company is. This will mean cutting processes like plasma
and laser cutting can be used for high-quality cutting. These processes will also depend on the
thickness of material being cut as this limitation makes oxyacetylene cutting highly recommended
because it can cut a vast range of thickness. One limiting factor of oxyacetylene cutting is the fact
this process uses oxidation as mean process of cutting. Hence limiting its cutting only to ferrous
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metals. Our cutting profile is a Double V groove, which involves beveling. When using flame
cutting, more preheating is required and standard vertical cut. It is because the torch is tilted to the
angle required hence, some of the heat bounces off the surface of the material.
Abrasive is the most expensive means of cutting steel with a cost of €4.39 per meter cut. Its
thickness of cut ranging from about 50mm to 75mm. Its advantage over other cutting processes is
that it can be used to cut any type material from steel to food. One of the aspects that make the
cost high is the cost of the abrasive used. There are ongoing research to see how to produce cheaper
and better abrasives that will reduce the cost of cut and also the cost of machine is a huge factor.
The cost estimation for the welding processes was centered around filler cost, shielding gas cost,
labor cost, power cost, and flux cost. The machine used for the GMAW process for welding the
S690 and S355 steel was Kemppi X8 Pulse MIG Welder, with a purchase price of 18 000 €. While
the machine used for SAW for S690 and S355 was Power source+ tractor: Pandaweld
ASAW630II-CE, with a purchase price of 18 000 €. Full details about the machines can be found
in appendix 11.
All calculations were done using the steel samples of same thickness of 25mm, and a welding
length of 300mm, welding position 1G was used for both process, welding time for both plates of
steel varied depending on the welding speed and voltage used by the machines. Details are found
in appendix 5.
For the GMAW process, the total cost was gotten from the sum of labor, shielding gas, electrode,
and power cost. Figure 24 shows the cost results and analysis for welding S690 and S355 using
GMAW process. Each cost was made for both plates of steel and from the results, the most aspects
that cost in the welding process is labor cost, which is about €2,95 for welding the S690 steel and
€2,14 for welding the S355 steel. The second costly aspect for the welding process is the cost of
electrode required for welding. The sample steels €0,34 for S690 and € 0.44 for S355. This was
mainly affected by the cost of electrode per kg which was about €3/kg. Shielding gas was noticed
to have a minimal cost in comparison to other aspects. It has got to do with the cost of the shielding
per m3, the efficiency, and gas flow rate of the machine.
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Gas Metal Arc Welding Cost
Labor

Shielding Gas

Power

Electrode

3.50000 €

2.95200 €

2.94000 €

3.00000 €

2.50000 €

2.00000 €

1.50000 €

1.00000 €

0.50000 €

0.34000 €
0.21700 €
0.10000 €

0.44000
€
0.38800
€
0.20000 €

-00 €
S690

S355

Figure 24. Gas metal arc welding cost for S690 and S355
The total cost for GMAW of S690 was €3,607, and the total cost for S355 is €3,968. This means
for the sample material and specifications, welding the 25mm thick plate with 300mm weld length
cost €3,607 for S690 and €3,968 for S355. Hence welding S690 of same thickness is cheaper than
welding S355.
Percentage-wise figure 25 shows labor occupies the highest percentage in the cost of welding with
82%, 9% for electrode, 6% for power and 3% for shielding gas.
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Figure 25. Percentage cost of various categories
For the SAW process, the same aspects for calculating the welding cost were used and showed in
figure 26 below. The results show that the total cost for welding S690 steel plate is €3,47/m while
the total cost for welding S355 steel plate is €3,60/m. Labor cost is about €2,90, Power cost 0,24,
flux cost 0,09 and electrode cost 0,140 for welding S690. for welding S355, labor cost is about
2,87, power cost 0,380 euros, electrode cost 0,17 euros and flux cost 0,080 euros.

Submerged arc welding cost
3.500 €
3.000 €
2.500 €
2.000 €
1.500 €
1.000 €
0.500 €
-00 €

S690

S355

Labor

2.900 €

2.870 €

Power

0.240 €

0.380 €

Flux

0.090 €

0.080 €

Electrode

0.140 €

0.170 €

Labor

Power

Flux

Electrode

Figure 26. Submerged arc welding cost for S690 and S355.
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Percentage wise figure 27 shows labor occupies the greatest for both welding processes with
about

Figure 27. Percentage cost occupied by various categories
Carrying out the life cycle assessment with CML 2001 method, and GaBi 6.0 software, the
environmental impact categories; global warming potential (GWP), eutrophication potential (EP),
acidification potential (AP) and Photochem ozone creation potential (POCP) were used. The two
welding processes where compared to see which has more environmental impact. The results are
shown for each impact category.
For global warming potential, filler material used dominates significantly with about 92% for
SAW and 91% for GMAW, electricity has 9% for GMAW, and 3% for SAW, flux has about 5%
and shielding gas about 0%. Overall, SAW has less impact with regards to global warming. This
can be explained by the composition of the filler material as titanium dioxide metal was used as
the filler material. Another aspect is the number of passes for welding, 12 passes for GMAW 12
and 8 passes for SAW. Comparing the results obtained with the literature from other GaBi analysis
done, the overall trend is the same with filler material dominating the impact followed by
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electricity and flux; shielding gas usually has very little or sometimes insignificant burdens in the
impact categories.
Global Warming Potential (100 years)
(kg carbon dioxide equiv.)
18
16

14
12
10
8
6
4
2
0
GMAW
Shielding Gas

SAW
Electricity

Filler material

Flux

Figure 28. Global warming potential for GMAW and SAW
The results from the global warming chart above show a general trend throughout the other impact
categories, with filler material being the most burden, followed by electricity then flux for
eutrophication potential, acidification potential, and Photochem ozone creation potential. SAW
process is more environmental friendly than GMAW process. This can be seen from the results as
GMAW has more burdens in all impact categories as compared to SAW. Detailed graphs analysis
can be seen in appendices 12 and 13.
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7.

CONCLUSION

Estimating the cost of welding is an essential aspect of every manufacturing company. With mild
steel and high strength steels being the primary material used for structures, it is paramount to
know the cost of welding and particularly which welding process and material is economical. This
study estimating the welding cost of GMAW and SAW for S690 and S355, respectively. Both
materials have same thickness and same welding length. Data were derived from past lap
experiments and the internet. These data were input in cost formula for labor, filler material, flux,
shielding gas and power to get their cost estimates. The formulae used were chosen amongst other
formulae to be the most suited in comparing welding of both steel plates.
The result from the calculations showed that welding S690 and S355 with SAW cost €2,90 /m and
€3,60/m, respectively. Using GMAW to weld both materials S690 and S355 cost €3,60/m and
€3,96/m respectively. Hence welding S690 is cheaper than welding S355 with GMAW. This price
difference can be accounted for by the fact that; more power is used for S355, the welding speed
is lesser. Hence more welding time and more gas consumption, cost of electrode for S355 is more
expensive than S690. While using SAW to weld both materials cost €3,51 /m and €3,36/m for
S690 and S355, respectively. Hence welding S355 is cheaper than welding S690 with SAW
process. The difference in price is accounted for by the fact that both have same welding speed,
but S355 welding process has two less welding passes than S690. Also, the prices for electrode
and flux for S690 are slightly higher than those for S355.
Comparing the two welding processes SAW and GMAW, it has been shown from the calculations
that the SAW process is more economical. The main factor accounting for this is the fact that, flux
replaces the shielding gas, and majority of the flux is used to cover the molten filler and material
from contamination, which is recovered and is reused for the next welding process. Comparing the
two processes considering their environmental impacts with regards to the various impact
categories, GWP, EP, AP, and POCP, were estimated. The results showed GMAW as having a
higher environmental impact in the impact categories. Generally, shielding gas is the input with
the less effect in the impact categories followed by electricity and flux while filler material has the
highest effect in the impact categories.
Based on the literature, it can be concluded that when comparing both materials S355 and S690QC
for their sustainability and life cycle impact, the high strength steel S690QC is more sustainable
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and has a lesser environmental impact. This is because High strength steel has higher yield
strength, which means a lower amount of high strength steel is needed to replace the mild steel in
the same function. Hence less steel weight means less carbon dioxide emission during
transportation. A general statement can be made saying: as yield strength of steel material
increases, the lesser the environmental impact of its structures.
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APPENDIX 1

Oxyfuel cutting gas consumption

APPENDIX 2
Variables and values used in abrasive calculations

Symbols
fa
Nm
Pw
Do
Ma
q
h
dm
c
v
Ce
C
Cw
Ca
Cm
C’
ce
ca
E
Qw
Qa
tm
L
Ci
Co
Cp

Name
abrasive factor
Machinability number
water pressure
orifice diameter
abrasive flow rate
quality index level
work piece thickness
mixing tube diameter
system constant
cutting speed
cost of electricity
abrasive water cost per hour
cost of water
abrasive cost
manufacturing cost
abrasive cutting cost per meter
unit cost of electricity
unit abrasive cost
Electric power consumption
water consumption
abrasive consumption
manufacturing time
cutting length
investment cost
operational cost
Labor cost

Unit
MPa
mm
g/min
mm
mm
mm/min
Eur/hr
Eur/hr
Eur/hr
Eur/hr
Eur
Eur/m
Eur/kWhr
Eur/kg
kW
m3/hr
kg/hr
hr
mm
Eur/hr
Eur/hr
Eur/hr

Value
1
87.6
414
0.43
363
4
25
0.76
788
8.92
0.12
29.40

0.105
0.7
85
0.24
42
300mm
-

APPENDIX 3
Data sheet for mild steel S355J2

APPENDIX 4
Data Sheet for high strength steel S690QL

APPENDIX 5
GMAW Cost Values
Filler cost
Symbol
Ep
Fm
Ec
A
W

Value
S366 = 0.31, s690 = 0.27
95%
S355 = 0.39, S690 = 0.34
1.39 x 10-4 m2
1.176
Shielding gas cost Values

Symbol
Fr
Cg
Wt

Value
48
0.010
25 - 30
Labor cost values

Symbol
Wpr
Lc
S

Value
26
2.95
S690 = 12, S355 = 10
Power cost values

Symbol
I
W
DR
ε
PR
V

Value
600
1.117
0.95
0.8
0.17
60

2

APPENDIX 6
SAW Cost Values

Electrode cost
symbols
A
W
Fm
Ep

values
1.39 x 10-4 m2
1.176 kg/m
98%
S690 =0.116, S355 = 0.1416
Flux cost

Symbol
Fcf
Fcr
W
L

Values
S690 = 0.268, S355 = 0.22
1
1.176 kg/m
300mm
Power cost

I
W
DR
V
PR

ᵋ

S690 = 21.7 S355 = 13.72
1.176
98%
30
0.17 €/kWh
1

Labor cost
S
Wpr

S690 = 8, S355 = 6
40 €/hr

3

APPENDIX 7
Data sheet for Union NiMoCr filler material

APPENDIX 8
Data sheet for Elgamatic 100 filler material

APPENDIX 9
Data Sheet for Topcore 742B, 4mm

APPENDIX 10
Data sheet for SAW flux ST55

APPENDIX 11
Specifications for machines used in SAW and GMAW

APPENDIX 12
Eutrophication potential and acidification potential comparison between GMAW and SAW

Eutrophication Potential (EP)
(kg phosphate equiv.)
6.00E-03
5.00E-03
4.00E-03
3.00E-03
2.00E-03
1.00E-03
0.00E+00
GMAW
Shielding Gas

SAW
Electricity

Filler material

Flux

Acidification Potential (AP)
(kg sulphur dioxide equiv.)
7.00E-02
6.00E-02
5.00E-02
4.00E-02
3.00E-02
2.00E-02
1.00E-02
0.00E+00
GMAW
Shielding Gas

SAW
Electricity

Filler material

Flux

APPENDIX 13
Photochem.Ozone creation potential comparison between SAW and GMAW

Photochem.Ozone Creation Potential (POCP)
(kg ethene equiv.)
1.20E-02

1.00E-02

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00
1
Shielding Gas

2
Electricity

Filler material

Flux

