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Steel is the most important engineering metal, and with improvements in the manufacturing
of higher-strength steel, its use is increasing. Accordingly, understanding problems relating
to high-strength is of utmost importance. This study investigates the correlation between
residual stress and microstructure in welded high-strength steels. For this purpose, a range
of tests has been conducted on two samples of dissimilarly welded steels, namely Domex
500 MC D and Strenx 700 MC PLUS, in two different plate thicknesses, with the 6 mm thick
plate being welded with a single run and the 8 mm thick plate with a double run of robotised
gas metal arc welding. The tests included residual stress measurement, hardness
measurements, and scanning electron microscopy of the microstructure. The results showed
different residual stress profiles for the different steel grades and thicknesses. These
differences are explained by differences in the chemical and microstructural compositions
of the two steels, and by the different heat cycles of the different welds.
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SYMBOLS AND ABBREVIATIONS

Roman characters

F feed rate

I current

k welding efficiency
P power

Q heat input

Ren yield strength
Rm tensile strength
T temperature

t thickness

U voltage

\% welding speed
A% volume

Greek characters

o stress
Elements

Al Aluminium
Ar Argon

C Carbon

Cr chromium
Cu Copper

Ni Nickel

Mn Manganese

m/min

kJ/mm

MPa

MPa

°C

MPa



Nb Niobium

P Phosphorus

S Sulphur

Si Silicon

Ti Titanium

A% Vanadium

Abbreviations

AHSS Advanced High Strength Steel
AWS American Welding Society
BBC Body-Centred Cubic

BCT Body-Centred Tetragonal

BM Base Metal

CAD Computer Aided Design

CET Carbon Equivalent Temperature
CEV Carbon Equivalent Value

CGHAZ Coarse Grain Heat Affected Zone

CO2 Carbon Dioxide
D500 Domex 500 MC D
DQ Direct Quenching
FCC Face-Centred Cubic

FGHAZ Fine Grain Heat Affected Zone
FL Fusion Line

FZ Fusion Zone

GMAW Gas Metal Arc Welding



HAZ Heat Affected Zone

HI Heat Input
HSLA High-Strength Low-Alloy
HSS High-Strength Steel

ICHAZ Inter Critical Heat Affected Zone

ow International Institute of Welding
MAG Metal Active Gas

Max maximum

MIG Metal Inert Gas

Min minimum

min minute

QT Quenching and Tempering

RS Residual Stress

S700 Strenx 700 MC PLUS

SAW Submerged Arc Welding

SCHAZ Sub Critical Heat Affected Zone
SEM Scanning Electron Microscopy

SMAW Shielded Metal Arc Welding

TIG Tungsten Inert Gas

TMCP Thermomechanically Controlled Process
TMR Thermomechanically Rolled

UHSS Ultra-high Strength Steel

WM Weld Metal
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1 Introduction

Steel is a very versatile material used in many applications in almost every industrial sector.
This is thanks to hundreds of years of discoveries in steel manufacturing, which helped
establish steel as the engineering metal. Until a few years ago, steel production increased
every year and has been stable since around 2020, as shown in Figure 1. In 2024, 214.7 kg

of new steel were used per capita. (Basson Edwin, 2025)

Compared to the second most used engineering metal, aluminium, whose global production
over the last few years has been growing and in 2025 it hit a new record high, being of almost
74 million tonnes, steel is magnitudes larger at around 1900 million tonnes. (IAI,

2026)(Basson Edwin, 2025)

STEEL PRODUCTION IN MILLION TONNES
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Figure 1. Steel production in the world between 1950 and 2024 (data from (Basson Edwin,
2025))
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Steel is the most widely used alloy due to the large number of grades with drastically
different characteristics that can be created with different manufacturing methods and heat
treatment techniques. This allows steel to exhibit great toughness as a spring or to have

sufficient hardness for a cutting edge, depending on how it is made.

Despite many decades of research, many new production and heat treatment methods
discovered, steel still has more potential, than what is achievable with the current technology
and knowledge. A growing portion of steels used are called high-strength steels (HSS) and
ultra-high strength steels (UHSS). These are mostly used in machines, vehicles, and
buildings, where carrying higher loads, reduced dimensions and lessening the weight are the
most important factor. According to (BSIL, 2026), in 2023 the automotive steel usage
accounted for 12% of global steel consumption, and 28% of that is advanced high strength
steel (AHSS), which is a considerable jump from 18% just 5 years ago. In 2023, car
manufacturers in the United States of America used 36% mild steel, 21% HSS, 17% UHSS,
15% AHSS, and 10% GigaPascal steel in the frames of their automobiles. (ICCT, 2025)

The most frequently utilised joining method in steel structures is welding. Welding is
popular for the strong joints it can create the speed with which it can make these connections,
and the relatively less preparation required compared to other methods. When it comes to
structural steels, the most commonly used welding method is fusion welding, which involves
melting the base metals, and as the melted parts mix and cool, they fuse together. (Kalpakjian

and Schmid, 2023)

Most welding methods require a very high heat input (HI) to heat up and melt the materials,
depending on the type of welding. This high heat can have unwanted consequences, the most
significant being residual stress. Residual stresses are a type of mechanical stress that
remains in a material even in the absence of a load or thermal gradient. Residual stresses are
a common phenomenon related to welding and can make parts more prone to failure. This
phenomenon is not exclusive to welding; other manufacturing methods, such as machining,
deformation, heat treatment, and any shape change, can also cause residual stresses. (Rossini

etal., 2012)
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1.1 Objective and research questions

This thesis aims to determine the correlation between welding-induced residual stress and
the microstructural changes in different grades of high-strength steel. With the increasing
use of high-strength steels, a deeper understanding of the potential differences between the
two is necessary. This is done through laboratory experiments on dissimilarly welded joints
of Domex 500 MC D and Strenx 700 MC Plus grade steels, with two different plate
thicknesses: a single-pass on the thinner plate and a double-pass on the thicker. Similar
experiments have been done before. Alipooramirabad et al., (2016), Sahu et al., (2023) and
Coelho et al., (2013) all follow similar procedures to examine the residual stresses associated

with different welding techniques in high-strength low-alloy (HSLA) steels.

The tests include residual stress measurements, hardness measurements, and scanning
electron microscopy of the steel microstructure. Analysis of these results can answer the

research questions.
Research questions:

1. How much is the difference in residual stress between different high-strength steel

grades under the same heat input?

2. What is the difference between the weld face side and the root side residual stress in

the different weld run samples?

3. How much impact does the microstructure and chemical composition difference of

these materials have on the residual stresses?
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2 Steels, high-strength steels, structures, and joining methods

This chapter briefly explores what steel is, the evolution of steel manufacturing, the different
types and grades, their typical use cases, and the structures made from them. As mentioned
before, steel is the most widely used engineering metal, and understanding what it is and

how it is used is of utmost importance.

2.1 Definition of steel

Steel is an alloy of the elements iron and carbon. An alloy is a mixture of materials where at
least one of the elements is a metal. In the case of steel, the carbon content is between 0.008%

and 2%. (Cinitha et al., 2014)

There are many other elements that can be alloyed with steel to alter different properties.
Alloying elements like silicon (Si) and copper (Cu) are used for increasing corrosion
resistance. Phosphorus (P) and sulphur (S) can be added for ductility, niobium (Nb) for
strength, manganese (Mn) for hardness, and other elements for many different properties.
Alhassan and Bashiru, (2021) The percentage of alloying elements divides steels into two
categories: low-alloy steels and high-alloy steels. Most HSS and UHSS are high-strength
low-alloy carbon steels. (Afkhami et al., 2019)

2.2 Evolution and manufacturing of steels

Steels are used everywhere; most tools, components, parts, and many everyday items are
made from different types of steels. What made steel so popular is that, depending on the
production techniques and the alloys used, its properties can be drastically altered to better
suit the application. With the correct manufacturing methods utilised, steel can be made for
a vast range of different tasks. Advancements in the strength of steel by utilising different

manufacturing methods in between 1910 and 2008 are visualised in Figure 2.
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Figure 2. Improvements in steel strength with different manufacturing methods between

1910 and 2008. (Géspar, 2016)

The manufacturing methods for producing HSS and UHSS include thermomechanically
controlled process (TMCP), quenching and tempering (QT), and direct quenching (DQ). QT
relies on cycles of heating and different rates of cooling to suppress the formation of ferrite
and perlite microstructures. The resulting microstructure is mainly martensite, and heat
treatment processes are used to set the final mechanical properties. TMCP has very tight
control over temperature and rolling parameters, producing a very fine-grained

microstructure. (Pirinen et al., 2015)

2.3 Steel classification

There are many different types of steels, and they are classified based on many different
aspects. Some of these are general terms used in everyday language, such as stainless steel,
but there are classification systems that rely on more systematic approaches. The most

widely used naming convention for steels is according to EN 10027, which is part of the



18

European Standards managed by multiple organizations across different fields. The most

recent iteration of this standard is EN 10027-1:2016 titled “Designation system for steels”.

These standardised classifications help everyone from manufacturers to engineers and
technicians, since the engineers and the technicians know what properties they can expect
from a certain class of steel, and manufacturers do not have to create their own naming

classifications.

EN 10027 separates its classifications into two main categories. The first category is “steels
designated according to their application and mechanical or physical properties”. The second
is “steels designated according to their chemical composition”. There are multiple sub-
categories under them, further specifying the exact properties or chemical composition. (EN

10027-1, 2016)

The naming system is based on specified letters and numbers in designated locations. The
first digit is a letter indicating the steel's application purpose. For example, “S” stands for

structural, “L” for line pipe, “E” for engineering. (EN 10027-1, 2016)

Sub-categories of the first category include structural steels, steels for line pipe, engineering
steels. Structural steels are the most important for this thesis since the steel samples used for

the tests follow the classifications specified in section 7.3 Table 1 in EN 10027-1:2016.

As mentioned before, structural steels start with the capital letter “S”, followed by the
minimum yielding strength in MPa. These two are principal symbols and must be included
in every steel, following this naming convention. Following that are additional symbols,
which are optional and serve to specify the treatments done, the impact property class,
additional properties, or the important alloying elements. An example is “S355JR”, where
the “S” stands for structural, the “355” for minimum yield strength of 355MPa and “JR” for
27 J of impact energy measured at 20 °C. (EN 10027-1, 2016)

2.4 High-strength steels

A trend in steel research and manufacturing is to aim for higher strength; as a result, steel
with higher yield and tensile strength has become available. These steels are often named

and shortened as HSS for High-Strength Steel and UHSS for Ultra-High Strength Steels.
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With constant improvements in metallurgy, the naming convention has kept changing over

the years.

According to Gaspar (2016), steels with yield strength below 500MPa are mild steels,
between 500 and 1000 MPa are high-strength steels, and above 1000 MPa are the ultra-high
strength steels. According to SSAB’s website, steels with yield strengths between 350 and
1300 MPa are referred to as structural steel, but steels with yield strength above 600 MPa
are called advanced high-strength steels. Another characterisation is by Yaghoobi et al.,
(2021), where they graph the strength-ductility trade-off between steel types while
categorising them based on tensile strength. According to their graph shown in Figure 3.
Strength-ductility trade-off between steel types, and strength grouping (Yaghoobi et al.,
2021), low-strength steels have tensile strengths below 300 MPa; HSS are between 300 MPa
and 700 MPa; and UHSS are above 700 MPa.

Low Strength | High Strength Ultra High Strength Steels
Steels Steels
Sl [ QN P e s S S T T T N g > DP770
60 - Mild Steels e >»DP800
£ »DP830

3 50 ‘ Conventional HSS / |/ ',,"I
-
L2 40+
o
% 30 -
=,
L

20

10

Bt

0 300 600 900 1200 1500

Tensile strength (MPa)

Figure 3. Strength-ductility trade-off between steel types, and strength grouping (Yaghoobi
etal., 2021)
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There are numerous reasons a designer might choose to use a higher strength steel. High-
strength steels can support the same load with smaller dimensions and weight, or a higher
load with the same dimensions. Examples include thinner beams and walls, stronger or
thinner welds and mechanical joints that can support the same load as a welded joint of lower
strength steels. This can enable structures that were previously unfeasible and is commonly
used in the automotive industry, where the self-weight and size of vehicles are critical. An
example of this would be changing the steel of a crane boom from 600 MPa to 1300 MPa.
With this change and design adjustment, the lifting capacity can be increased by 70% while
the amount of material can be reduced by 40%. (SSAB, 2026)

Another aspect of weight reduction is the possibility of including safety devices or other
convenience-enhancing features that were previously left off due to weight and size
limitations. Some of these are so integrated that the equipment, machine, or vehicle could

not meet safety requirements without using high-strength steels. (Gaspar, et al., 2023)

Despite the number of studies on the topic, a general design code or standard for the welding
of HSS are only available up to 700 MPa and for UHSS are still not made, even though HSS
and UHSS are more widely used, are known to be more difficult to weld, and can have
negative consequences from the heat input and post treatments of welding. (Amraei et al.,

2019) (EN 1993-1-12, 2007)

2.5 Steel structures and joining methods

Steels are often used in the construction of buildings and vehicles, serving as the primary
load-carrying frame in most cases and carrying most of the external loads. In addition to the
primary load, parts can carry secondary loads, such as internal forces, or serve as supporting

joints that do not carry loads under ideal operating conditions. (Ahola, 2025)
There are many reasons a structure may be preferred over a single piece in a given situation.
e The product can be impossible or too costly to manufacture as a single piece.

e [t can be cheaper to assemble it on site or at a different location than at production

sites.
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e If it needs to be serviceable, then it should be able to be taken apart. It can be due to
replacing a worn part or to different lifetimes for components. (Kalpakjian and

Schmid, 2023)

Therefore, individual parts and elements, such as beams, columns, and plates, are joined
together using different joining methods. There are many possible types of connections, but
for larger structures, rivets, keys, bolts, and welding are most commonly used. Welding is a
permanent joining method that connects the parts using high enough heat to melt them
together. Welding is expanded on more in its own dedicated chapter, Chapter 3, as it is one
of the main topics of the thesis. The other important joining methods for steel structures are

expanded on in the following two sub-chapters.

2.5.1 Mechanical fastening

Mechanical fastening processes do not involve phase changes or chemical reactions to
achieve the joining of parts. Instead, it relies on simple mechanical principles such as friction

and the shape of the joining parts, usually referred to as fasteners, to achieve the joining.

Mechanical fastening can be advantageous over other methods, as it allows easy assembly
and disassembly of parts and even larger structures with simple tools, facilitating
transportation or on-site assembly. The non-permanent nature allows adjustments that might
not be possible to account for during manufacturing, or that are simply a feature of the tool

or product. (Kalpakjian and Schmid, 2023)

Nuts and bolts, or threaded holes and screws, are used for parts that need disassembly during
their lifetime, as these joining methods are easily reversible without damaging any parts.
These methods provide a stable connection with no degrees of freedom, meaning the joint is

non-movable.

However, they are usually weaker than other methods, and the holes required can
compromise the part's strength and lead to fatigue failure, as holes are stress concentration

points. (Pilkey et al., 2020)
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2.5.2 Adhesive bonding

Adhesive bonding is a collective term for joining processes that utilise adhesives. These
bonds are formed through chemical reactions, in which the bonding substance usually reacts

with air, moisture, or a secondary substance to initiate the reaction.

It can take many forms, for example, liquids, pastes, tapes, or films, which are pre-applied
to one or both sides. Another version is materials that become easier to form when heated,
like thermoplastics. The use cases extend beyond sticking two parts together. Different types
of materials can be used to strengthen other joining methods, such as gluing a nailed joint,

or as a coating or for air and watertight sealing.

Due to the vast range of adhesives, the range of applications, properties, and preparation
methods differs greatly. Some adhesives can bond surfaces that others cannot, and some
require surface preparations and precise application, whereas others are more forgiving
regarding preparation. The bonding times are also different, limiting applications.

(Kalpakjian and Schmid, 2023)

Adhesive bonding can also develop residual stresses, similar to those from welding, due to
chemical shrinkage during material curing. With many curing processes being exothermic,
the generated heat can further damage or weaken the joint. The curing must be carefully

controlled to avoid these problems. (Dillard, 2023)

Thanks to constant improvements, adhesive bonding is used across many sectors, as it has
become a viable manufacturing technique with better, more specialised substances and
techniques. Nowadays they are used in the automotive, aerospace, and electronics industries,

often replacing mechanical fastening or welding. (Dillard, 2023)
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3 Welding

The chapter gives a brief introduction to welding by explaining the principles, the most

popular fusion welding techniques and the welding and weldability of high-strength steels.

Welding is a collective term for fabrication processes for joining materials using heat,
pressure, or both. The material’s properties must be suited for being welded. The most
known welding technology and the focus of this thesis, fusion welding, relies on melting the
base and potential filler materials together, creating fusion between them. Making fusion
welding a favoured process for steel and thermoplastics. However, not all welding processes

follow this principle.

There are many different types of welding processes. Even though they utilise the different
principles, they reach similar results. Suitable materials, different work environments,
budgetary constraints are just a few of many factors that favour different methods, making

all welding technologies viable for different purposes.

3.1 Fusion welding methods

Fusion welding is a joining method where both the base material and the filler material is
melted and fused together. Unlike soldering or brazing, where only the filler material is
melted, or solid-state welding, in which no material melts, and no fusion occurs. In this

thesis, the focus is on fusion welding.

This chapter briefly explains the most popular fusion welding processes. These methods
include shielded metal arc welding (SMAW), submerged arc welding (SAW), gas metal arc
welding (GMAW), and tungsten inert gas welding (TIG). Laser welding is also mentioned

due to the similarity it has to fusion welding methods.

3.1.1 Shielded metal arc welding

Shielded metal arc welding or stick welding is the most popular and one of the simplest and

oldest welding techniques that uses electricity, requiring only the machine that controls the
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voltage and current, and the flux-coated welding stick. It is commonly used for home and
vehicle repairs as it is cheaper compared to the other options, and it is also commonly used
in constructions requiring the welding of parts or components in relatively difficult to reach
places like pipeline and shipbuilding, as stick welding requires little setup and is portable as
long as the electricity is supplied, which in remote areas can be done by generators. (HIWT,

2012)

The supplied voltage can be direct current or alternating current, depending on the specific
application. During welding, the heat generated by the electric arc melts the metal core, the

coating of the stick, and the base metal, creating a weld. (Kalpakjian and Schmid, 2023)

While it has its upsides, SMAW also has drawbacks. The deposition rate is slow, duty cycles
are short and material costs are higher than with other welding techniques. The weld needs
to be cleaned of the slag. If not done properly, it can lead to corrosion. It is a manual welding

technique, meaning the weld quality depends heavily on the welder's skill. (HIWT, 2012)

3.1.2 Submerged Arc Welding

Submerged arc welding is a specialised version of the shielded metal arc welding.
Submersion refers to the granular flux fed to the weld zone, which protects the arc and the
weld during welding. This granular flux protects the weld area against oxidation and sparks,
allowing higher temperatures. This protection allows the electrode to be a bare metal filler
wire. As the electrode moves forward, the flux is fed in front of it and collected behind it for
reuse. Submerged arc welding is a frequently automated process, as it requires a fixed setup
with a flux hopper, a flux recovery device, a wire holder and a motor to feed it, and a voltage
and current controller. The flux feed, the electrode, and the flux recovery move together, and
the speed needs to be constant for a good weld; hence, the need for automation. (Kalpakjian

and Schmid, 2023)

As the flux is supplied by gravity and is not held in place by anything, submerged arc welding
can only be carried out on flat surfaces, and a backing plate is used to provide good
alignment, which limits its range of applications. It is usually used to weld sheets, pipes and
plates. Alternatively, the part can be moved under the setup, allowing the pipes to be rotated

under the machine for welding.
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Since the speed, heat input, and shielding are stable and constant throughout the welding,

SAW produces very uniform, high-quality welds with high deposition rates and productivity.

3.1.3 Gas Metal Arc Welding

Similar to SAW, in gas metal arc welding, the weld is shielded, but instead of a granular
flux, a shielding gas. The gas is usually a mixture of argon, helium, and carbon dioxide. The
electrode is also a bare metal wire, driven by a motor at the desired speed. The electrode is
shielded from oxidation by the gas mixture that is constantly fed around the wire. The

process is illustrated in Figure 4. (Kalpakjian and Schmid, 2023)

Solid
glectrode
Wire

Current
conductor

Shielding gas in_“"‘;

Wire guide
" —and contact
Direction tube
of travel

Gas nozzle

Gaseous

_, - shield
Arg— M %W&Id
Bazse — metal
metal —-ﬁ w

Figure 4. [llustration of the GMAW process (Mallick 2021)

Consumable electrode

Depending on the gas mixture used, it can be referred to as inert or active; these were
formerly known as metal inert gas (MIG) or metal active gas (MAG). The standard ISO
14175 classifies the typical shielding gases used during welding. Argon (Ar) and helium
(He) are classified as inert shielding gases, meaning they do not participate in chemical
reactions in the weld pool. Carbon dioxide (CO2) and oxygen (O2) are active shielding gases

that strengthen the arc and improve penetration, but they cannot be used without being mixed
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with an inert gas. Nitrogen (N2) and hydrogen (H2) are reserved for special use cases as

reducing and low-reactive gases. (ISO, 2008)

GMAW is a very popular welding method due to its flexibility in many aspects. It can be
used in manual or robotised welding, with different wire diameters selected for different
welding speeds and deposition rates. The different shielding gases make it viable for
different types and alloys of steel and other metals. GMAW was chosen as the welding

process for preparing the samples for this thesis.

3.1.4 Tungsten Inert Gas

Tungsten inert gas or gas tungsten arc welding refers to the tungsten electrode and the inert
gas mixture used similarly to GMAW. Unlike gas metal arc welding, submerged arc
welding, and stick welding, where the electrode is consumed during the welding, the
tungsten filament is unconsumable, meaning it does not act as a filler material. Filler material

is usually supplied as a separate wire or rod, but it is not always needed. (Fande et al., 2022)

This process is more precise and controlled than the previously mentioned welding methods
and 1s used with non-ferrous or more delicate materials, such as aluminium or copper. TIG
produces very aesthetic welds and is often used for welding components where appearance
is important. The downside of TIG is the slow weld speed and the general difficulty of
operation, which makes labour costs very high. (Kalpakjian and Schmid, 2023)

3.1.5 Laser welding

An emerging technology is laser welding. By utilising precise laser power delivery, very
high-precision welds can be achieved. This method allows a large range of materials and
designs that are not possible with other welding processes. Due to high power requirements
and the presence of large auxiliary machines, such as the cooling system, laser welders were

not portable, but thanks to more compact solutions portable laser welders are available.

The constant and precise movement required for many welds especially for special use cases
such as laser powder bed fusion, are beyond human capabilities, leading to laser welders

being usually mounted on robotic arms. (An et al., 2024)
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3.2 Weldability of high strength steels

Good weldability means the material can be welded without defects, and the resulting weld
will be high-quality. Weldability varies across steel grades. Hydrogen cracking, also known
as cold cracking, is a common problem associated with the weldability of high-strength
steels. Softened and brittle subzones can form in the heat-affected zone (HAZ). This issue
depends on the peak temperature and heat cycles used for the specific weld. Newer HSS and
UHSS are using the quenching and tempering method resulting in a martensitic-bainitic
microstructure, which have higher carbon contents around 0.15% to 0.25%, and different

microstructures. This can introduce difficulties for welding. (Gaspar, Marcell et al., 2023)

When investigating the weldability of steel, the Graville diagram is often used. This diagram
is divided into three regions. The zones are numbered 1-3 in order of how easy they are to
weld, with zone 1 being easy, zone 2 moderately easy, and zone 3 difficult. This diagram

plots the carbon content against the carbon equivalent values (CEV). (Géaspar et al., 2023)

Calculating the CEV is done by the standard CEV equation shown in Equation 1. There are
two versions of the equation, differing only in the inclusion of silicon (Si). The American
Welding Society (AWS) includes it in its formula, while the International Institute of
Welding excludes it. (Gaspar et al., 2023) (EN 1011-2, 2001)

Mn + Si(only in AWS) Cr+Mo+V Cu+ Ni
CEV =C + ¢ + z + G (1)

The samples used in the tests, the Domex 500 MC D (as SS00MC) and Strenx 700 MC PLUS
(as S7T00MC) steels are plotted on the graph from Gaspar et al. (2023), who used the AWS
formula, together with other steel grades, as seen in Figure 5. The CEV values used are
provided by the manufacturer SSAB, who uses the [IW formula. The detailed chemical
composition and CEV are in the Methods chapter.
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Figure 5. Graville diagram of different structural steels (Géspar et al., 2023)

Other categorisations exist for the weldability of steels. Some methods only consider the

CEYV value; one of these is shown in Table 1.

Table 1. CEV for the weldability of steel and need of preheating (Alhassan et al., 2021)

CEV Weldability Preheating
Up to 0.35 Excellent Not Necessary
0.36-0.40 Very good Recommended
0.41-0.45 Good Necessary
0.46 - 0.50 Fair Necessary
0.51 and over Poor Necessary

According to Table 1, the weldability of Domex 500 MC D is excellent, and the Strenx 700
MC PLUS is very good. In the Graville chart, the Domex 500 MC D was in zone 1 and the
700 MC PLUS in zone 2, but just barely above the threshold.
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3.3 Fusion zone and heat-affected zone

During welding, the area affected by the welding can be categorised into two regions. The
fusion zone (FZ) is the region where the heat of the welding arc melts the base metal. This
zone has a consistent microstructure and residual stresses; therefore, it is not a point of

interest in this study.

Next to the FZ is the region where the base metal does not melt during welding, but the
intense heat can still affect it, altering the microstructure and inducing residual stresses. This
region is called the heat-affected zone, and it can be further divided into four sub-zones. The
HAZ and these zones are discussed in the microstructure of the heat affected zone in 3.

Welding chapter.
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4 Steel microstructure, weld microstructure

The microstructure of steel is what makes it the most important engineering material. The
microstructure is the arrangement of atoms in a material, and it determines its properties,
such as strength, stiffness, ductility, and hardness. Similar to other solids, steel has a
crystalline microstructure. Since iron atoms are much larger than carbon atoms, and most
steels have close to 99% iron content, the allotropes are named after how the iron atoms are
positioned on a small-scale simplified lattice. The most common method for visualizing the
structure of allotropes at different temperatures and carbon contents is the iron-carbon phase
diagram, shown in Figure 6. The iron-carbon phase diagram plots temperature against carbon
content, showing at which temperatures and carbon content the specific allotrope changes

can occur. (Bhadeshia and Honeycombe, 2017)
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Figure 6. Iron-carbon phase diagram (Cinitha et al., 2014)



31

4.1 Ferrite and austenite

Ferrite or also known as alpha iron, has a body-centred cubic (BCC) structure, shown in
Figure 7. This microstructure is soft but ductile, and, due to the low carbon content (0.008%-

0.025%), the properties are similar to those of pure iron, with slightly improved strength.

Ferrite forms in two separate temperature ranges. First is a-ferrite forming all the way from
room temperature to 910°C. The second is o-ferrite, which forms from 1392°C until its
melting point at 1539°C. The properties are indistinguishable between the two. On the iron-
carbon phase diagram in Figure 6, these can be found on the left side. d-ferrite mainly forms
from molten steel, and as it cools, it transforms into austenite, then into a-ferrite. (Bhadeshia

and Honeycombe, 2017)

o 7
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Figure 7. The BCC and FCC microstructure of alpha-iron (ferrite) and gamma-iron

(austenite). (Cdang, 2011)

Austenite has a face-centred cubic (FCC) microstructure and is sometimes referred to as
gamma-iron. Figure 7 shows the FCC structure of austenite. It forms at temperatures within
the stability temperature range of a-ferrite and o-ferrite, depending on the carbon content. It
is soft and ductile, but it dissolves more carbon, up to 2% at the right temperature, which is

considered the limit for steel. (Devkota, 2025)
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4.2 Martensite and bainite

Martensite forms when austenite is rapidly cooled, as in quenching, but if cooling is too
slow, the transformation ends in pearlite. Martensite transforms the FCC structure of
austenite into body-centred tetragonal (BCT). This transformation leads to a volume

increase, inducing compressive residual stresses. (Gaspar, 2016)

Martensite is harder and has higher strength than austenite and ferrite, but it is more brittle.
This brittleness is not always a desired property and can lead to brittle fracture in steel parts
if not accounted for. This issue is especially problematic with welding, as it can be

susceptible to hydrogen or cold cracking. (Bhadeshia and Honeycombe, 2017)

Martensite and bainite are the favoured microstructures when the strength of a steel needs to
be increased. Bainite forms at cooling rates between those of martensite and pearlite. It
consists of ferrite with cementite particles. It is resistant to crack initiation. It has a good
balance of strength and ductility. Newer HSS and UHSS utilise martensitic-bainitic

microstructure. (Gaspar et al., 2023)

4.3 Microstructure of the heat affected zone in welding

This thesis focuses on the heat-affected zone, since the HI of welding has the biggest impact
in this region. The different heating and cooling cycles make it difficult to predict

microstructural and residual stress changes. (Pirinen et al., 2016)

Each of the HAZ sub-zones has two different names used by different studies. Figure 8
shows these zones. Starting from the weld metal (WM) in the middle, the first region of the
HAZ after the fusion line (FL) is the grain growth zone, or coarse-grained heat-affected zone
(CGHAZ), which has larger grain sizes than the other regions due to near-melting
temperatures. Next is the recrystallized zone that forms smaller and finer grains, also known
as the fine-grained heat-affected zone (FGHAZ). This zone experiences less, making it a
more ductile and tougher region than the CGHAZ. The partially transferred zone is referred
to as the inter-critical heat-affected zone (ICHAZ). This zone usually undergoes partial

transformation to austenite, but studies of different steel grades yield varying results.
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(Pirinen et al., 2015) The last zone before the unaffected base metal is the tempered zone or

sub-critical heat-affected zone (SCHAZ). (Lai and Wu, 2020) (Devkota, 2025)
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Figure 8. Diagram of the HAZ sub-zones (Lai and Wu, 2020)

These HAZ sub-zones go through different microstructural changes during the heat cycles
of welding and cooling. Changes in residual stresses and hardness are most often observed
in the HAZ and can lead to adverse effects such as cold cracking, loss of ductility, and loss

of carrying capacity. (Amraei et al., 2019)
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5 Residual stress

Residual stress is stress that remains in a material even when no load is applied. The
development of residual stress is very common during welding due to the HI of the welding
process. The HI melts the weld metal and heats up the HAZ. The liquid metal shrinks in
volume as it solidifies, which induces tensile residual stresses. The unmelted metal near the
fusion zone is under tensile stress due to its shrinkage while cooling. The shrinkage pulls the
base metal in. This creates the classical stress profile for welding residual stress, which is
shown in Figure 9. The curve resembles a normal distribution, with the middle at the weld,
where high tensile stress is present, and it decreases rapidly at the weld boundary and in the
HAZ near the fusion line. The two sides in the base metal are symmetrically in compressive
stress. This model is based on heat-induced material expansion and shrinkage. (Lai and Wu,

2020)
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Figure 9. Classical welding residual stress illustration (Lai and Wu, 2020)

These models do not include the phase transformations of the allotropes found in steel and

the quenching method used in most HSS. These factors play a key role in the M-shaped
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profiles found in many residual stress measurements, and their effect on residual stress is

illustrated in Figure 10.
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Figure 10. Residual stress profile changes due to quenching and transformation (Rossini et

al., 2012)

As seen in the figure above, the main source of tensile residual stresses is the shrinkage
caused by the HI. This can be counteracted by quenching, which induces more martensite
and the gamma-alpha transformation from austenite to ferrite or martensite, both of which
expand the material and induce compressive residual stresses. Martensite and ferrite have
higher volumes than the other allotropes; that’s why their transformation causes compressive

residual stresses. (Lai and Wu, 2020)

5.1 Measuring techniques

The measuring methods for residual stress can be categorised into three groups: destructive,
semi-destructive, and non-destructive. Destructive and semi-destructive techniques interfere
with their own measurements, as material removal is required to perform the measurement,

thereby relieving the stress. The hole-drilling technique and the ring-core method are semi-
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destructive techniques, while sectioning and contouring are destructive methods. (Rossini et

al., 2012)

Newer and more accurate measuring methods have been developed over the years. Non-
destructive methods do not require cuts, drilling, machining, or any physical interference
with the parts to carry out the measurements, meaning the measured values are not affected
by the measurement. These methods include ultrasonic measurement, neutron diffraction,
Barkhausen noise, and X-ray diffraction. (Lai and Wu, 2020) A machine utilising X-ray

diffraction was used for the measurements in this thesis.

5.2 Methods of reducing residual stress

Stress relieving is a common heat treatment method applied on many steels after
manufacturing to relieve residual stress caused by the heat cycles. It also improves many
characteristics of the material. Stress relieving is done under the critical temperature, unlike
annealing. Due to this it is applicable to alloys that are not suitable for most heat treatment

methods, for example stainless steels. (Lei et al. 2026)

Annealing is commonly used for steels to alleviate residual stress by heating them to a
specific, above critical temperature, holding them at that temperature, and then subjecting
them to a controlled cooling rate. This method also reduces hardness, increases ductility and

homogenises the structure. (Kalpakjian and Schmid, 2023)

Quenching increases the hardness of steel by inducing the austenite-to-martensite
transformation, which causes an expansion and generates compressive residual stresses.
Tempering i1s often performed after quenching to reduce hardness and brittleness and
increase toughness and ductility. Quenching can also occur during welding, where the

martensitic transformation helps counteract the transformation. (Gronlund et al., 2026)

Different heating cycles can also impact residual stress. So far, it has been shown that
different thermal cycles can induce tensile and compressive residual stresses. The factors
most often are the peak temperature, the temperature it is held at, and the cooling time. All
heat treatment methods work by combining these parameters in different ways. One of the
thesis’s research questions is the effect of the second heat cycle from the reheating effect of

the second weld run. The expectation is that it will lower tensile residual stresses.
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6 Methods

The following chapters detail the methodologies used for making the thesis. These include
literature review in the previous chapters and experimental measurements. These are
analysed and discussed in their chapter. The measurements and tests are done on the
dissimilarly welded samples. Two steel grades were used, Domex 500 MC D and Strenx 700
MC Plus. Two samples were made with two different thicknesses, one 6mm and one 8 mm.
These two different grades of steel were dissimilarly welded together using robotized

GMAW.

The samples underwent three tests: residual stress measurements, hardness measurements,
and microstructure characterization using a scanning electron microscope. The following
sub-chapters detail the literature review, the materials used, the devices used for the tests

and the test details.

6.1 Materials

The samples are made of Domex 500 MC D and Strenx 700 MC Plus steels. These steels
have been manufactured with the thermomechanically rolled (TMR) process, which offers
enhanced toughness and local formability, higher strength, and better weldability. Both steel
grades have low carbon content and low alloying element content. These properties provide
acceptable weldability; any inconsistencies due to welding failure are expected to be

minimal.

6.1.1 Domex 500 MC D

Domex 500MC D is an HSLA steel produced by SSAB. It is a steel grade with good cold
forming properties. The manufacturer recommends against heat treatments above 580°C but
lists all types of welding as applicable. (SSAB, 2023) Table 2 shows the mechanical
properties, Table 3 shows the chemical properties, and Table 4 shows the carbon equivalent

values provided by the manufacturer.
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Table 2. Mechanical properties of Domex 500 MC D (SSAB, 2023)

Thickness, Yield strength, Tensile strength, Elongation, Elongation, Min. inner
t Rer R, t<3 mm t>3 mm bending radius
[mm] [Min MPa] [MPa] [Min %] [Min %] for a 90° bend
[x 1]
3.00 - 8.00 500 550 - 700 14 18 0.0
Table 3. Chemical properties of Domex 500 MC D (SSAB, 2023)
C Si Mn P S Al Nb v Ti
[Max %] | [Max %] | [Max %] | [Max %] | [Max %] | [Max %] | [Max %] | [Max %] | [Max %]
0.10 0.21 1.60 0.025 0.010 0.015 0.09 0.20 0.15

Table 4. Carbon equivalent CET (CEV) of Domex 500 MC D (SSAB, 2023)

Thickness [mm] 3.00 —8.00
Typical CEV [%] 0.30
Typical CET [%] 0.21

6.1.2 Strenx 700 MC Plus

Strenx 700MC Plus is an HSLA steel produced by SSAB. According to the manufacturer, it

is a steel grade with exceptional properties, including excellent load-bearing, bending, and

cutting performance, and great cold-weather performance. (SSAB, 2022)Table 5 shows the

mechanical properties, Table 6 shows the chemical properties, and Table 7 shows the carbon

equivalent values.

Table 5. Mechanical properties of Strenx 700 MC Plus (SSAB, 2022)

Thickness Yield strength, | Tensile strength, Elongation, Elongation, Min. inner
t Rer Ry, t<3mm t>3 mm bending radius
[mm] [Min MPa] [MPa] [Min %] [Min %] for a 90° bend
[x ]
3.00 - 10.00 700 750 - 850 - 13 1.0x¢t
10.1- 12.0 700 750 - 950 - 13 1.5xt




Table 6. Chemical properties of Strenx 700 MC Plus (SSAB, 2022)

C Si Mn P S Nb \Y Ti
[Max %] | [Max %] | [Max %] | [Max %] | [Max %] | [Max %] | [Max %] | [Max %]
0.12 0.25 2.10 0.020 0.010 0.09 0.20 0.15

Table 7. Carbon equivalent CET (CEV) of Strenx 700 MC Plus (SSAB, 2022)

Thickness [mm]

30-114

11.5-12.0

Typical CET (CEV)

0.24 (0.38)

0.26 (0.40)

6.1.3 Filler metal

The filler metal used was ESAB OK Autorod 13.23 1-mm wire, a copper-coated, Ni-alloyed

solid wire specifically for GMAW processes. It closely matches the mechanical properties

of Domex 500MC D steel, with a yield strength of 550 MPa in the as-welded condition.

Table 8 shows the tensile properties of the filler wire. Table 9 shows the chemical

composition of the wire. (ESAB, 2026)

Table 8. Tensile properties of ESAB OK Autorod 13.23 (ESAB, 2026)

Condition Yield strength Tensile strength Elongation
[MPa] [MPa] [%]
As welded 550 640 25
Stress relieved 500 600 27
(1 hour at 620 °C)

Table 9. Chemical composition of ESAB OK Autorod 13.23 (ESAB, 2026)

C[%] | Mn [%]

Si [%]

S [%] P [%]

Ni [%]

Cr [%]

Mo [%] | V%] | Cu[%]

0.07 1.11

0.57

0.01 0.01

0.9

0.07

0.29 0.01 0.15
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6.2 Test pieces

Figure 11 shows the dimensions of the test pieces. All test pieces have this dimension; the
only differences are thickness and the steel they are made of. Two of these shapes were butt-
welded together along the winged edge, each side made of a different grade of steel. The 6-
mm sample was welded with a single pass, while the 8-mm sample was welded with a double
pass. After welding and the residual stress measurement, the wings that protrude over the 50
mm width had been cut off with grinding, since these parts contain the start and stop of the
weld, and this makes the weld more uniform. The hardness measurements and microscopic

images were taken from the wings due to the equipment’s size limitations.

40.00

100.00

150.00
100.00

Figure 11. Test piece dimensions

Figure 12 and Figure 13 show the model created by CAD software of the test pieces with

thicknesses of 6 and 8 mm, respectively.

Figure 12. CAD model of the 6-mm test pieces
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Figure 13. CAD model of the 8-mm test pieces

After this chapter, the Domex 500 MC D grade steel will be referred to as D500, and the
Strenx 700 MC Plus will be referred to as S700.

6.3 Welding and preparations

The weld began with pre-welding preparations. The samples were machined to have a 60°
V-groove with 1 mm root face and 1 mm between the faces, as shown in Figure 14. The
welding was done in the flat position (PA) according to ISO 6947. (ISO, 2019) using an
EWM Titan XQ GMAW welding machine on a 6-axis ABB welding robot. The pieces were
supported by copper backing from the root side. Shielding gas, a mixture of 90% Argon (Ar)
and 10% CO2, also known as the M20 type, was used. The flow rate was set to 10-15 1/min.

|
i

Figure 14. Weld groove dimensions of the 6 and 8 mm sample
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The primary welding parameters, namely voltage, current, welding speed, and feed rate,

are displayed in Table 10.

Table 10. Welding parameters 1

Sample (Run) Current, Voltage, Welding Feed rate,
1 U Speed, f
[A] [Volt] v [m/min]
[cm/min]
6 mm 231 24.0 29.6 9.9
8 mm (first pass) 226 24.3 45.7 10.0
8 mm (second pass) 252 27.6 40.6 11.9

The calculated and secondary welding parameters, heat input, total heat input, arc time, and

seam length are in Table 11.

Table 11. Welding parameters 2

Sample (Run) Heat input, Total HI, Arc time, Seam length,
0 Oror t [
[kJ/mm] [kJ/mm] [s] [mm]
6 mm 0.91 0.91 27 133
8 mm (first pass) 0.58 0.58 17 126
8 mm (second pass) 0.82 1.4 19 126

Heat inputs in the tables were provided by the welding machine's software, based on the
welding parameters it was given and the measurements it made during welding. The general
formula for heat input is in Equation 2. Q is the heat input in kJ/mm, P is the power supplied
in Watts, v is the welding speed in mm/s, & is the welding efficiency, which in the case of

GMAW is 0.8. U is voltage in volts, and / is current in Amperes. (EN 1011-1, 2009)

UxI
v

(2)

By calculating these values, the machine’s values can be certified. This formula does not
consider many realistic effects, such as non-constant voltage and current, and the specific
losses of the parts. The results of the calculations using Equation 2 are shown in Table 12

and are almost identical to those calculated by the software.



Table 12. Calculated heat inputs

Sample (Run) Heat input,
Q
[kJ/mm)]
6 mm 0.90
8 mm (first pass) 0.58
8 mm (second pass) 0.82

The weldability of the samples has been discussed in 3.2 Weldability of high-strength steels
chapter, where they were found to have excellent weldability for D500 steel and very good

weldability for S700 steel.

6.4 Measuring equipment
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Residual stress measurement was carried out utilising X-ray diffraction with a Stresstech

XSTRESS G2R. The diffractometer was equipped with a 1-mm collimator. The radiation
source is a chromium (Cr) X-ray tube. The measurement tilt angles were -45°/45° with 5/5

tilts. The exposure time was 5 seconds. Figure 15 shows the setup for the residual stress

measurement, including the sample and the measuring device.
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Figure 15. Residual stress measurement side view

The cut-off wings were prepared for hardness measurement. The hardness measurement was
performed on these parts due to the machine's size limitations. The hardness was measured
using a Struers DuraScan 70, utilising the Vickers method. The measurement force was 5 kg

with a dwell time of 10 seconds.

Microscopy images were taken of the samples for microstructural analysis. The surface was
polished with up to 2000-grit sandpaper, then polished with colloidal alumina (1 um). The
surface was then etched with Nital for 10 seconds. The scanning electron microscope used

was a Hitachi SU3500 Scanning Electron Microscope (SEM).
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7 Results

This chapter contains the results of the residual stress and hardness measurements and the
microstructure images. All measurement data is displayed, except for the microstructure

images.

7.1 Residual stress measurements

The carried-out residual stress measurements yielded the following results. The following
eight figures show the weld faces and root sides of 6 mm and 8 mm thickness samples of
D500 and S700 steels. The “Index” under the residual stress measurement graphs refers to

the distance from the weld toe in mm.

7.1.1 Residual stress of the 6 mm thickness plates

Figure 16 and Figure 17 show the residual stress measurements of the D500 and S700 grade

steels on the weld face side of the 6 mm thick sample.

Stress

Figure 16. Residual stress measurement of 6-mm D500 steel weld face side
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Figure 17. Residual stress measurement of 6-mm S700 steel weld face side

Figure 18 and Figure 19 show the residual stress measurements of the D500 and S700 grade

steels on the root side of the 6 mm thick sample.

Index

Figure 18. Residual stress measurement of 6-mm D500 steel root side
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15
Index

Figure 19. Residual stress measurement of 6-mm S700 steel root side

The minimum, maximum, and average values of the 6 mm samples' residual stress

measurements are presented in Table 13.

Table 13. Comparison of residual stress values of the 6-mm sample

Sample Minimum value Distance from Maximum value Distance from Average
Omin, weld toe, Omax, weld toe, Oave,
[MPa] [mm] [MPa] [mm] [MPa]
D500 weld -9.8 1 91.7 4 47.75
S700 weld -87.8 0 165.6 9 102.13
D500 root -22.8 4 181.5 16 125.64
S700 root -51.0 5 4193 1 142.84

7.1.2 Residual stress of the 8 mm thickness plates

Figure 20 and Figure 21 show the residual stress measurements of the D500 and S700 grade

steels on the weld face side of the 8 mm thick sample.
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Figure 20. Residual stress measurement of 8-mm D500 steel weld face side

Figure 21. Residual stress measurement of 8-mm S700 steel weld face side

Figure 22 and Figure 23 show the residual stress measurements of the D500 and S700 grade

steels on the root side of the 8 mm thick sample.



15
Index

Figure 23. Residual stress measurement of 8-mm S700 steel root side

49



50

The minimum, maximum, and average values of the residual stress measurements for the 8

mm samples are presented in Table 14.

Table 14. Comparison of residual stress values of the 8-mm sample

Sample Minimum value Distance Maximum value Distance Average
Omin, from weld toe Omax, from weld Ouvg,
[MPa] [mm] [MPa] toe [mm] [MPa]
D500 weld -76.8 1 93.9 4 43.44
S700 weld -127.9 1 133.8 20 52.59
D500 root -44.9 2 239.9 12 148.15
S700 toot 12.2 4 208 1 115.69

These measured values will be analysed, compared, and discussed in the following chapter.

7.2 Hardness measurements

Figure 24 and Figure 25 show the Vickers hardness measurements of the cross sections of

the 6 and 8 mm samples, with the measured values overlaid on the measurement points. On

the 6-mm sample, the left side is S700 steel, while the right is D500. On the 8-mm sample,
the S700 is on the right, and the D500 is on the left.

Figure 24. Hardness measurement of the 6-mm sample

1 mm

—_
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1 mm
S e

Figure 25. Hardness measurement of the 8-mm sample

Table 15 and Table 16 show the hardness measurement values for the 6-mm sample’s face
side and root side, respectively. The distance is measured from the first point on the left,

along the horizontal direction, in mm, separated into the face and root sides.

Table 15. Hardness measurements for the face side of the 6-mm sample

Distance Hardness Distance Hardness Distance Hardness

[mm)] [Vickers] [mm] [Vickers] [mm] [Vickers]
0.0 274 7.5 240 17.5 202
1.5 268 8.0 216 18.0 196
3.0 262 8.5 231 18.5 195
4.0 279 10.0 228 19.0 193
4.5 298 11.5 225 19.5 192
5.0 286 13.0 228 20.0 194
5.5 230 14.5 224 20.5 222
6.0 239 16.0 221 21.5 211
6.5 239 16.5 228 23.0 218
7.0 254 17.0 222 24.5 218




Table 16. Hardness measurements for the root side of the 6-mm sample
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Distance Hardness Distance Hardness Distance Hardness
[mm] [Vickers] [mm] [Vickers] [mm] [Vickers]
0.0 268 7.0 240 14.0 189
1.5 275 7.5 250 14.5 191
2.5 295 8.0 255 15.0 191
3.0 306 8.5 225 15.5 188
3.5 284 9.0 231 16.0 190
4.0 243 10.0 225 16.5 190
4.5 226 11.0 224 17.0 182
5.0 226 12.0 222 18.0 221
5.5 229 12.5 210 19.5 220
6.0 239 13.0 188 20.5 220
6.5 236 13.5 191

Table 17 and Table 18 show the hardness measurement values for the 8-mm sample’s face

side and root side, respectively.

Table 17. Hardness measurements for the face side of the 8-mm sample

Distance Hardness Distance Hardness Distance Hardness

[mm] [Vickers] [mm] [Vickers] [mm] [Vickers]
0.0 215 10.5 201 21.5 234
1.5 214 11.0 222 22.0 233
3.0 217 11.5 231 22.5 227
4.5 216 13.0 225 23.0 214
6.0 210 14.5 224 23.5 282
7.0 209 16.0 228 24.0 272
8.0 202 17.5 218 25.0 254
8.5 187 19.0 220 26.5 261
9.0 186 20.0 219 28.0 265
9.5 181 20.5 227 29.5 257
10 190 21.0 217 31.0 274




Table 18. Hardness measurements for the root side of the 8-mm sample

Distance Hardness Distance Hardness Distance Hardness
[mm)] [Vickers] [mm] [Vickers] [mm] [Vickers]
0.0 208 7.0 189 12.5 204
1.5 220 7.5 227 13.0 206
3.0 211 8.0 213 13.5 224
4.0 183 9.0 219 14.0 273
4.5 173 10.0 229 15.0 287
5.0 170 10.5 227 16.5 271
5.5 179 11.0 231 18.0 266
6.0 188 11.5 226
6.5 187 12 213

7.3 Microstructure images

Many microscopic images were taken of the samples in different points and with multiple
magnifications. Microstructural images are collected into collages, and the specific image

will be referenced in the Analysis and Discussion chapter.

As explained in the 4.2 Microstructure of the heat affected zone in welding chapter, the weld
and the HAZ consist of different zones and sub-zones. These zones are illustrated in Figure

26 made of the image of the 6-mm sample.

Figure 26. Zones of the weld and the HAZ
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Figure 27. Microstructure images from the 6-mm sample D500 side under 1000 times

magnification
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Figure 28. Microstructure images from the 6-mm sample S700 side under 1000 times

magnification
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Figure 27 and Figure 28 are the collages of the microstructural images taken on the weld
face side from the D500 and S700 sides of the 6-mm sample under 1000 times magnification.

From the 6-mm sample, images were only taken from the weld face side.

Figure 29 and Figure 30 are the collages of the microstructural images taken on the root side

from the D500 and S700 sides of the 8-mm sample under 1000 times magnification.

Figure 29. Microstructure images from the 8-mm sample D500 side under 1000 times

magnification
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From the 8-mm sample, images were only taken from the root side. On the 8-mm sample,
the focus was on the root side, as it was theorised that the second weld run would have a

residual stress alleviating effect.

Figure 30. Microstructure images from the 8-mm sample S700 side under 1000 times

magnification
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8 Analysis and Discussion

This chapter analysis the values of the residual stress measurement and the hardness

measurement, and the images taken with the SEM.

8.1 Residual stress

This chapter analyses and discusses the residual stress measurement results and summarizes
the findings. The focus is on the HAZ as these regions are the most affected by the heat input
of welding and the microstructural changes that can occur. The HAZ was considerably wider
on the root side of the weld. On the weld face side, the HAZ was from the weld toe (at 0) to
3 mm; the rest is the base metal. On the root side, the HAZ was from the root (at 0) to 4 mm,

and the rest was considered base metal.

8.1.1 Residual stress analysis of the 6-mm sample

The 6 mm thickness sample showed compressive residual stress in the HAZ on the weld face
side, shown in Figure 16 and Figure 17, and tensile stress in the HAZ followed by
compressive stress outside the HAZ before settling on a stable value in the base metal on the
root side, seen in Figure 18 and Figure 19. This pattern is observable in both steel grades,
but the values and locations differ between the grades. Table 19 summarizes these

observations with their distance from the fusion boundary.

Table 19. Lowest residual stress points in the 6-mm sample

Steel grade, Side, Compressive residual stress | Distance,
(D500 or S700) | (Weld face or root) o, d,
[MPA] [mm]
D500 Weld face -9.8 1
S700 Weld face -87.8 0
D500 Root -22.8 4
S700 Root -51.0 5
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The average residual stress values inside the HAZ and BM for the 6 mm thick sample on the

weld face and root side are shown in Table 20.

Table 20. Residual stress averages in different regions of the 6-mm sample.

Steel grade, Side, Average residual stress in HAZ | Average residual stress in BM,
(D500 or S700) | (Weld face or root) o, o,
[MPA] [MPA]
D500 Weld face 11.7 54.1
D500 Root 52.5 163.0
S700 Weld face -35.9 126.5
S700 Root 182.6 125.8

The 6-mm S700 steel had lower residual stress inside the HAZ on the weld face side and
almost four times higher residual stress on the root side than the D500 steel. The D500 steel
shows great difference in the base metal residual stress, as the root side base metal residual

stress is three times higher than the weld face side.

8.1.2 Residual stress analysis of the 8-mm sample

The 8-mm sample showed compressive residual stress from the weld toe and the HAZ. Then
a large spike in the D500 (Figure 20) and small increase in the S700 (Figure 21) followed
by another compressive region at 6 to 7 mm in both grades in the weld face side. The root
side had initial tensile stress followed by compressive residual stress in the D500 steel
(Figure 22). The S700 steel (Figure 23) showed a huge decrease in residual stress between
1 and 4 mm, but it stayed tensile. Table 21. summarizes these observations with their distance

from the fusion boundary.

Table 21. Lowest residual stress points in the 8-mm sample

Steel grade, Side, Compressive residual stress | Distance,
(D500 or S700) (Weld face or root) o, d,
[MPA] [mm]
D500 Weld face -76.8 1
S700 Weld face -127.9 1
D500 Root -44.9 2
S700 Root 12.2 4
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The average residual stress values inside the HAZ and BM for the 8-mm thick sample on the

weld face and root side are shown in Table 22.

Table 22. Residual stress averages in different region of the 8-mm sample

Steel grade, Side, Average residual stress in HAZ | Average residual stress in BM,
(D500 or S700) | (Weld face or root) o, o,
[MPA] [MPA]
D500 Weld face -36.8 57.6
D500 Root 9.7 207.4
S700 Weld face -53.1 71.2
S700 Root 94.6 124.7

On the 8-mm sample, a similar pattern can be seen as in the 6-mm one. The S700 steel has
lower residual stress on the face side and higher residual stress in the root side in the HAZ.
The base metal has the same RS in the weld face side as in the 6-mm sample, but the root
side is higher. The S700 steel has lower residual stress on the weld face side and the same

RS on the root side.

8.1.3 Summary of residual stress measurements

Both steel grades and thicknesses showed compressive residual stresses at the weld toe and
in the HAZ on the weld face side. The root sides had initial tensile residual stress, followed
by a large decrease into compressive stress, and a return to stable tensile stress in the base
metal. The S700 steel has higher average, minimum, and maximum residual stress values,
except for the root side of the D500 steel in the 8-mm sample, where it was higher. All
samples stabilised to tensile stress, but the stable values differ between samples. The D500
steel had lower average residual stress on the weld face side in the base metal and higher
residual stress on the root side in both samples. This could be a correlation between how the
steel grades react to the more direct heat input on the weld face side and the less direct on

the root side.

The weld face side of the 8-mm sample, which has the double pass weld, showed an
interesting pattern. An initial compressive stress followed by a spike to tensile stress then a

return to compressive stress before stabilising in the base metal. This could be attributed to
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the double-pass welding and the different heat and cooling cycles it introduces, as this pattern
is not observed in any other measurement from the single-pass weld. The weld face side of
the 8-mm S700 base metal also showed a significant lowering of residual stress compared
to the 6-mm sample. This could also be attributed to the heat cycle of the double-pass

welding as the reheating could have alleviated the residual stresses similarly to annealing.

Overall, the 8-mm D500 sample showed lower average residual stresses in the HAZ
compared to the 6-mm sample, but higher in the base metal. This is true for both the weld
face and the root side. The case was similar for the S700 steel, with the 8-mm sample having
lower average residual stress values in both the HAZ and the base metal. The lowest

individual residual stress values were all measured in the 8 mm sample, except for the root

side of the S700 steel.

8.2 Hardness measurements

The hardness measurements were successfully carried out on both the weld face side and
root side of both samples. These measurements revealed that both sides experienced
softening in most of the HAZ sub-zones. Table 23 organises the average values for the
different zones. For the 6-mm sample, the values are from the weld face side, and for the 8-
mm sample, the values are from the root side, since these measurements can be paired with

microstructural images.

Table 23. Hardness value averages of the different zones, values in Vickers

Sample 6 mm 8 mm
Grade D500 S700 D500 S700
BM 216 268 214 269
SCHAZ 222 292 211 287
ICHAZ 194 235 178 234
FGHAZ 193 239 175 209
CGHAZ 196 247 188 229
FL 202 216 227 227
WM 226 220

The measurements are analysed separately for the two samples and then discussed together.
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8.2.1 Hardness measurement of the 6-mm sample, weld face side

In the 6-mm sample the measurements are only analysed for the weld face side, since that
size has microscopic images taken from it. Both grades of steel experienced a hardening in
the SCHAZ. In the S700 steel it averaged around 9%. This is likely contributed to secondary
hardening. (Kim et al., 2023) The rest of the HAZ was around 10% softer than the base

metal.

The weld metal’s hardness was slightly higher than the D500 side base metal, validating the
filler metal selection. The hardness increase in the SCHAZ in this steel grade was less
significant than in the S700. The HAZ, excluding the SCHAZ was around 10% softer than

the base metal.

8.2.2 Hardness measurement of the 8-mm sample, root side

In the 8-mm sample the measurements are only analysed for the root side, since that size has
microscopic images taken from it. Unlike the 6-mm sample the SCHAZ hardening is not

observable in this sample.

However, the HAZ softening is more severe. The HAZ on the S700 side is 19% softer than
the base metal. On the D500 side the softening is around 15%.

8.2.3 Hardness measurements summary

Both sides show softening in most HAZ regions, except for the SCHAZ in the 6-mm sample.
That narrow section could act as a more brittle zone. The softer HAZ is also a weakened

point that could compromise the strength of the material.

The 8-mm sample showed more softening in both HAZ compared to the 6-mm sample. The

hardness and strength matching of the D500 steel and the filler metal was successful.
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8.3 Microscopic image analysis

The image analysis compares the images from the SEM images taken from the samples and
characterises the microstructures and features found in the images. The analysis proceeds

image-by-image between the two steel grades in each sample.

8.3.1 Analysis of the 6-mm sample

The pictures compared are found in Figure 27 for the D500 grade and Figure 28 for the S700
grade. Other pictures, with different magnifications will also be included to illustrate some

of the features. The letters of the pictures correspond to:
a) Base metal (BM)
b) Inter-critical HAZ (ICHAZ)
c) Fine-grained HAZ (FGHAZ)
d) Coarse-grained HAZ (CGHAZ)
e) Fusion line (FL)
f) Weld metal (WM)

The base metals of the two steel grades are rather different, with the S700 having much
smaller and longer grains with coarser edges, and they are oriented slightly horizontally. The
D500 has larger and round grains with more defined edges, and without a clear orientation.

The ICHAZ is indistinguishable on both sides from the BM.

The FGHAZ has smaller grains on the S700 side, but still bigger than the base metal or the
ICHAZ. Unlike those regions, the FGHAZ in this grade has rounder grains and no clear
orientation. The FGHAZ in the D500 steel has larger grains than in the S700 or than its own
ICHAZ. The CGHAZ has large, long grains in the S700 steel, this is likely martensite and
bainite. It is better seen in Figure 31, the image is taken from the same location as image d)
from Figure 28, but under a lower magnification. The D500 steel shows a similar feature,

but with smaller and more round grains.
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Figure 31. 500 times magnification of image d) from Figure 28

The FL has smaller grains in the S700 steel. The WM images are difficult to compare since
the one from the S700 collage is in the middle of the weld metal, while the on from the D500
collage is very close to the fusion line. Despite this, the features are similar, with short coarse

grains and a few large grains on both sides.

8.3.2 Analysis of the 8-mm sample

The pictures compared are found in Figure 29 for the D500 grade and Figure 30 for the S700
grade. The procedure is the same as for the 6-mm sample. These images are from the root
side of the sample and there is less of them. The base metals are the same as for the 6-mm

sample, and they don’t show any changes compared to those.

The FGHAZ has smaller grains with more defined boundaries on the S700 side. Similar to
the 6 mm sample, the FGHAZ in this grade has more rounder grains and no clear orientation.
The FGHAZ in the D500 steel has larger grains than in the S700, but in this case, it has
slightly smaller, but similar grains compared to its ICHAZ.

The CGHAZ has larger, and slightly elongated grains in the S700 steel without the clear

boundaries seen in the 6-mm sample. In this picture, it looks more like martensite. The D500
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steel is difficult to tell apart, but the grains are a bit larger and more elongated. The FL has
no imaging from this side, but following the trend of the previous images, it would have

likely been the same.

8.3.3 Summary of microscopic image analysis

With the microstructural features analysed for both samples, the identification of the
microstructures can take place. The microstructure of the S700 base metals is mainly
martensitic with bainitic features, while the D500 base metal consists mainly of a ferritic
microstructure. This difference is why the S700 has a higher yield rating than the D500. The

weld metal consisted of acicular ferrite in both samples.

The HAZ were dominated by martensite which was expected from the low or compressive
residual stress in that area. The microstructure near the fusion lines were martensitic in all
cases. This martensite formation reduced residual stress near the fusion boundary and, in

some cases, made it compressive.
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9 Conclusions

In this thesis, two samples with different thickness were dissimilarly welded. The samples
were made of Domex D500 MC D and Strenx S700 MC PLUS high-strength low alloy steel.
The samples have been measured for residual stress and hardness. Microscopic images were
taken with a scanning electron microscope for microstructure analysis. All the measurements

and images were analysed and compared.

The residual stress differed between the two steel grades, with the higher strength S700 steel
having mostly higher residual stresses and residual stress changes. With the same dimensions
and same heat input, the difference can only be explained by the chemical and

microstructural differences between the two steel grades.

The martensite-induced compressive residual stress was observable in the residual stress
measurements, especially near the weld toe. This showed that the influence of phase
transformation of the microstructure was dominant in shaping the residual stress profile. The
compressive residual stress was near the weld toe in the heat affected area on the weld face
side, and a similar compressive residuals stress was observable on the root side of the same

samples.

The 8-mm sample had lower average and peak residual stresses in most regions than the 6-
mm sample, indicating that the double-pass welding’s heat cycles likely alleviated some of

the residual stress.

The HAZs showed significant softening. The thicker, 8-mm, sample showed around 19%

softening relative to the base metal, the highest measured difference.

In future studies, further research across different steel grades and varying heat inputs is

needed to confirm and validate the findings.
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