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ABSTRACT

Low alloy steels are particularly used in the manufacture of several
products such as storage tanks, oil and gas pipelines, industrial equipment
and many agricultural and construction machinery parts that may experience
service failure, and thus may require repair through welding processes.
Submerged arc welding (SAW) is considered one of the most widely used
processes for welding many engineering industries. SAW of low alloy steels
Is however associated with some defects; hot cracks are typically considered
the most significant and dangerous defects. The weldability of steel is
determined by its susceptibility to cracking, which can be prohibited by using
certain welding procedures, which are often costly and difficult to use. SAW
of AISI 5147 low alloy steel was implemented, firstly without nickel
additives, followed by adding pure nickel powder to flux with different
weight percentages (10, 20, 30, 40 and 50). The study mainly aims to
investigate the influence of nickel content on the properties of submerged
arc low alloy steel welds. It also aims to study the effect of nickel in
decreasing hot cracks in these welds, and thus increasing the efficiency of
the weld joints. Several examinations were carried out to evaluate the
resulting welds, involve X-ray radiography, fractography, microscopy,
energy dispersive spectrometry and mechanical tests. The results revealed
that the tensile strength and weld joint efficiency reached (845 MPa) and
(112 %) respectively when 20 wt. % of nickel powder was added to the flux,
where the microstructure was a fine acicular ferrite. The maximum hardness
across the welds was at the coarse grained heat affected zone, whereas the
minimum hardness was observed in the inter-critical zone, where the pearlite
was partially spheroidized. X-ray radiography and microscopy showed that
the greater the wt.% of Ni powder added to the flux, the more inclusions and
porosity defects. Fractography however showed that the fracture behavior
changed from brittle to ductile, as the structure of the weld center generally
appeared to be austenitic with a 50 wt.% of Ni powder added to the flux.
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Chapter One Introduction

CHAPTER ONE: INTRODUCTION

1.1 General Review

Alloy steels have been produced for many reasons, one of the most
significant of them is to avoid the limitations of using carbon steels. Obtaining
a tensile strength more than (700N/mm?) cannot be achieved when using carbon
steels if ductility and toughness are also required. Carbon steels also exhibit
poor corrosion resistance [1,2]. In general, alloy steels are stronger and own
thermal and corrosion resistance more than carbon steels, in addition to other
properties, such as machinability, hardenability and ductility. This is because
alloying elements are added to steels in different amounts [3,4]. Alloy steels
have a wide range of applications. The most common of them are rails, door

beams, rocker panels, and bumpers [5].

This decade, low alloy steels entered promisingly in vehicle structural
applications and then ended it as the preferred material. Mass reduction
potential of these steels has been clearly demonstrated in the theoretical

literature, experimental applications and industrial equipment [5].

Arc welding processes are generally the most common worldwide. submerged

arc welding (SAW) is one of the most widely used [6].

Unfortunately, welding of low alloy steels by SAW is associated with several
defects; porosity is the most common, whereas cracking, particularly hot cracks

are considered the most significant and serious defects [7].

Hot cracks typically arise due to the existence of segregated constituents of
relatively low solidification temperatures at the grain boundaries. These
constituents have low ductility and also have low strength at elevated
temperatures. A rupture along the grain boundaries will therefore occur under

the effect of shrinkage stresses [8].
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After literature survey, a lot of researches, which dealt with decreasing or
controlling hot cracks in a variety of alloy welds and various controlling
methods were found. Several researches dealt with the control of hot cracking
in austenitic stainless steel welds. Moreover, some of the researches dealt with
the influence of nickel content in decreasing hot cracks in SAW steel welds, but

mainly of mild steel and austenitic stainless steels.

1.2 The Goals of this Work

1. The main aim of this study is to investigate the influence of nickel content
on properties of submerged arc low alloy steel welds.
2. Italso aims to study the effect of nickel in decreasing hot cracks in these

welds.

1.3 View of the Current Work

The thesis consists of five chapters. The present chapter deals with a

general introduction in addition to the objectives of this study.

Chapter two provides important details about the material being used as a parent
metal (low alloy steels) and the reason behind using them, their applications,
effects of alloying elements and the SAW process. The advantages and
limitations of this process were explained, in addition to the accompanied
defects, specifically hot cracks. A literature survey also given in this chapter.
Chapter three precisely describes the experimental section, where low alloy
steels were used as raw material. Pure nickel powder was also used.
Manufacturing the samples and preparing them for physical and mechanical
testing were described as well. In chapter four, the results of the experimental

work on low alloy steel welds were analyzed and discussed. Lastly, chapter five
2
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deals with the most significant conclusions in addition to the future

recommendations for other researchers.
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CHAPTER TWO: THEORETICAL PART AND
LITERATURE REVIEW

2.1 Introduction

This chapter explains low alloy steels and their weldability, particularly
by using the submerged arc welding (SAW) process; the principle work of this
process in addition to wires and fluxes used with SAW of low alloy steels.
Additional details about implemented heat treatments, the metallurgical impacts
of the thermal cycle of the welds, and the defects accompanied with SAW of
low alloy steels, particularly hot cracking will be dealt with. The influence of
nickel content on hot cracks will also be explained. Literature survey for studies

about the current work will be highlighted.

2.2 Low Alloy Steels

Alloy steels can be defined as steels that acquire their improved
characteristics due to the existence of one or more specific elements or to
considerable amounts of elements like manganese and silicon more than usually

present in carbon steels [3].

Alloy steels have been developed to achieve the needs of the engineering
industry so as to overcome the restrictions caused by using of carbon steels,
where [1,2]:

1- It is difficult to get a tensile strength of more than 700 N/mm? while keeping

reasonable ductility and toughness.

2- There is an exposure to the resultant risk of cracking while severe quenching

by water necessary to achieve full hardening.
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3- Plain carbon steels are susceptible to “mass effect”, which makes it difficult

to harden large sections effectively.

4- Plain carbon steels are susceptible to corrosion and oxidation at high

temperatures.

Alloy steels can be categorized to three parts: low, medium and high alloy steels
[9]. The addition of alloying elements like nickel, chromium, and molybdenum
to low alloy steels gives them superior properties relative to plain carbon steels.
The most important function of alloying elements, for many low alloy steels, is
to improve the hardenability so as to optimize the toughness and strength as a
result of heat treatments. In some cases, yet, additives are used to decrease

environmental degradation under particular conditions [3,4].

Low alloy steels are possibly categorized based on [10]:

1- The chemical composition of steels, such as Ni steels, Mo steels, Ni—Cr
steels, Cr-Mo steels, and so on, based on the main additives present.

2- Heat treatments like annealed steels, normalized and tempered steels,
quenched and tempered steels and so on.

3- The weldability.

Bridges, towers of power transmissions, industrial equipment, light poles, oil
and gas pipelines, storage tanks, off-road and heavy-duty high way vehicles,
passenger car components, farm and construction machinery, building beams
and panels, mine and railroad cars, and lawn mowers, the automotive,
aerospace, heavy equipment etc., are all considered applications of low alloy
steels [11,12].
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2.2.1 Alloying Elements

Alloying elements are commonly added to steels for several important

purposes. Among them are [13,14]:

e Corrosion resistance

¢ Increasing hardenability
e Greater strength

e Grain size control

e Improving machinability
e [mproving ductility

e Improving mechanical properties at both high and low temperatures

The most common alloying elements added to steels are as follows [10]:

1.

Carbon: influences hardness, machinability, tensile strength and the melting
point.

Manganese: noticeably contributes in the increase of hardness and strength.
It also decreases both ductility and weldability when presents in high weight
percentage with high content of carbon in steels.

Silicon: improves the resistance of oxidation and increases the strength of
low alloy steels.

Nickel: increases toughness and impact resistance. A high percentage of it
enhances corrosion resistance.

Chromium: is added to acquire deep hardenability with improved abrasion
resistance. It also helps avoiding corrosion and oxidation.

Molybdenum: increases the hardenability of steels, makes them fine grained
in addition to increasing creep and tensile strengths at elevated temperatures.
It also decreases temper brittleness in Ni-Cr steels.
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7. Vanadium: enhances fine grains in steels and raises strength while keeping
ductility.

8. Tungsten: when added to steels, it gives higher hardness and strength at
elevated temperatures, resists heat and enhances fine grains.

9. Cobalt: participates in getting red-hardness via hardening ferrite.

10. Copper: when (0.2-0.5%) added to steels, raises atmosphere corrosion
resistance and plays a role as a strengthening factor.

11. Aluminum: causes a fine austenitic grain size and plays as a deoxidizer.

12. Sulphur: increases machinability but decreases ductility and weldability at
the same time.

13. Boron: (0.001-0.003%) is a strong hardening factor.

14. Titanium: lowers martensitic hardness in Cr steels.

2.3 Welding of Low Alloy Steels

Low alloy steels can generally be welded by all common welding processes.

The most common ones are [6]:

1. Oxy- acetylene Welding

The type of metal used as a filler rod depends on the desired mechanical
properties. The filler rod made of high tensile steel will prove its
effectiveness. There must be a match between the weld metal and the parent
metal.
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2. Flux- Shielded Metal Arc Welding

e Electrodes made of mild steels work effectively with steels
containing carbon content below 0.14%. Weld acquires tensile
strength as high as 80,000 psi (5600 kg/cm?) as a result of alloy
picked-up from the parent steel.

e Electrodes made of low alloy steels may be required where higher
strength with better ductility is desirable.

e |t might be desirable to use core wires of the same composition of

the parent steel where the resistance of corrosion is a factor.

3. Submerged Arc Welding
Both classes of low alloy steels (hot rolled and heat treated) are welded

by using a method comparable to that used in welding of carbon steels.

4. Thermite welding
Low alloy steels can be readily thermite-welded. Metallic alloying
elements are usually added to the thermite mixture to acquire a

composition similar to that of the parent metal.

5. Resistance Spot Welding
Spot welding can be achieved adequately. Special heat treatments
like preheating, grain refinement and tempering may be combined with

the welding cycle for alloys having higher hardenability.

6. Other welding processes include:
e Gas Metal Arc Welding
e Resistance Seam Welding

e Atomic Hydrogen Welding

8
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2.4 Submerged Arc Welding of Low Alloy Steels

2.4.1 Submerged Arc Welding Process

Submerged arc welding (SAW) is a process that melts and joins metals
by heating them with an electrical arc initiated between a consumable
uncovered wire and the workpiece [15]. The arc, wire and weld pool are all
hidden and invisible for being under a layer of granular material known as flux
[16]. The uncovered wire continuously fed acts as a filler metal. No pressure is
required to complete the welding process. This process is one of the most widely
used processes for welding thick plates and pipes, pressure vessels [17]. This
wide spread of application is due to the high productivity, good strength and
good surface appearance of the weld. The SAW process is commercially

suitable for welding low alloy steels [6].

2.4.1.1 Principle Work

Granular fluxes and uncovered wires are typically used in SAW process
instead of coated electrodes. An arc forms between the wire and the workpiece,
which is submerged under the flux, is the heat source required for welding. This
process might be automatic or semi-automatic [18,19]. In semi-automatic
welding, the welding head is manually moved along the joint, whereas in
automatic welding, either the welding head is moved automatically along the
fixed workpiece or the workpiece moves (or rotates) under the fixed welding
head. Backing plates made of steel or copper may be used to control penetration
and support larger amounts of molten metal accompanying the process [6].

Figure (2.1) shows the principle work of this process.
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Weld metal

7
Metal pool

Figure (2.1): The principle work of SAW process [20].

2.4.1.2 Equipment

Equipment of SAW basically consists of [18]:

1. Welding Head, feeds the weld joint with the flux and the filler wire.

2. Flux Hoper, stores the flux and controls the its deposition rate on the joint.
3. Power Supply, supplies continuous or alternating current up to (1500 A) [21].

4. Flux, is selected depending on the type of the metal to be welded and the

required mechanical properties.

5. Welding Wires, the chemical composition of the wire used depends also on
the type of the metal to be welded. Alloying elements may be added to the weld

joint by the welding wire depending on the mechanical properties required.

10
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2.4.1.3 Polarity

There are two types of current used for welding: direct current (DC) and
alternating current (AC). SAW process can be carried out using DC or AC [22].
When welding using direct current, the welding arc is relatively smooth and
stable because the DC flows in one direction during the cycle of welding. The
AC, however, collects the straight and reverse polarity (direction of the current
flow) alternatively in regular cycles. These cycles are repeated periodically
during welding, as the polarity frequents (100) times per one second in (50)
cycles. These frequencies result in an extremely fast pulsating arc, causing

roughness and less stability to some extent compared to the DC arc.

Polarity is a significant factor when welding with direct current. Choosing the
kind of polarity depends on several significant factors: the type of flux used, the

type of penetration desired and the type of metal being welded [8].

* Straight Polarity:

Direct current straight polarity (DCSP) is the direct current used with this
polarity. In straight polarity, the current flows from the work piece, which is
connected with the positive terminal of the power supply to the wire, which is
negatively charged. Therefore, this polarity is also called direct current
electrode negative (DCEN) [23]. Nearly, two-thirds of the total heat energy is
concentrated on the wire. Therefore, in comparison with the case of utilizing
the direct current reverse polarity (DCRP), higher melting rate and thus higher
deposition rate of the wire are obtained. Consequently, the welding speed is
higher, the shrinkage stresses resulted are less severe and hence the work piece
is less prone to distortion. The penetration, for the same reason, will be shallow

and narrower [20,24].
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* Reverse Polarity:

With this polarity, the current flows from the wire, which is connected
with the positive terminal of the power supply to the work piece, which is
negatively charged. Therefore, this polarity is also called direct current
electrode positive (DCEP) [23]. Nearly, two-thirds of the total heat energy is
concentrated on the negative work piece. Therefore, the use of the DCRP results
in a deeper penetration compared with the use of the DCSP or the AC for the
same welding current value (Figure 2.2). The amount of the welding current is

however considered the main determinant of the extent of penetration [5].

Tl

+ ~ -
DCEP AC DCEN

Figure (2.2): welding profile as a function of polarity [25].

2.4.1.4 Advantages & Limitations of SAW Process

Submerged arc welding process has several advantages, the most
important of them are [8,26]:

1. The molten flux provides very suitable conditions to flow high welding
current values. High thermal intensity can be generated and concentrated
to weld thicker sections with deep penetration [27].

2. Higher welding speed can be used because of the high thermal

concentration.
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Due to the high thermal concentration and high welding speed, the
distortion is much less.

High deposition rates can be obtained. Thick sheets can also be welded
with a single pass and conventional equipment [28].

The welding process is carried out without spark, smoke or spatter [3].
A very clean and smooth weld appearance can be obtained.

The welding process can be used outdoors where a relatively high winds.
It is not necessary to make the edge preparation for the parent metal with

a thickness of less than (12 mm).

Submerged arc welding process however has some limitations such as [8,29]:

1.

The operator cannot adjust the welding progress precisely because the
weld cannot be seen during the process. Therefore, attachments may be
used such as guides, fixtures, etc. to ensure a proper welding of the joint.
This process requires the flux to be deposited in advance, which is
sometimes not possible.

The SAW process can be used with the flat position only, and for a metal
thickness of more than (4.8mm), as for the small thickness, the joint is
likely to burn-off.

The edge preparation and fit-up of the joint have to be carried out
precisely, otherwise, the flux may drop out through the gap, and the arc

may burn-off the edges of the workpiece.
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2.4.2 Flux Used with SAW of Low Alloy Steels

Flux plays a vital role in SAW process. It has several benefits, and the

most important of them are [17]:

1. prevents the weld pool from atmospheric contamination.

2. controls mechanical properties and quality of the deposited weld.
3. increases the arc stability.

4. influences the weld metal physically, chemically and metallurgically. It
physically influences the weld bead geometry, which in turn affects the load-
carrying capacity of the weldment. Chemically, flux affects the weld metal
chemistry, which further influences the mechanical properties of the weld

metal.

2.4.3 Wires Used with SAW of Low Alloy Steels

The chemical composition of the wire used depends on the type of the
metal to be welded. Alloying elements may be added to the weld joint via
welding wire. Welding wires are generally covered with copper in order to
prevent rust and to increase the electrical conductivity. The wire diameters used
in SAW range from (1.6-6.4 mm) [6].

2.4.4 Classification of the Wires and Fluxes Used with the SAW of Low
Alloy Steels

The classification below shows how to determine the type of wires and
fluxes used with the low alloy steels according to American Welding Society
(AWS) [30].

14
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F: a letter refers to the submerged arc flux.

One (or sometimes two) numbers indicates the minimum tensile strength (in
increments of 10 000 psi) of weld metal deposited with the flux. If they are (70)
for example, this means that the minimum tensile strength of the weld metal is
70000 psi, and so on.

Designates the condition of heat treatment in which the tests were conducted:
“A” is for as-welded and “P” for postweld heat treated.

Indicates the temperature in °F at or above which the impact strength of the
weld metal referred to above meets or exceeds 20 ft.Ibf.

E: a letter refers to the word of electrode (wire).

Chemical composition of the electrode:

Ni = Nickel.

M = carbon steel, medium Mn solid electrode.

Number (or letter if needed) that makes up a part of the electrode classification.
For example: EM12K,

12: the nominal carbon content is 0.12.

K: the electrode is made from a killed steel [31].

Indicates the chemical composition of the weld metal resulted from the flux and
the electrode. Two or more letters and/or digits are used.

A = C-Mo weld metal.

15
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Here is a brief overview of some of these wires and fluxes [30,32]:

EM12K: is a killed medium Mn-alloyed, Cu-coated steel wire for SAW of
medium and high strength structural steels and low alloy steels; contains 0.12
C,0.3Siand 1.0 Mn.

EA2: is a Cu-coated, Mo-alloyed wire for SAW of non-alloy and low alloy
steels with impact strength requirements higher than those obtainable with mild
steel filler wires; contains 0.1 C, 0.1 Si, 1.0 Mn and 0.5 Mo.

EB3: is a low alloyed, non-coppered wire designed for SAW of creep resistant
steel of the 2.25Cr1Mo type; contains 0.11 C, 0.2 Si, 0.7 Mn, 2.5 Cr &1.0 Mo.

ENi2: is a Cu-coated, low alloyed, 2%N:i electrode for SAW of low alloyed and
low temperature steels (in the offshore industry application, for example);
contains 0.1 C, 0.1 Si, 1.0 Mn and 2.5 Ni.

F8A4-EC-G: is designed for single and multi-pass butt welding of mild and
medium tensile strength steels. It is typically used with pressure vessel
manufacturing, shipbuilding applications with impact strength requirements
down to -40°C.

F7P2-EA2-A2: is designed for the single wire, multi-run butt welding of mild,
medium and high tensile steels with impact strength requirements down to
-40/-60 °C. It can be used on DC.

F8P8-EB3-B3: is a high basic agglomerated all-mineral non-alloying flux
designed primarily for the multi-pass welding of creep resistant steels in
combination with low alloy Cr-Mo wires. The very low impurity level of the
flux helps to produce an exceptionally clean weld metal, with high impact

properties, even after step cooling treatment.
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F7A5-EM12K: is a basic agglomerated, slightly Si and Mn alloying, specially
designed for fillet welding and for single and multi-pass butt welding of mild,

medium and high tensile steels. It can be used particularly for narrow gaps.

2.5 Weldability of Low Alloy Steels by SAW

The weldability of low alloy steels depends primarily on its
hardenability, which in turn, depends largely on its chemical composition,
mainly the carbon content. Other alloying elements such as manganese,
molybdenum, chromium, vanadium, nickel and silicon also have effects on the
hardenability of low alloy steels, but with a much less extent [33]. Thickness
and weld pool design are also important factors when considering weldability.
Alloying elements, along with carbon, are all generally expressed as a single
value called carbon equivalent (CE) [34]. The higher the carbon equivalent, the
higher the hardenability which is closely related to the weldability, the more
difficult the steel is to weld and the steel becomes more prone to cracking [35].
Care and caution in addition to using special welding procedures should also be
taken [36-37].

Low alloy steels can be welded by the SAW process, however, high hardness
and brittleness may occur in the weld zone and the heat effected zone. The
welding conditions should be low in hydrogen as well to obtain the best possible

results when using this process [8].

In order to have a high toughness in the weld zone when welding these steels,
the austenitic stainless steel wires are sometimes used, however, the heat
affected zone (HAZ) might remain hard and brittle. Therefore, it is important to
use the preheating and the postheating for avoiding the high hardness and

brittleness of these zones [8].
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The need for preheating or/and post heating can be determined approximately
for each type of steels via calculating the carbon equivalent, which is typically
defined by several formulas. The following formula is usually used in most

ASME applications:
CE =C + (Mn+Si)/6 + (Cr + Mo + V)/5 + (Ni + Cu)/15...... Eq. (1) [35]

According to this formula, if the CE value is of 0.45 or less, steels can be welded
without any preheating or postheating of the joint. The welding conditions
should also be low in hydrogen. With higher CE values, steels may require
either preheating or postheating treatment in order to relief stresses and hence
to avoid weld cracking [35]. The CE is an approximate value since it is only
related to the chemical composition of the steel, as other factors like section
thickness and joint constraints, which have a higher or equal effect on the

weldability, are not taken into consideration.

The cooling rate and thus the possibility of welding cracks can be reduced by
some developments, which are carried out through the welding procedures. For
example, a large V-shaped weld joint design with the utilize of a multi-pass
welding process, in which the weld metal of the latest pass is deposited,
surrounded by the weld metal of the previous passes from both sides. The
heating of the subsequence pass will act as a tempering treatment to the HAZ

resulting from the weld bead deposition of the pervious pass.

2.5.1 Preheating

Essentially, preheating is used to prevent cracks in the weld zone or in
the HAZ. It slows down the cooling rate and thus leads to decrease the hardness
of the HAZ. Residual stresses and distortion will also be reduced [29].
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When welding low alloy steels, the preheating temperature should always be
above that of the martensite formation, which is called Ms (martensite starting)
in the S.S diagram. The reason behind this is to prevent the formation of the
hard and brittle martensite, and thus avoiding or reducing associated cracking
[5,38]. The preheating value depends on the carbon content and all other
alloying elements, in addition to variables related to the weld joint design,
particularly the thickness [39]. Preheating is the easiest and most effective way
to prevent cracks caused by welding in cold weather (especially below the room

temperature) [40].

The size of the weld bead affects the preheating value, where the cooling rate
of small beads is greater than that of large beads. A larger bead size, which can
be obtained by reducing the travel speed for instance, increases the heat input,
and thus decreases the cooling rate. Consequently, martensite and hence
hardness will be less in the HAZ [41]. The need for preheating is eliminated in

some applications by controlling the weld bead size.

The need for preheating can also be reduced or sometimes eliminated by using
the multi-pass welding. Multi-passes in specific applications can prevent
cracking that may occur while using one welding pass without preheating. The
previous welding pass acts as a preheating mean for the subsequent welding
pass and each welding pass will act as a postheating for the previous passes. In
multi-pass welding, if the preheating is required, the temperature between
passes should be under control to be, at least, equal to the preheating

temperature [5].

The preheating process is ideally implemented by furnaces, otherwise, the
furnaces may not always be available, or the weldment might not be of a size or
a shape that can be heated in the furnaces. In this case, a gas torch is typically
used to preheat the joint through heating one side of the joint, and then
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measuring the temperature of the opposite side to ensure that the joint has been
heated to the desired temperature. Induction heating devices can also be used

when welding pipes [41].

Preheating has however other benefits; it dries out moisture from the surfaces

of the work piece being welded and burns any grease or oils [8].

2.5.2 Postheating

Tempering or stress relief heat treatment after welding of low alloy steels
is desired, while it is necessary in some applications. As it is for preheating, the
choice of stress relieving temperature is influenced by the thickness of the
parent metal and the carbon content [42]. The restraint severity of the welded
joint also determines the need for such treatment. This treatment is typically
carried out for alloy steel welds through heating them (550-650 °C) for an hour
for every (25.4 mm) of thickness (this is the shortest time for this treatment, and
it should not exceed eight hours at all). The weld joint is preferred to be heated
in the furnace before it cools to a temperature below that of preheating and/or
intermittent between passes, despite this is not always applicable and is not
often considered mandatory. The aim of this is to prevent the martensite

formation, and thus preventing the associated cracks [5].

The purpose of postheating treatment is to restore ductility and to reduce
residual stresses and distortion of the weldment [43]. Sometimes, the
normalizing treatment is carried out on the weld joint immediately after the
welding process to achieve high ductility and tensile strength. The weldment is
however preferred to be heated and cooled in furnaces gradually in order to

decrease the thermal gradient through the thickness of the section [8].
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Welds should be supported adequately during stress relief treatment to avoid
the excessive distortion caused by the degradation or removal of these stresses.
The localized heating of the weldments softens the hardened regions, as heating
the entire weldments by furnaces does. It may not decrease the residual stresses,
but may increase them if it is incorrectly used. The thermal gradients of the

welds should therefore be under control and its restraints should be reduced [8].

2.6 Metallurgical Effects of the Weld Thermal Cycle Associated
with the SAW Process

2.6.1 Transformations in the Weld Metal

Solidification is the first transformation that occurs in the weld metal.
The solidification mechanism of metals is summarized through nucleation and
grain growth, as in the case of solidification that occurs in castings. In fusion
welding, the formation of nuclei, usually, does not occur. This is because the
molten metal (which its volume rarely exceeds 1 cubic inch) will solidify within
a few seconds owing to very rapid cooling rate of the weld pool caused by the
heat absorbed by the cold, relatively large sized parent metal. The heat lost due
to convection to the atmosphere is really another cause. This rapid cooling leads
the weld metal to grow from the adjacent, incompletely melted grains of the
parent metal. Therefore, the growth mechanism in welding is important,
whereas the nucleation is not. [6,44]. The incompletely melted parent metal
grains serve as the ideal base from which the molten weld metal crystalizes.
Hence, the grains of the molten weld metal will grow directly from the
incompletely melted grains of the parent metal, so that the grain boundaries of
both become continuous across the fusion line, as shown in Figure (2.3).

Moreover, these grains are identical in the orientation of atoms.
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Figure (2.3): Weld metal growth [6].

In fusion welding, the existence of solid grains at the liquid-solid interface
works as ready nuclei from which the granular growth releases [6]. In steels, the
weld metal solidifies forming a solid solution of C, Mn and some other elements
with iron. Based on cooling speed, the resulting grains might be dendritic or
columnar. Heat typically flows from the weld zone towards the colder metal
adjacent to this zone. The weld metal therefore, has columnar grains with right
angles to the fusion line. This is what distinguishes grains resulting from single-
pass welding. With multi-pass welding, and due to repeated heating, these
grains transform into equiaxid grains, where each welding pass reheats the
previous pass. This reduces the particle size of the formed grains, consequently

improving the mechanical properties of the weld zone [45].
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The weld metal, as mentioned previously, is a mixture of the filler metal with
the molten parent metal. The mixing of a portion of the parent metal with the
deposited filler metal is known as dilution process, which can be expressed as
[46]:

weight of the molten parent metal

* 100

Dilution ratio (D) % =

total weight of the molten metal

The maximum dilution occurs in thin section butt-welding without beveling the
edges with one-pass. Less dilution happens in the case of multi-pass welding,

with edge preparation, as shown in Figure (2.4):

Figure (2.4): Dilution of the (a): one pass Square butt joint weld (b): multi-pass Single-V
butt joint weld [51].
It is worth mentioning that the first bead in the case of multi-pass welding,
which is called root bead, smelts a large proportion of the parent metal in
comparison with the subsequent beads. Cracks possibly occur in the root bead,
as this bead exhibits high hardness and brittleness due to the high dilution ratio,
and excessive cooling caused by heat absorbing from this small-sized bead by
the large size of the cold parent metal. The large strain caused by shrinkage
stresses also promotes the development of these cracks. Therefore, caution
should be considered when welding the root pass, particularly in high carbon

steels, to avoid cracks in this bead [47].
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Dilution is more prominent when welding dissimilar metals. It however can be
decreased via depositing one or a number of weld layers on the edges of the
joint being welded before the start of the welding process. This is called the
buttering process, and in some cases, specific alloys can be used for this purpose
[46]. Increasing the carbon content does not increase the weld metal strength as
it does, e.g., with the wrought steel, because such an increase causes segregation
of carbon during the solidification. This leads to the formation of cementite
during the subsequent solid-state transformation of austenite, decreasing the
toughness of the weld metal. Therefore, the carbon content in the weld metal
should be kept low as (0.1%) as a maximum. This ratio should therefore not be
exceeded in the welding electrodes, whatever the strength desired of the weld
metal, or the carbon content in the parent metal. When the carbon content of the
weld metal is maintained low, the microstructure will mostly be a mixture of
ferrite and carbides with a very small proportion of bainite or martensite. The
microstructure of the parent metal however varies from ferrite to martensite,

based on the percentage of carbon and alloying elements in steels [48].

2.6.2 Thermal Effects of SAW on the Parent Metal and its Mechanical Properties

The parent metal adjacent to the weld zone is typically divided into two

zones:- the heat affected zone (HAZ), and unaffected parent metal [6].

2.6.2.1 Heat Affected Zone

It is the region just adjacent to the weld zone which represents the parent
metal that is not melted by the welding heat, except that it is heated to a
temperature and for a period sufficient for the occurrence of grain growth in it.

This region undergoes to a complicated thermal cycles representing by sudden

24



Chapter Two Theoretical Part and Literature Review

heating to different temperatures, ranged between melting temperature and that
of the unaffected parent metal. Subsequently, the heating is followed by rapid
cooling due to the nearby cold metal and the surrounding atmosphere. This
heating and cooling cycle serves as a different heat treatment for each region of
the HAZ. This zone therefore consists of a series of structures gradient and

different in their mechanical properties.

In low alloy steels, these structures might vary from the hard martensite to the
coarse pearlite. The HAZ width in arc welds doesn’t exceed a few millimeters.
When welding low alloy steels with a single pass by SAW process, three

different metallurgical regions can be observed [6]:

A. Grain growth region  B. Grain refined region C. Transition region

A. Grain Growth Region: it is exactly adjacent to the fusion boundary (weld
zone). In this region, the parent metal is heated to temperatures in a range
between above the upper critical temperature (A;) and melting temperature
(Figure 2.5). This resulted in coarsening the structure or grain growth [6]. The
largest grain growth region and the maximum grain size occur as the cooling
rate decreases. The cooling rate depends upon the amount of heat utilized during
welding, initial temperature of the parent metal, thickness of the welds in
addition to the design of the weld zone. The high initial temperature of parent
metals and weld heat causes slow cooling rates, whereas the large weldment
thicknesses result in rapid cooling rates. Generally, the cooling rate of this
region is greater than those in the other regions of the heat effected zone,
because of the severe thermal drop from the temperature of this region to that
of the cold parent metal [6,44]. This region is therefore the hardest of the HAZ
in weldments of low carbon steels [48].

25



Chapter Two Theoretical Part and Literature Review

Peak Temperature

/ Weld Metal

Figure (2.5): Fe-C phase diagram [49].

The microstructure in this region based on the percentage of carbon and alloying
elements, grain size and the cooling rate. In weldments of low carbon steels, the
structure in the grain growth region is pro-eutectoid ferrite at the grain
boundaries of the prior austenite, whereas the grains themselves are usually
ferrite with pearlite, or ferrite with bainite. With the increase of the cooling rate
or increasing the content of carbon and alloying elements, the grains of ferrite
disappeared. The austenite grains then transform into bainite upper or lower,

martensite or a mixture of these microstructures [50].

The resulting grain size depends on the grain size of the austenite. If the
austenitic grains were large, the resulting structure will be coarse [50].
Generally, the metal in this region losses some of its ductility particularly the
impact strength. Figure (2.6) shows the structure of this zone.
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pearlit

ferrite

Figure (2.6): Grain growth region [6].

B. Grain Refined Region: it is the region adjacent to that of grain growth, at
which the metal is heated to a temperature directly above the high critical
temperature (As) [6]. The metal in this zone completely transforms to a new,
fine-grained austenitic structure, where the heating time isn’t long enough for
the growth of the austenite grains. Therefore, moderate cooling will form fine
pearlitic grains. This is identical to the normalizing heat treatment implemented
on carbon steels, which include heating to this temperature and then cooling
with still air [42]. This region has relatively high strength and toughness, the
same features and properties of normalized steels. Figure (2.7) shows the
structure of this region, where dark areas indicate pearlite and light areas

indicate ferrite.
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Figure (2.7): Grain refined region [6].

C. Transition Region: during welding, this region is exposed to temperatures
ranging between higher critical temperature (A3) and lower (A,) [6]. This
heating works on transforming pearlite grains (at least partially) into fine
austenite grains, but it is not sufficient to transform ferrite grains [44]. A partial
allotropic recrystallization occurs in this region. Upon cooling, the fine
austenite grains transform into fine pearlite. Obviously, in this case, the pearlite
grains are reduced while the ferrite grains remain the same [6]. Figure (2.8)

represents the microstructure of this region.

For alloy steels, this region is of particular interest, as the same cooling rate
might be enough to convert the fine grains of austenite to martensite, resulting
in high hardness and brittleness in this region. This exposes these kinds of steels
to hydrogen cracks. Consequently, care must be followed while welding these
steels to avoid such cracks. It should be noted that the main reason for the
formation of martensite in this region is carbon, as with the increase in the
percentage of carbon and other alloying elements, the hardenability of steels

increases as mentioned early.
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Figure (2.8): Transition region [6].

2.6.2.2 Unaffected Parent Metal

The parent metal that is heated upon welding to temperatures insufficient to
make change in its structure, comes directly after the HAZ [6]. Figure (2.9)
shows the microstructure of the parent metal of low carbon steel unaffected by

welding heat.

Pearlit

Figure (2.9): Unaffected parent metal [6].
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2.7 Defects Associated with the SAW of Low Alloy Steels

Submerged arc welding of low alloy steels is usually associated with

many defects that occur in the weld zone and HAZ.

The weldment that has defects might fail during service causing economic and
human loses, so studies of welding defects and analysis of welding defects are

necessary [5].
The most common weld defects include [7]:
* Hydrogen embrittlement
» Hot cracking
* Porosity
* Poor impact strength
 Undercut
* Slag inclusions

* Uneven weld beads

2.7.1 Hot cracking

They are cracks that happen at elevated temperatures; in general, after the
weld metal starts to solidify instantly, so they are called hot cracks [52].
Solidification of the weld metal begins from the fusion line towards the center
of the weld that is at the highest temperature and solidifies lastly [53]. During
solidification, liquid and solid phases might vary greatly in chemical
compositions; crystals initiated firstly or dendrites that have high solidification

temperatures differ from the residual molten metal that consists of some
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alloying elements and impurities of low solidification temperatures [50]. The
residual molten metal is driven towards crystals growth until dendrite
interlocking at the last solidification stages, leaving constituents of relatively
low solidification temperatures on the grain boundaries [6], and this is called
segregation. The chemical composition of these phases can be modified by
diffusion. Because the solidification occurs at a relatively fast rate, there will
not be sufficient time for the desired diffusion, and as a result, the metal is poor
in homogeneity. It is possible to distribute this segregation by post weld heat
treatments, but the elements may respond differently to these treatments. As the

metal impurities increase, the probability of segregation increases [50].

Hot cracking occurs due to the existence of the constituents of relatively low
solidification temperatures at the grain boundaries. These constituents have low
strength and low ductility at elevated temperatures resulting in a rupture along
grain boundaries due to the effect of thermal shrinkage stresses. Therefore, these

cracks are sometimes called intercrystalline cracking [54].

Intercrystalline cracking occurs before the solidification is completed while the
metal is though in the plastic state. Microscopy usually shows a thin oxide layer
covering these cracks as an evidence that they are created at elevated
temperatures. These cracks range between micro-fissures and readily visual

cracks based on the amount of the strain [55].

In steels, the residual constituents on the grain boundaries are typically either
elements or compounds like phosphides and sulfides [54]. The elements that
segregate in steels are usually carbon, phosphorus, sulfur and manganese, but
the carbon is of the most significant and segregated elements. The resulting
microstructure however appears regions rich with carbon (like cementite) and

others are poor with carbon [50].
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2.7.1.1 Hot cracking reasons

Hot cracking is attributed to many causes, the most significant of them are:

1.

Large grain size, where longitudinal grains might create due to rapid cooling
of the weld pool. These grains are similar to those created while molten metal
Is poured into a cold metallic mold. These grains might cause weak planes as
a result of hot cracks occurring through them [45].

Impurities that promote the creation of thin liquid layers of low solidification
temperatures, such as sulfur, which participates in the creation of the brittle
iron sulfide film of low solidification temperature on the grain boundaries.
The amount of impurities in the weld pool is based on the initial impurity
content in steels and on the dilution ratio [53].

High content of carbon in steels, where carbon (as mentioned previously) is
one of the elements which segregate in the weld pool, and contributes in
cementite formation, through the subsequent solid state transformation of
austenite [54].

High rigidity of the pieces being welded or severe restraints of the joint that
concentrate shrinkage stresses in the weld deposit [54].

Rapid cooling, which causes high shrinkage stresses in the weld deposit [54].
The very small root bead. During cooling, when the weld zone and the HAZ
begin to shrink, the larger mass of the parent metal absorbs the heat rapidly
from the small weld bead, thus cooling the root bead quickly, exposing it to
higher thermal shrinkage stresses [56]. Hot cracks frequently extend from the
root bead through the subsequent good layers, but they might not extend to
the weld surface [6]. In addition to the previous causes, high ratio of carbon
and other impurities in the root bead are among factors that encourage the
root cracking because of the severe dilution in this region, mainly when

welding high carbon steels as mentioned previously [47].
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7.

Incorrect preparation of the weld joints participates to hot cracks occurrence
by decreasing the effective surface area of the weld zone. Incomplete
penetration and poor fit-up of the joint, for instance, weaken these joints and
therefore easily expose them to hot cracks. Hot cracks can initiate due to the
narrow root opening of the weld joint when weld metal penetration is deep,

particularly for the large ratio between penetration and width of the bead.

2.7.1.2 Hot cracking remedies

Hot cracks can be avoided or decreased by several ways, the most significant of

which are:

1.

Precisely controlling the impurities that promote the creation of the thin
liquid films of low solidification temperatures by obstructing the effect of
detrimental elements in steels by a specific way [53]. For instance, the
additive of manganese to the weld pool, which containing sulfur to create the
soft manganese sulfides of a high solidification temperature decreases the
possibility of hot cracking [57]. This solution might have a little influence
when welding of high carbon steels [8], as shown in Figure (2.10).
Minimizing the dilution ratio by several means, such as avoiding the usage
of too high current densities and choosing the suitable weld joint design [5].
Permitting the ends of the weldment to move freely as possible while
welding, and developing of welding procedures to decrease the effect of high
rigidity of the pieces being welded [5].

Preheating the pieces being welded decreases the strain causing by the
shrinkage thermal stresses [5].

Making sure that the weld bead has sufficient resistance to the stresses, which

might arise because of the welding heat. Avery small size weld bead between
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two heavy pieces should not be used, as it must be ensured that the weld
beads have appropriate size in all weld joints [56].
6. Drying fluxes to decrease the moisture content and cleaning surfaces of the

pieces being welded from moisture, grease, oils and other contaminants [55].
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Figure (2.10): Influence of the Mn:S ratio with the C content on the susceptibility of carbon
steel weld metals to hot cracking [58].

There is a type of cracks happen in the crater formed at the starting or end of
the weld or when the welding process is stopped for any reason [59]. These
cracks are called as crater cracks. The craters are caused by the high forces of
the arc, hence the surface of the weld retracts into a concave (crater) shape when
the weld pool solidifies after extinguishing of the arc. When a concave weld
zone is cooled, stresses are usually concentrated in the cross section of the
lowest thickness and the highest temperature of the weld. The crater therefore
provides ideal conditions for hot cracks occurrence. The crater generally

solidifies from all sides towards the weld center. So, the crack begins from the
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top surface inward [60]. The crater cracks might be star, transverse or serve as

a start out for longitudinal cracks [61], as shown in Figure (2.11) below.

The crater cracks can result in failure, so they have to be avoided. A common
way to achieve this is to place steel plates of the same parent metal (to hinder
the dilution between them) at the starting and end of the weld. The craters will
remain in the added steel plates, which are finally separated from the weld joint
after the welding process is completed [58,61].
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Figure (2.11): Crater cracks caused by hot shrinkages [5].

Submerged arc steel welds are generally more susceptible to a risk of
solidification cracking due to the deep penetration and considerable melting of
the workpiece material associated with this process. Consequently, more
constituents of low melting temperature will segregate. In a deep and narrow
joint, the weld metal solidifies in such a way as to leave these weak segregated
constituents in the middle of the weld, which then breaks due to longitudinal
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cracks occur under the influence of thermal shrinkage stresses [7], as shown in
Figure (2.12) below.

Marrow and deep joint

Figure (2.12): Solidification cracks may appear when the weld is deep and narrow [7].

2.8 Effect of Nickel on Steel Welds

Nickel is a silver-white metal that is extremely shiny and capable to take
a high polish. It can be forged, machined, welded and rolled into sheets or wires.
It is also ductile, relatively strong and has high resistant to corrosion in many
conditions. Nickel has a relatively high melting point (1455 C°), and can
withstand extremely high and low temperatures. It also can retain its strength at
elevated temperatures in addition to both ductility and strength at sub-zero
temperatures [62]. These characteristics make it a very important material and
main alloying element in ferrous metals. Nickel exists as plates, strips, wires
and also powder. In its commercially pure form (99.5 %), it has enormous and
significant industrial applications. Fabricated nickel has mechanical properties
comparable to those of low carbon steels. It is, however, unlike steel, resistant
to corrosion, and this fact, together with the fact that it is non-toxic, makes it
suitable to the use in the plant manufacturing for food and pharmaceutical
processing [45].
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Nickel has a marked strengthening effect on the steel, since it goes into solid
solution and decreases the carbon content of the eutectoid [45]. Unfortunately,
Ni does not combine chemically with carbon, and, worse still, tends to make
cementite decompose and thus release free graphite. Consequently, nickel steels
are always low carbon steels, or, alternatively, medium carbon steels with very
small amount of nickel. However, because of their shortcomings due to carbide
instability, they have been almost entirely replaced in recent years by other new
low alloy steels [63]. Nickel lowers the critical cooling rate, thereby increasing
the hardenability of the steel. It also lowers the critical range, thus stabilizing
austenite [45]. Additions of nickel are frequently used to improve the toughness
at low temperatures, due to the fact that increasing nickel has a great effect on
the acicular ferrite content [64,65]. The toughness improvement is also
attributed to the grain size refinement and reduction of the stalking fault energy
of the ferrite in such a way that plastic deformation at lower temperatures is
facilitated [66]. Other than making steels more hardenable, the presence of

nickel in steel causes no difficulty in welding [64].
The main influences of nickel on steel welds can be briefed as follows:

1- Prevent the creation of hard and brittle micro constituents in the fusion zone
(F2) [67].

2- Mechanical strength and impact toughness of steel weld are higher due to
refining microstructure by limiting grain growth. The improvement of these
properties is also attributed to high percentage of acicular ferrite in steel weld.
The impact toughness of the steel weld in fusion welding is directly proportional
to the nickel content in the weld metal [63,68]. Nickel improves the toughness
when it is added alone, but when it is co-present with a high amount of

manganese, it affects mechanical properties in complicated ways because the
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microstructure become martensite which susceptible predominantly to

intergranular brittle crack propagation [68].

3- The high ductility of the Ni-based FZ can play a significant role in the
absorption of tensile stresses initiated during welding. This participates in

decreasing the crack susceptibility of the weld joint [5].

4- The Ni-based FZ presents good machinability [5,69].

2.9 Literature Review

The literature survey gives comprehensive information on researches,

which discuss the influence of Ni content on properties of SAW steel welds.

In 2000, Kang et al. [70] evaluated the mechanical properties of mild steel
welds with different additives of Ni and Mn using metal-cored wires and
shielding gas (Ar-2% O2). It was found that the hardness of the weld metals
increased linearly with these additives that was attributed mostly to
strengthening of the solid solution and partially to hard phases formation. With
a low Mn content (0.5%), Ni additives increased hardness without decreasing
the impact toughness, while with a high Mn and Ni contents (1.6 and 7.45 wt.%
respectively), the impact toughness deteriorated seriously even at room
temperature, leading to intercrystaline fracture. The fracture was at prior
austenite grain boundaries because no &-ferrite phase created during
solidification. Therefore, these boundaries were prone to cracking under cyclic
loading. Depending on hardness and impact resistance, the best amounts of Mn

and Ni were suggested to be in the ranges (0.5-1%) and (4-5%), respectively.

Eroglu etal. (2002) [71] investigated the effect of nickel contents (1.0, 2.0, 2.9,
4.1, and 5.2 wt.%) besides different amounts of heat input (0.5, 1.0, and 2.0
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kJJ/mm) on the mechanical properties and microstructure of the HAZ of
submerged arc mild steel welds. The results showed that the combination of
2.9-5.2 wt.% nickel content with 0.5 kJ/mm heat input resulted in creation of
martensite structure, hence giving lower toughness values. The toughness,
hardness, and microstructure of the HAZ showed good results with 0.5 kJ/mm
and 1.0 wt.% nickel, and with 1.0 kJ/mm heat input and 2.0-5.2 wt.% nickel.

Bhole et al. studied in 2005 [72] the effects of Ni and Mo powder, which added
individually and together, on the impact toughness of submerged arc API
HSLA-70 steel welds. The results showed that the Ni additions (2.03-3.75
wt.%) decreased the impact toughness and increased fracture appearance
transition temperature in the welds. This is because the increase in nickel
content restrained the formation of acicular ferrite. In contrast, the combined
effect of Ni and Mo in the weld metal reduced the volume fractions of ferrite at

grain boundaries and promoted the high toughness acicular ferrite formation.

The optimal impact toughness was obtained (at -45 © C) with Mo additives of

(0.881 wt.%) in the weld metal, where the microstructure was 77% acicular

ferrite and 20% granular bainite.

In 2007 Trindade et al. [73] studied the effect of nickel content (0.50 - 3.11
wt.%) on the microstructure and toughness of A36 steel welds, as-welded state
and after post weld heat treatment, using SAW process. Optical microscopy
(OM) and scanning electron microscopy (SEM) were used to observe the
microstructures. The charpy impact test was carried out on samples cut
perpendicular to the weld bead to evaluate the toughness. The results showed
that the nickel content up to 1.0 wt.% increases the toughness due to the increase
of the acicular ferrite content and to microstructural refinement. On the other
hand, more nickel contents have a reverse effect on the toughness as a result of

the existence of the micro-constituents martensite-austenite in the weld metal.
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The postheating treatment had an insufficient improvement in toughness of the
weld metal, even if these constituents had decomposed into ferrite and carbides.

This might be due to the precipitation of carbides along the ferrite boundaries.

In 2014 Sham et al. [74] studied using a variety of advanced analytical
techniques the effect of nickel (1.0, 2.0, 3.0, 4.0, 5.0 wt. %) on toughness and
strength particularly for submerged arc multi-pass HSLA steel welds in the as-
welded condition. Mechanical testing showed that nickel content > 3.0 wt. %,
in the as-welded condition achieved the aimed mechanical properties (yield
strength > 586 Mpa, ultimate tensile strength > 724 Mpa and nil ductility
temperature < -96°C). From 1.0-5.0 wt. % Ni content, during the primary
solidification, the structure varied from primary delta-ferrite to primary
austenite, and the thickness of dendrite/cellular was refined. With increasing Ni
content, austenite transformation temperatures were also reduced to refine grain
size of the effective ferrite. Dislocation density and strain therefore increased.
At 5.0 wt. % Ni, precipitates (in the form of FeNis or MnNi3) appeared in both
inter and intergranular regions, which resulted in enhancing strength and

toughness by reducing the grain size of ferrite and precipitation strengthening.

Sharma et al. (2014) [75] investigated the effect of 10 and 20 % nickel powder
added in AUTOMELT B31 flux, to improve the impact strength of submerged
arc 1S 2062 mild steel welds. The analysis of variance (ANOVA) used to
analyze the effect of all the input parameters on the output responses. Taguchi
technigque was used to design the experiments. The results showed that the joint
welded with 20% Ni using voltage 34 V and travel speed 200 mm/min had
maximum value of impact strength and tensile strength of 295 Mpa.

Lijun et al. (2015) [76] studied the effect of Ni and Mn amounts on the impact
toughness and microstructure of the submerged arc high strength low alloy steel
welds. The results showed that both Ni and Mn increased acicular ferrite at the
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expense of pro-eutectoid ferrite. Depending on the property of impact
resistance, the optimum contents of Ni and Mn were suggested to be in the
ranges of 2.5-3.5% and 0.6-0.9% respectively. Additions beyond these ranges
will promote segregation structures that may be detrimental to the toughness of

the weld metal.

Verma et al. studied in 2015 [77] the influence of flux on the microstructure,
tensile strength and microhardness of submerged arc mild steel (IS 2062) welds.
The analysis of variance (ANOVA) used to analyze the effect of all the input
parameters on the output responses. Strength of the weld joint was 580 N/mm?
after nickel powder addition 20% in comparing with the typical joint strength
(505 N/mm?) when welding with a single pass using 10 m/hr welding speed
and voltage of 34 V. Voltage has an important effect on the tensile strength with
the contribute of 61.69 %, while travel speed and flux have unimportant effect
on the tensile strength with the contribute of 10.28 % and 25.87 % respectively.
Flux and voltage have important effect on the hardness with the contribute of
55.59 % and 25.37% respectively, while travel speed has unimportant effect
with the contribute of 17.72 %.

WU et al. (2015) [78] investigated the effect of 0.3 and 0.5 wt.% Ni additions
to SANi03 and HO8MnMoTiB wires on microstructure, toughness and hardness
of both sides submerged arc K65 gas pipeline high strength steel welds using
the post-weld heat treatment. The results showed that a high Ni content
decreased the ferrite transformation temperature and increased the proportion
of acicular ferrite. The high Ni content also induced more martensite/austenite
constituents after reheating, which resulted in more and coarser cementite
particles after tempering heat treatment. More acicular ferrite in this weld
resulted in relatively high density of large angle grain boundary that improved

the impact toughness despite the negative effect of cementite.
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Mei et al. (2017) [79] studied the influence of nickel on properties of
submerged arc SA-508 Gr.3 Cl.1 steel welds by using two kinds of filler metal,
with 0.67 wt.% Ni (AWS classification F8P4-EGN-F2N) and without Ni (F8P4-
EA3N-A3N), which have been mainly used in the manufacture of the reactor
pressure vessel. The results showed similar mechanical properties for both weld
metals, except that the weld metal with Ni has better Charpy V-notch impact
property than that without Ni. The microstructures of both weld metals were
ferrite base with granular bainite, except the columnar grain size of the weld

metal with Ni was smaller, which resulting in better impact property.

In 2018, Wang et al. [80] investigated the influence of different Ni contents
(0.93, 1.19, 1.45 wt. %) on the mechanical properties and microstructure
development of submerged arc K65 oil and gas pipeline steel welds. The
strength and impact toughness at —40 and —60 °C were significantly improved
with the increase of Ni content, which stabilizes the austenite grain and
decreases the ferrite transformation temperature, subsequently promotes the
creation of predominant acicular ferrite, at the expense of grain boundary ferrite.
The Ni content determines the completion degree of transformation, and then
changes the volume fraction of grain boundary ferrite and the status of
martensite/austenite constituents. This is, in samples containing 0.93 and 1.19
wt.%. Ni, a higher fraction of grain boundary ferrite and martensite/austenite
constituents with larger size were due to the relatively incomplete
transformation. In sample containing 145 wt.% Ni, the complete
transformation significantly lowered the fraction of grain boundary ferrite and
martensite/austenite constituents, and martensite/austenite size. Consequently,

this Ni addition enhanced the toughness of the weld metal.

Mao et al. (2018) [81] used different powder flux-cored wires to investigate the
influence of Ni (2.0, 4.0, 6.0 wt.%) on the toughness and microstructure of Q345
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HSLA steel welds. The results showed that with increasing Ni, more martensite
transformation happens and the ductile-brittle transition temperature drops as
well. Welding wires with Ni content of 4.0 wt.% achieved best results where
the microstructure was mainly lower bianite, grain boundary ferrite and acicular

ferrite.

In 2020, Jilabi and Talib [82] studied the effect of Ni on properties of shielded
metal arc LAHSS (65I") welds by using an economical technique involves
coiling pure Ni wires with different diameters around and along a cheap welding
electrode (E6013). The results showed that the tensile strength and efficiency
of the weld joint were 198 MPa and 22% respectively when the cheap electrode
(E6013) was used. The tensile strength increased to 475MPa and the weld joint
efficiency to 54% as a result of coiling a 0.8 mm diameter pure Ni wire (36
wt.% Ni deposited in the weld) around the (E6013) electrode, while 56%

efficiency reached by the use of an expensive electrode (E8018-C3).

2.9.1 Summary

The Table (2.1) below summarizes the most reviewed literature related
to the current research.
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Welding | Parent Metal Ni .
Researchers o Major Results
Type Type Additions

1S 2062 mild 10-20 With 20% Ni, the weld joint had
Sharma et al. SAW steel "y maximum value of impact strength

.70
(ASTM A36) and tensile strength of 295 Mpa.

Ni additives in this range decreased
HSLA-70 steel | 2.03-3.75 | the impact toughness and increased
(ASTM A513) wt.% fracture  appearance transition

Bhole et al.

temperature in the welds.
ASTM A36 0.50-3.11 | The nickel content up to 1.0 wt.%

steel wt.% increased the toughness.

Trindade et al.

Strength of the weld joint was best
1S 2062 mild (580 Mpa) after nickel powder

Verma et al. steel addition 20% in comparing with the
(ASTM A36) typical joint strength when welding

with a single pass.

The tensile strength increased to
475MPa and the weld joint

efficiency to 54% as a result of

0.4, 0.6,
Jilabi and 65T (ASTM | 0.8, 1.0,

Talib A29) 1.4 mm . . ]
coiling a 0.8 mm diameter pure Ni

wire around the (E6013) electrode.

dia. wire

It is clearly noted from the review of previous literatures and the above table
that there are some researches that dealt with the effect of nickel content on
submerged arc steel welds. Most of them were however on low carbon steels
and a few on high strength low alloy steels. At the time of writing this research,
it has not been found any research dealing with the effect of nickel content on
low alloy steel welds using the SAW process. Moreover, previous literatures
that dealt with the study of the effect of nickel content were confined to limited
ratios and there was not any comprehensive study that includes a wide range of
nickel ratios and their effects on the properties of low alloy steel welds and in
reducing hot cracks in these welds.
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CHAPTER THREE: EXPERIMENTAL PART

3.1 Introduction

This chapter presents a vision on the experimental work and describes
all the conditions under which the tests have been carried out. It includes
materials, equipment and experimental procedures used in this study which
involve welding of low alloy steel plates using the SAW process. Mechanical
properties of the weld joint were investigated by micro hardness and tensile
tests. The changes in microstructure of the weld joint were evaluated by the
optical microscope, scanning electron microscope (SEM) and energy
dispersive spectrometer (EDS). Internal defects of the weld joint were
detected by the X-ray radiography, in addition to the visual inspection after

the samples of the tensile test were fractured.

3.2 Program of the Current Study

Figure (3.1) shows the overall program outline used in the current work.
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Materials used
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Figure (3.1): Program of the current work.
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3.3 Materials and their Specifications

Basic materials used in this study and their specifications are shown
in the Table (3.1).

Table (3.1): Materials used in the current study.

Matreials Specifications

American Iron and Steel Institute (AISI)

Low alloy steel plates

welding wire EM12K American Welding Society (AWS)

Flux F7A5 American Welding Society (AWS)

Pure nickel powder Ni-powder of 99.3% purity (Oerlikon)

3.3.1 The alloy used in this study
Specifications of low alloy steel plates used in this study according to
the American Iron and Steel Institute (AISI) [83] is shown in the Table (3.2),

knowing that the raw material is in the annealed condition.

Table (3.2): Specifications of the alloy used in the research [83].

P%

max.

Chemical composition Shape

and raw

material
Cross
section
(mm)

Min.
tensile
strength
(MPa)

Plate
(9*100)

The following procedures have been performed:

1- Preparation of pieces to be welded from the raw material, where the length

of each piece was (100mm).
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2- Chemical composition analysis for the raw material was carried out by
using Spectro Max Metal Analyzer in the State Company for Engineering
Rehabilitation and Testing—Baghdad (Figure 3.2). Table (3.3) shows the
chemical composition (average of three readings) of the raw material used
as a parent metal. It is within the range of the chemical composition

according to AlSI shown in the table (3.2).

.

Figure (3.2): Chemical composition analyzer.

Table (3.3): Chemical composition of the parent metal.

Parent metal Chemical composition (wt.%o)

Mn Si Cr

Low alloy
steels
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3.3.2 Solid wire used in this work

Table (3.4) shows specifications of the SAW wire used as a filler metal
according to American Welding Society (AWS) [32,84].

Table (3.4): Solid wire specifications.

Typical properties all weld Wire composition
metal (wt.%)

Wire metal type Tensile Yield El

strength | stress ' Mn | Si Fe

(MPa) (MPa)

Copper
coated
steel

wire

Emizk | Killed medium _ 450-540 | 370-450 1| 1.0 | 0.2 | Balance
manganese alloyed

3.3.3 Flux used in this work

Table (3.5) presents specifications of the powder flux used in

combination with the solid wire above, according to AWS [32].

Table (3.5): Powder flux specifications.

Typical properties all weld Typical all weld metal

P metal composition (wt.%
owder Flux type _ _ p (Wt.%0)
flux Tensile Yield stress

strength (MPa) (MPa)

C Mn | Si Fe

Basic agglomerated,

slightly Si and Mn alloying 520 425 ' 1.3 105 | Balance

3.3.4 Pure nickel powder used

Table (3.6) shows specifications of the pure nickel powder, according
to Oerlikon Metco LTD. Chobham, Woking, England [85].

Table (3.6): Powder nickel specifications.

Chemical composition | Nominal particle size Manufacturing

Product (wt.%) min. distribution (um) method

Metco 56C-NS 99.3 -75 +45 Precipitated
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3.4 Submerged Arc Welding of Low Alloy Steels

The following procedures have been carefully carried out before start
of the welding; Figure (3.3) shows the weld joint design (square butt joint),

and dimensions of plates to be welded on one side according to the AWS.

I8I
i

Figure (3.3): Dimensions (in mm) of the plates to be joined.

1- Removing rust from the piece surfaces using a face milling machine by
(0.5 mm) from each surface, then cleaning the pieces from oils, grease and

the residues of chips and other impurities.

2- Fixing the two pieces to be welded and fit-up the distance between them
on (3-4 mm). Steel plates were tack welded to the pieces at the starting and
end of the weld (Figure 3.4), so that the craters will remain in the added steel
plates, which are finally separated from the weld joint after the welding

process is completed. Another advantage was to restrain distortion.

3- Submerged arc welding of the tack welded pieces was implemented with
the use of flux backing. Table (3.7) shows SAW of low alloy steel plates and
some welding conditions. The procedures above in addition to the welding
process were completely carried out in the Heavy Engineering Equipment
State Company-Baghdad.
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Tack weld

L604.I < D 100 >| Dimensions in mm

Figure (3.4): Steel plates tack welded to the pieces.

Table (3.7): Submerged arc welding conditions of low alloy steel plates.

Welding by the use of | EM12K solid EM12K wire combined with

wire combined | mixed of F7A5 flux and pure

with the F7A5 Ni powder of ratios (%)
Welding conditions powder flux 01 20 | 20 20

Current value (A) 330

Travel speed (mm/min) 325

Voltage value (V)

Wire size (mm)

Current type

Position
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3.5 Manufacturing of Test Specimens

After SAW of low alloy steel plates mentioned in the previous
paragraph, specimens were prepared from the weldments (Figure 3.5) for
tensile, microhardness, micrography (optical and SEM), EDS and X-ray
radiography tests, according to ASTM. Below the most important steps to

prepare the test specimens.

Figure (3.5): The weldments before manufacturing of test specimens.

1- Straightening the weld zone (weld line), roughly, with the weldment
surface, by a fixed head grinding machine, to facilitate weldments installing
on the milling machine.

2- Milling the top and bottom surfaces of the weldments.
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3- Grinding the weldment surfaces by the surface grinding machine so that
the weldment can be easily clamped during subsequent stages of machining
processes.

4- Marking the dimensions of the required specimens on one of the two
grinded surfaces.

5- Cutting the weldments according to the marking using the universal
milling machine with a saw cutter with (3 mm) thickness for the prepare of

specimens.

3.6 X-ray Radiography

The aim of this test is to identify the type, size and location of the
possible internal defects of the welds (cracks, porosity, slag inclusions, etc.),
where such defects cannot be observed in microscopic examination. Top and
bottom surfaces of the weldments were milling machined before carrying out
this test. The test was implemented at the Heavy Engineering Equipment
State Company-Baghdad by the use of the XXG-2005 X-ray control unit

device -China shown in Figure (3.6).

Figure (3.6): X-ray radiography device.
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3.7 Microscopy

3.7.1 Optical Microscopic Inspection

Specimens for microstructure analysis were prepared according to the

standard metallographic techniques which involve the following steps.

1- Specimens were cut to an appropriate size to facilitate handling and detect

the microstructure variations in different zones.

2- The wet grinding process was carried out by exposing the specimen
surface to the rotary disk using emery papers of (SiC) with different grades
in sequence (400, 600, 800, 1000, 1200 and 1500). The specimen was then

washed with water and dried with hot air.

3- Mechanical Polishing: Diamond particle pastes were used to remove the
new finer scratches introduced by the grinding step. Polishing was achieved
using 6, 1 and 0.25um pastes sequentially; the polishing was applied on

special clothes fixed on electrically powered rotary discs.

4- Etching: Nital (2% HNO5 + 98% Ethanol) was used as an etchant to reveal
the phases by its chemical effect on the different phases in variable levels.
Following the etching, the prepared surface to be examined was cleaned with

ethanol.

An optical microscope was then used to define microstructure and
topography of different regions on the prepared specimen surfaces across the
centerline of the welds (weld zone, HAZ and the parent metal). It also used
to observe and determine the type, size and location of the possible surface
defects across the welds. This inspection was done at the labs of the
Metallurgical Department-Faculty of Materials Engineering-University of
Babylon.
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3.7.2 Scanning Electron Microscope (SEM)

Microstructural examinations and chemical composition analysis
were carried out using the Scanning Electron Microscope (SEM) at Alkhora
Company/Baghdad and Energy Dispersive Spectrometer detector (EDS) at
the University of Kufa (Figure 3.7). SEM images were taken for all prepared
specimens in order to clearly investigate the microstructure with high
accuracy. The specimens were prepared with suitable grinding papers,
polished and then etched by nital solution with the same steps as in the
optical microscopic inspection for welds. Three regions across the weld
centerline were studied; the weld zone, HAZ and the parent metal. The EDS
was performed in order to obtain the elemental analysis especially the nickel

content in the weld zone.

Figure (3.7): SEM and EDS device.
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3.8 Mechanical Tests

3.8.1 Microhardness test

Micro hardness test was carried out using digital Vickers micro
hardness tester type (HVS-1000) according to ASTM E92--17.
Measurements were done across the weld centerline on both sides of the
welds (weld zone, HAZ and unaffected parent metal) after grinding process
of the surfaces to be measured. This test was done with load of 500 g and
loading time of 10 seconds. The measurement point distribution was by 1.0
mm intervals across the welds, with two measurements per point. This test
was done at the labs of the Metallurgical Department-Faculty of Materials

Engineering-University of Babylon.

3.8.2 Tension test

Figure (3.8) shows the shape and dimensions of the tensile test specimen
used. The specimens manufactured by milling and grinding processes were
as shown in Figure (3.9). Centerline of the weld was in the mid specimen
and the tensile strength value was an average of three. All test specimens
were notched in the weld zone with a radius of 2.5 mm to ensure that the
fracture occurs in this zone. The test was carried out via universal type device
WAW-200 China (Figure 3.10) according to (ATSM E8/E8M—13a) with a
speed of 1 mm/min. at the labs of the Metallurgical Department-Faculty of

Materials Engineering-University of Babylon.

G=50, W=12.5, T=6, L=200, A=64, B=64, C=20, R=13 (mm).

L L — |
i :

_ W — I: T___‘_H_

ﬁ

G I

Figure (3.8): Tensile Test Specimen.
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Figure (3.9): Shape of the manufactured tensile test specimens.

Figure (3.10): Tensile test device.

3.9 Fractography Observation

This test was performed on tensile specimens after fracture. The aim
of this test is to determine the type, size and location of possible defects
(including slag inclusions and cracks) which can be easily seen by the naked

eye as photographed.
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CHAPTER FOUR: RESULTS and DISCUSSION

4.1 Introduction

In this chapter, the results of experimental part will be introduced and
discussed. Microscopy and microanalysis of low alloy steel welds will be
studied using the optical microscope, SEM with the help of the EDS. Results
of mechanical tests for these welds such as Vickers micro hardness and
tensile strength will also be discussed. In addition, interior defects of these

welds will be explored through the X-Ray radiography.

4.2 Materials and Welding Parameters

AISI-5147 steel has been chosen as a parent metal for being one of the
most widely used low alloy steel types in industries. It has a wide range of
applications for agricultural implements, transportation equipment,
industrial machine structures, boilers, pressure vessels, marine engineering,
chemical processing plants, nuclear power plants, furnaces and gas turbines
[86-88]. In addition, it is considered a difficult steel to weld owing to its

hardenability related to its contents of carbon and alloying elements [6,89].

EM12K solid wire - F7A5 flux is one of the most common combination used
in SAW of low alloy steels [32], which is adopted in the Heavy Engineering
Equipment State Company-Baghdad, the site in which the research was
implemented.

It is clearly evident from Table (3.7) that in the second welding (Ni powder
added with a weight percentage of 10%), the travel speed (welding speed)
was reduced to 250 mm/min with the welding current value fixed at 330 A.
The aim is to avoid or at least reduce the incomplete penetration that occurred
in the first weld (without adding Ni powder to the flux). It is well known that

the weld penetration increases with decreasing the travel speed [8]. In the
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third welding (Ni powder added with wt. 20%), the value of the welding
current was increased to 350 A in order to smelt the nickel well. Increasing
both the welding current value and the added nickel percentage, however
increases the deposition rates (the amount of metal deposited during a unit
time). To counteract these high deposition rates, the travel speed was
increased to 265 mm/min. This speed was fixed in the fourth welding with
increasing the value of the welding current to 400 A to smelt the relatively
high proportion of Ni powder added in this weld (30%). In the fifth and sixth
welding, the current value was fixed at 400 A, but the travel speed was
increased to 360 and 380 mm/min, respectively, in order to counteract the
increased deposition rates due to the increased percentage of the added nickel
(40% and 50% respectively).

4.3 X-Ray Radiography

The X-Ray radiography was performed on six weldments, the first one
was with no nickel added to the weld. The other weldments were however
welded with adding pure nickel powder to the flux in various weight ratios
(10, 20, 30, 40 and 50 wt.%).

This test showed a small longitudinal crack at the weld center of the second
weldment (Figure 4.1b), although nickel powder with a weight ratio of 10%
was added to the flux, and the relatively low cooling rate of this weldment
because the travel speed was slower (Table 3.7), and thus the amount of heat
input was greater. It may be a hot crack attributed to segregation of micro-
ingredients with relatively low solidification temperatures at the grain
boundaries of the weld zone. These ingredients have low ductility and low
strength at elevated temperatures causing rupture along the grain boundaries

under the effect of thermal shrinkage stresses [54].
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Figure (4.1): X- ray radiographic inspection: (a) for a weldment submerged arc welded
with no nickel powder added to the flux, (b), (c), (d), (e) and (f) for weldments welded
with adding nickel powder of different wt.% (10, 20, 30, 40 and 50) respectively.
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The crack which appeared in the third weldment (Figure 4.1c) is smaller, and
this might be due to the influence of nickel in the weld where the formation
of hard and brittle micro-ingredients is prohibited [67]; the nickel element
has a greater affinity for sulfur and phosphorus. This could increase the weld
zone resistance to hot cracking [5]. The high ductility of nickel can play a
significant role in absorbing tensile stresses created during welding, and thus
contribute to decreasing the weld joint susceptibility to cracks [5]. The
presence of few slag inclusions in the third weld could be attributed to the
fact that with increasing the travel speed, the cooling rate increases due to
decreasing the amount of heat input and thus leads to insufficient duration
for slag to float on the surface of the weld [8]. The increased cooling rate
could be the main cause of slag inclusions (with associated cracks
sometimes) which appeared with various sizes and shapes in the weld center
of the fourth, fifth and sixth weldments (Figure 4.1d, e and f respectively).

No slag inclusions or cracks were observed in the first weld (Figure 4.1a).

4.4 Microstructural Results

Microscopy showed variations in the microstructures of the heat
affected zone (HAZ) starting from the region adjacent to the weld zone (the
grain growth region) to those unaffected by the weld temperature, passing
through the grain refined and transition regions. These variations are
attributed to large thermal gradients to which the HAZ is subjected from the
melting temperature to that of the parent metal that is unaffected by the heat.
This is typically followed by a rapid cooling rate resulting from the nearby,
relatively cold parent metal and atmosphere. This heating and cooling cycle
is ordinarily considered different heat treatments for each HAZ region. As is
well known, the difference in the nature of the microstructures is reflected as

differences in properties and thus differences in performance [6].
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4.4.1 The First Sample

Microscopy of the AISI-5147 low alloy steel weld joined by the SAW
process with no Ni added to the weld presented three regions: weld zone
(W2), heat affected zone (HAZ) and unaffected parent metal (PM).

4.4.1.1 Weld Zone

Figure (4.2) exhibits that the microstructure of the weld center
predominantly was acicular ferrite and a small amount of pearlite colonies
with ferrite at the grain boundaries. This is in agreement with that obtained
by Trindade et al. (2007). The SEM microstructure of this zone with two

different magnifications is presented in Figure (4.3).

Acicular
ferrite -

: Ferﬁté'at. 5
the/grain® (-
7 |-boundaries;

Figure (4.2): Optical microscopy of the weld center with no Ni added to the weld.
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Figure (4.3): Microstructure of the weld center without adding Ni to the weld using an
SEM with two magnifications.

While advancing from the weld center towards the HAZ, the pearlite
colonies increase (Figure 4.4) due to the influence of dilution (paragraph

2.6.1).
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Inspect F

Figure (4.4): Micrography of the weld zone without adding Ni, using an (a): OM (b):
SEM.
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4.4.1.2 Heat Affected Zone

The microstructure of the HAZ varies within three regions as follows:

Coarse grain growth region (CGHAZ): it is the region immediate vicinity
of the weld zone which is exposed to a higher temperature compared to other
regions in the HAZ, so this region contains coarse grains. The microstructure
of this region is very fine pro-eutectoid ferrite at the prior austenite grain
boundaries, while the grains are coarse pearlitic and even coarser than those
of the parent metal (Figure 4.5a). The resulting particle size of pearlite
depends on the grain size of the austenite [50]. Accompanying with these
structures, the figure also shows a structure looks like martensite or lower
bainite or a mixture of them. Figure (4.5b) shows the SEM microstructure of
this region. Moving towards the parent metal, the grain size of the coarse

grained zone gradually decreases up to the FGHAZ.

Grain refined region (FGHAZ): it is the region vicinity of the grain growth
region where the region just above A3 in the Fe-FesC phase diagram is
exposed to a temperature so that the grain growth is slight and the grains
remain fine. The microstructure of this region shows a grain size smaller than

that of the parent metal (Figure 4.6).

Transition region (Inter-critical HAZ): Figure (4.7) illustrates the
microstructure of this region; the region vicinity of the FGHAZ (between Al
and A3). The finest grain size across the weld can be noticed in this region,
in which the pearlite is partially spheroidized. The SEM presents that the
microstructure of this region has partially spheroidized cementite in a ferrite
matrix (Figure 4.8). Moving towards the parent metal, a sharp change in the
grain size could be clearly observed while transition from the inter-critical
to sub-critical zone (Figure 2.5). The structure of the sub-critical zone seems

similar to that of the parent metal, in terms of the phase and grain size.
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Figure (4.5): Microstructure of the CGHAZ of the 1% sample using an (a): OM and (b):
SEM.
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Figure (4.7): Optical microstructure of the Inter-critical HAZ of the 1% sample.
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4.4.1.3 Unaffected Parent Metal

This part of the parent metal comes immediately after the HAZ, where
the microstructure exhibits a very small amount of pro-eutectoid ferrite with
lamellar pearlite which has alternating lamellae of ferrite and cementite
(Figure 4.9a). The SEM structure of the parent metal of the low alloy steel

welds is shown in figure (4.9b).

Pro-eutectoid
ferrite

Lamellag
pearlite
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Figure (4.9): Unaffected parent metal microstructure by using an (a): OM and (b): SEM.
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4.4.2 Samples Welded by Adding Nickel to the Flux
4.4.2.1 Weld Zones

The optical microscopy of the weld center for the 2" sample which
submerged arc welded with a 10 wt.% Ni added to the flux is shown in the
Figure (4.10). The structure of the weld center was similar to that revealed
in the 1% sample. It was mainly acicular ferrite and pearlite colonies with
ferrite at the grain boundaries. Despite the fact that the Ni added to the weld
refines the structure of the acicular ferrite [73], the figure shows that the
acicular ferrite has a coarser structure. This could be attributed to the fact
that the welding speed used with this sample was less than that used with the
1%t sample (Table 3.7). This leads to an increase in the amount of heat input,
which causes coarsening the structure. The SEM microstructure of the weld
center with two different magnifications is shown in Figure (4.11). Similar
to the 1 sample, the pearlite colonies increase while advancing from the
weld center towards the HAZ (Figure 4.12).

Microscopic examination also presented no cracks, although the X-ray
radiographic examination exhibited a slight crack in the weld center (Figure
4.1b) and this can be attributed to the fact that the crack was internal and not

in the surface layer where the microscopy was performed.
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Figure (4.10): Optical microscopy of the weld center with a 10 wt.% Ni added to the flux.
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Figure (4.11): Microstructure of the weld center with a 10 wt.% Ni added to the flux
using an SEM with two magnifications.

Figure (4.12): Micrography of the weld zone with a 10% wt.% Ni added to the flux.
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As clearly observed in the last sample, microscopy of the 3™ sample welded
with a 20 wt.% Ni powder added to the flux showed in the weld center
acicular ferrite and pearlite colonies with ferrite at the grain boundaries. The
acicular ferrite in this sample was however finer as shown in Figure (4.13a);
this is in line with that obtained by Trindade et al. (2007). Figure (4.13b)

presents the microstructure of this zone using the SEM.

% . .
021 HV ag 0| WD |mode spot
11:46:43 AM |30.00 kV|[ 6 000 x |10.6 mm| SE s

Figure (4.13): Micrography of the weld center with a 20% wt.% Ni added to the flux
using an (a): OM and (b): SEM.
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With an increase in the weight ratio of Ni powder added to the flux by 30%,
the microstructure of the 4™ sample showed a Ni structure at the expense of
the proportion of acicular ferrite and pearlite colonies (Figure 4.14). The

figure showed that increasing the weight ratio of Ni resulted in the refining

Acicular
ferrite

of the acicular ferrite.

P I e et
12:22:22 PM [30.00 kV| 8 000 x |10.1 mm| SE | 3.5 Inspect F

Figure (4.14): Micrography of the weld center with a 30% wt.% Ni added to the flux
using an (a): OM and (b): SEM.
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Microscopy of the 5" sample submerged arc welded with a 40 wt.% Ni
powder added to the flux showed that the weld center is predominantly Ni
structure (Figure 4.15). Through moving towards the HAZ, the
microstructure of the weld zone looked like acicular ferrite and a very small
amount of pearlite within a nickel matrix (Figure 4.16). However, the
microstructure of the weld zone generally appeared to be only austenitic for
the 6™ sample welded with a 50 wt.% Ni powder added to the flux (Figure
4.17).

Ni matrix

Figure (4.15): Optical microscopy of the weld center with a 40 wt.% Ni added to the flux.
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Figure (4.16): Micrography of the weld zone with a 40% wt.% Ni added to the flux
using an (a): OM and (b): SEM.
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Figure (4.17): Optical microscopy of the weld zone with a 50 wt.% Ni added to the flux.

It is clearly observed from Figures (4.14a, 4.15, 4.16a and 4.17) that there
are relatively densely diffuse porous defects in the weld zone of the fourth,
fifth and sixth samples which were welded with adding nickel powder to the
flux in weight ratios of 30, 40 and 50%, respectively. The possible reason
behind this is that increasing the weight ratio of Ni powder at the expense of
the flux will necessarily weaken the role of it; the most importance function
of flux is to isolate the molten or hot weld zone from atmospheric
contaminations causing porosity [17]. Another possible reason is that
decreasing the weight ratio of the flux will definitely reduce the slag
deposited on the weld metal, whose main benefit is to isolate the weld pool
from the atmosphere, in addition to protect it from rapid cooling after
welding [86]. Moreover, increasing the welding speed reduces the thermal
input energy, and thus increases cooling rates. Rapid cooling rate typically
causes insufficient time for the dissolved gas bubbles or those resulting from
a reaction within the weld pool to exit into the atmosphere and thus remain

trapped inside the solidified weld metal in the form of gaseous porosity [8].
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This is likely to be obtained in the fifth and sixth samples due to the high
welding speed (360 and 380 mm/min respectively). However, the fourth
sample, in which the porous defects also appeared, had a relatively low
cooling rate due to the use of the same welding speed utilized with the third
sample (265 mm/min) with an increase in the current value to (400 A). So

the first two reasons are the most likely to have these porous defects.

4.4.2.2 Heat Affected Zones

Welding parameters seem to affect not only the microstructure of the
weld zone, but also that of the HAZ. Figure (4.18) shows the microstructure
of the region adjacent to the weld zone for the second sample. The structure
seems to be a troostitic pearlite with martensite, which is commonly known
as primary troostite [45]. This structure appeared because the welding speed
used with this sample was slower than in the first sample (Table 3.7). The
SEM however revealed a small amount of structure similar to upper bianite.
The microstructure of the same region in the third sample seems to be a
mixture of troostitic pearlite, upper bianite and martensite structure more
than that appeared in the second sample (Figure 4.19) as a result of the faster
cooling rate associated with the higher welding speed used with this sample.
In the fourth sample, the microstructure of this region revealed that the upper
bianite structure increased at the expense of martensite (Figure 4.20). This
could be attributed to a relatively low cooling rate compared to that of the
third sample as mentioned previously. The martensitic structure increased
significantly at the expense of the upper bianite structure in the same region
for the fifth and sixth samples (Figures 4.21 and 4.22 respectively) even the
structure of this region in the sixth sample appeared to be almost fully
martensitic. The reason behind this is that cooling rates are higher than that
in the fourth sample due to the significantly increased welding speed for

these two samples with the use of the same current value.
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Figure (4.18): Micrography of the CGHAZ of the 2"! sample using an (a): OM and (b):
SEM.
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Figure (4.19): Micrography of the CGHAZ of the 3 sample using an (a): OM and (b):
SEM.
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Figure (4.20): Micrography of the CGHAZ of the 4™ sample using an (a): OM and (b):
SEM.
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Figure (4.21): Micrography of the CGHAZ of the 5" sample using an (a): OM and (b):
SEM.
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Figure (4.22): Micrography of the CGHAZ of the 6™ sample using an (a): OM and (b):
SEM.
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Through advancing from the CGHAZ towards the unaffected parent metal,
the structures become finer. This is because this region is exposed to
temperatures just above A3, so that the suitable conditions are not available
for the occurrence of the grain growth. Following the RGHAZ regions, the
structure that appeared in all samples was partially spheroidized pearlite,

where the finest grain size across the weld was (Figure 4.8).

4.5 Energy Dispersive Spectrometer

The SEM spectrums for energy dispersive spectrometer (EDS) of the
6! sample examination and EDS results presented in Figures (4.23) and
(4.24) the variation of nickel element wt. % across the submerged arc low
alloy steel welds. In general, the nickel content slightly decreases through
advancing from the weld center towards the HAZ, where it disappears. Some
test points showed nickel slightly more than those in the weld centers. This
might be due to the incomplete homogeneity in mixing the nickel powder
with the flux. The results were consistent with those obtained by [5] despite

the difference of the welding process used.

84



Chapter Four Results and Discussion

Spectrum: Acguisition

Nickel Series unn. C norm. C Atom. C Error (1 Sigma)
[wEt.%] [WwEt. %] [at. 3] [wt.%]

1 K-zeries 15.98 229 26 37 1
Z K-series 16.25 Zifinlis 26.22 1
3 K-series 15.71 2ifianse 26.98 1.01
4 K-series 15.61 26.84 25.87 0
5 K-series 6.42 10475 10.28 0

SE MAG: 24 X

Figure (4.23): SEM spectrums for EDS of the 6™ sample.
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Figure (4.24): The variation of Ni element wt. % examined by the EDS across the
submerged arc low alloy steel welds.(a), (b), (c), (d) and (e) for weldments joined with
adding Ni powder of different wt.% (10, 20, 30, 40 and 50) respectively.

86



Chapter Four Results and Discussion

4.6 Microhardness Test

Due to a series of microstructural variations across the welds, the
hardness was expected to vary as well. The hardness test is the easiest way
to assess the quality of the weld and, accordingly, the weld performance. It

Is also important as a way to differentiate the different weld zones.

4.6.1 The First Sample

Figure (4.25) shows the hardness distribution across the AISI-5147
low alloy steel welds joined by SAW process with no Ni added to the flux.
Hardness varies while advancing from the weld center (point 1) towards the
parent metal (point 4). The hardness value sharply rises on slightly moving
from the weld center (~225 HV) towards the parent metal up to the
maximum value across the weld (~480 HV) at a 3 mm distance away from
the weld center (point 2). Moving towards the parent metal, the hardness
decreases to the minimum value across the weld (~193 HV) at a 13 mm
distance away from the weld center (point 3). The hardness then increases to
the parent metal hardness value (211 HV) at about 17 mm distance away

from the weld center (point 4).
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Figure (4.25): The hardness distribution across the AISI-5147 low alloy steel welds
joined by SAW process with no Ni added to the flux.
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The maximum hardness (~480 HV on average) across the weld is at a region
3 mm distance away from the weld centre. There are two possible reasons
behind this sharp rise in hardness. The first one is the presence of very small
amount of the soft ferrite phase in the microstructure of this region (Figure
4.25-2) compared to that in the weld center (Figure 4.25-1). The second
reason is that the cooling rate in this region is generally higher than those in
the other regions of the HAZ due to the severe thermal gradient from the
higher temperature of this region to that of the cold parent metal causing a
structure looks like martensite or lower bainite or a mixture of them. The

hardness is therefore higher.

The minimum hardness (~193 HV on average) across the weld, which was
observed in the inter-critical zone, could be attributed to the partially
spheroidized pearlite structure in this region which consists of a partially

spheroidised cementite in a soft ferrite matrix (Figure 4.25-3).

4.6.2 Samples with Different Nickel Contents

The Hardness distribution across the weld of the samples which
submerged arc welded with adding pure nickel powder to the flux in various
weight ratios (10, 20, 30, 40 and 50 wt.%) is shown in Figure (4.26).
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Figure (4.26): Hardness distribution across the welds. (a), (b), (c), (d) and (e) for
weldments welded with different weight ratios (10, 20, 30, 40 and 50 % respectively) of
Ni powder added to the flux.

It is observed from the Figure (4.26) that the hardness values at the weld
center of these samples are slightly lower than that of the 1% sample. Figure
(4.26a) shows that the hardness value at the weld center of the 2" sample
(~209 HV) was lower than that of the 1 sample due to the coarser structure
of acicular ferrite (Figures 4.11 and 4.12). This might be attributed to the fact
that the welding speed used with this sample was less than that used with the
1% sample (Table 3.7), which increases the amount of heat input and thus
coarsens the structure. In the 3" sample, the hardness value of the weld center
(~213 HV) was slightly higher than that of the 2" sample (Figure 4.26b).
This could be attributed to the fact that an increase in the Ni ratio refines the
acicular ferrite structure [74], which in turn increases the hardness values.
Figure (4.26c) presents that the hardness value at the weld center of the 4™
sample (~207 HV) was lower than that of the 3" sample. There are two

reasons behind this. The first one is the appearance of Ni structure at the
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expense of the proportion of acicular ferrite and pearlite colonies (Figure
4.14); the hardness of nickel, predominantly deposited in the weld puddle, is
less than the hardness of steels [87]. The second reason is that the welding
speed has been fixed in this sample with increasing the value of the welding
current to smelt the relatively high proportion of Ni powder added in this
weld. The heat input therefore increases and thus decreases the cooling rate
which in turn decreases the hardness values. Despite the fact that an increase
of the Ni content in the weld refines the acicular ferrite structure [74], the
hardness values in the weld center of the 5" and 6" samples notably
decreased (~202 HV and ~197 HV respectively) as shown in figures (4.26d
and 4.26e respectively). This could be attributed to that the structure in the
weld center of these samples was predominantly Ni, even the structure of the
6™ sample generally appeared to be only austenitic (Figures 4.16 and 4.18
respectively). Increasing the nickel content in the weld zone to a relatively
large extent definitely increases the ductility of the weld metal and

consequently decreases the hardness values.

The Figure (4.26a) also shows that the average hardness value at the CGHAZ
of the 2"sample (~465 HV) was lower than that of the 1% sample due to the
apparent microstructures (primary troostite and small amount of upper
bianite) in this sample (Figure 4.19) have lower hardness values than that
appeared in the 15t sample. This is because the cooling rate in the 2" sample
was slower. The average hardness value at the same region for the 3™ sample
(~485 HV) was higher than that of the 2" sample (Figure 4.26b). The reason
behind this is that the upper bianite and martensite structures appeared in this
sample were more than that appeared in the 2" sample (Figure 4.20) as a
result of the faster cooling rate accompanied with the higher welding speed
used with this sample. In the 4" sample, the figure (4.26¢) shows that the
hardness value at the CGHAZ (~416 HV) was much lower than that of the

3'Y sample because of the upper bianite structure increased at the expense of
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martensite (Figure 4.21). This could be attributed to a relatively low cooling
rate compared to that of the 3" sample as mentioned previously. For the same
reason, the extension of the HAZ in this sample was more. The average
hardness values in the same region of the 5" and 6" samples notably
increased (~540 HV and ~628 HV) as shown in figures (4.26d and 4.26e
respectively) because the martensitic structure increased significantly at the
expense of the upper bianite structure (Figures 4.22 and 4.23 respectively),
even the structure of this region in the 6! sample appeared to be almost fully
martensitic. The reason behind this is that cooling rates were higher than that
in the 4" sample due to the significantly increased welding speed for these

two samples with the use of the same current value.

The minimum hardness across all the welds was observed in the inter-critical
zone, where the pearlite was partially spheroidized (Figure 4.9) up to the

hardness of the parent metal.

4.7 Fractography Examination

The wvisual inspection that included photographing the tensile
specimens after fracture showed that the fracture in the first weld specimens
(with no nickel added to the weld) was almost brittle (Figure 4.27a). The
fracture behavior changed from brittle to ductile as a result of adding nickel

powder to the flux with different weight percentages (Figure 4.27b-f).

Depending on the X-ray radiography, the tensile test specimens were
extracted from regions free of defects such as porosity, cracks and/or slag

inclusions.
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Figure (4.27): Tensile test specimens’ visually inspected and photographed after
fracture: (a) for submerged arc low alloy steel weld with no nickel powder added to the
flux, (b), (c), (d), (e) and (f) for submerged arc low alloy steel welds with adding nickel

powder of different wt.% (10, 20, 30, 40 and 50) respectively.

4.8 Tensile Test

The tensile test specimens were manufactured so that the weld center
is in the mid of the specimen. One of the most important objectives of this
study is to specify the tensile strength of the weld zones. To ensure that the
fracture occurs in these zones, all test specimens were notched in the weld
zone with a radius of 2.5 mm. Table (4.1) illustrates the average tensile
strength of the submerged arc low alloy steel welds joined with and without
nickel added to the flux. Since all tensile specimens were fractured from the
weld zone, the tensile strength values illustrated in the tables (4.1) represent
those of the weld metals. On the other hand, the tensile test result of the
parent metal specimens was (754 MPa). Thus, the weld joint efficiency could

be calculated for each weldment by using the following relationship [6]:
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) _ Weld metal tensile strength

Weld joint efficiency (% *100.....ceee.. Eq. (2)

Base metal tensile strength

Table (4.1): Average tensile strength and joint efficiency for the AISI1-5147 steel welds.

EM12K solid EM12K wire combined with
wire combined | mixed of F7AS5 flux and pure Ni
with the F7A5 powder of percentages (%)

powder flux 10 20 30 40 50

697.4 823.6 | 844.6 | 423 | 582.6 | 603.8

Welding by the use of the

Average tensile strength
(MPa)

Weld joint efficiency (%) 92,5 109.2 | 112 | 56.1 | 77.3 | 80.1

It is clearly noted from Table (4.1) that the average tensile strength of the
submerged arc AlSI-5147 steel weld with no nickel added to the flux was
(697.4 MPa). This value is much more than the typical tensile strength of the
weld metal aforementioned in Tables (3.4 and 3.5). Table (4.1) shows also
that the efficiency of this weld joint is (92.5 %). The removal of oxides, rust,
moisture, grease, oils and other contaminants from the surfaces of the steel
plates being welded, in addition to appropriate fitting-up might be reasons
for obtaining these high values. Pure nickel powder in different wt. % of (10,
20, 30, 40 and 50) was mixed with the F7A5 powder flux to be used in the
SAW of AISI-5147 steel plates. The reason for these additives is that nickel
is a ductile metal that may improve ductility and reduce brittleness of the
weld metal and thus reducing the possibility of hot cracking while welding
these types of steels [67]. Table (4.1) presents that the greatest tensile
strength of the weld metals was (844.6 MPa) which is that of the weld metal
deposited with the addition of 20 wt. % of nickel powder to the flux. The

joint efficiency of this weld also reached (112 %).

The improvement in tensile strengths and thus weld joint efficiencies due to
nickel additives could however be attributed to the grain size refinement.
Nickel element may also inhibit the formation of brittle micro-constituents

segregated at the grain boundaries in the weld zone [67]. The high ductility
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of the Ni-based weld zone can play a crucial role in absorbing tensile stresses
that initiate during welding. These can contribute to reducing susceptibility
of the weld zone to hot cracks. In addition, the Ni-based weld zone has a
greater affinity for sulfur and phosphorus. These can therefore enhance the
weld zone's resistance to hot cracking [5], and thus improving tensile
strengths. Moreover, the presence of slag inclusions and cracks in the weld
zone might play a significant role in decreasing the tensile strength values of
the welds (Figure 4.1). Increasing the nickel content in the weld zone to a
relatively large extent increases the ductility of the weld metal to a great
extent too, resulting in a decrease in the yield and tensile strengths of the
weld zone. This was evident in the fracture region of the fifth and sixth
welds, where a large elongation occurred in the weld zone prior the fracture

(Figure 4.27e and f respectively).

In comparison with another study [77], despite the fact that it was on the
ASTM A36 mild steel as a parent metal, there was good agreement in broad
trend with the results of this study. The best tensile strength was as a result
of adding 20% weight ratio of nickel powder to the flux. The tensile strength
of the weld metal was more than that of the parent metal as well, and the

weld joint efficiency was very close (115%).
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CHAPTER FIVE: CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions
The most important results of this research can be concluded as follows:

1. The highest values of average tensile strength and weld joint efficiency were
(845 MPa) and (112 %) respectively for the weld joined by adding 20 wt. % of
nickel powder to the flux (2.65 wt.% Ni deposited in the weld), where the

microstructure was a fine acicular ferrite.

2. The maximum hardness across the welds was at the CGHAZ, where the
microstructure varied among lamellar pearlite, troostitic pearlite, bianite and/or

martensite.

3. The minimum hardness was observed in the inter-critical zone, where the

pearlite was partially spheroidized.

4. The hardness of the weld center generally decreased with increasing the Ni

content in the weld.

5. With an increase of Ni content in the weld, fractography showed that the

fracture behavior changed from brittle to ductile.

6. Microscopy and X-ray radiography showed that the greater the wt.% of Ni
powder added to the flux, the more porosity and inclusions (with associated

cracks sometimes) defects.
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5.2 Recommendations

Lessons learned from this study can be taken into account in
studies on welding of other steel grades, and some fields covered in
this study can be further improved. The following is a summary of

recommendations for further work.

1. The impact toughness test can be carried out for low alloy steel

welds.

2. Other welding processes which use shielding gases such as the MIG
and TIG can be used with filler wires having different Ni contents to

add the Ni element to the weld.

3. The flux-cored arc welding process with metal-cored wires having
different weight ratios of Ni powder could be used to add Ni to the

weld.
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