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Welding is a process of joining materials into one piece. Welding is one of the most
important technological process used in many branches of industry such as industrial
engineering, shipbuilding, pipeline fabrication among others. Generally, welding is the
preferred joining method and most common steels are weldable. However, welding is a
complicated process accompanied by shrinkage effects, phase transformations;

intensification of corrosion and arising of residual stresses [1].

Heat generated during welding induces an important temperature gradient in and
around the welded area. The region outside the welded joint that is thermally affected by
the welding treatment is known as the heat-affected zone (HAZ) [2]. Welded joints are
heterogeneous by nature and present a gradient of properties in the base metal and the
HAZ. The welded joints can be classified on the basis of coherency between the welded
zone and the base metal [3]. Mechanical properties of welds are determined by chemical
composition, cooling rate (technological parameters such as voltage and current) and
microstructure. Microstructure is in fact a function of the other variables. The most
important factor determining the weld metal properties is chemical composition [4] and the

thermal history (cycles) due to the welding processes [2].

Under thermal effect of welding, evident change of microstructure and property
occurs in the base metal adjacent to the weld metal. Sometimes, the change of the
microstructure may lead to local brittleness in heat-affected zone (HAZ). In addition
defects, stress concentration and higher residual stresses are easy to coexist in the welded

joint [5].

The residual stress is internal stress, which is existing for separated system, Not

exposured to external forces, and in thermal and mechanical equilibrium [6].

Residual stresses affect the mechanical properties of materials and they are
responsible for such processes like fracture, cracks growth, fatigue, creep, recrystallization
and many others. However in some cases the residual stresses improve selected properties
of materials. For example the presence of the compression stress field can improve
endurance for cracking [7] consequently, it is very important to understand and quantify

the residual stresses.

The goal of the work initiated in this thesis was to gain a detailed understanding of
the microstructure induced after arc welding in weld joint, especially in the HAZ, and their

changes after some isothermal heat treatments applied in our laboratory. Systematic
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characterization experiments have been undertaken to demonstrate the progress of the

isothermal annealing as a function of time and temperature .

One of the aim of this a scientific work is to analyze by X-ray diffraction the
residual stress development in the heat affected zone (HAZ) and the fusion zone (FZ) and
the measure of the density of dislocations of an X70 pipeline steel obtained from
COSIDER company of Biskra. This investigation is a contribution as some scientific
works which have been done on welding of low carbon steel [8-11]. Microhardness

analysis was also complementary technique during this investigation.
This thesis is divided into four chapters:

-Chapter one presents different characteristics of steels, specially the carbon and the low
alloy steels, their heat treatments and equilibrium phases diagrams. We are studied also

the phases transformation diagrams.

- Chapter two illustrates the currently welding process which is used for the pipeline
welding and their effects on steel. This chapter gives a general knowledge about the basic
metallurgy of the welding, metallurgical effect of the weld thermal cycle; the mechanical

properties of the welded joint and the residual stress are also presented.

-Chapter three gives all the equipments and characterization methods used in this
experimental work like: Optical microscope, scanning electron microscope, X-ray
diffraction for the phases analysis, X-ray diffraction of the residual stress determination

and microhardness analysis.

-Chapter four shows the different results and their discussions of this study.
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I.1Introduction

Steels are alloys of iron and other chemical elements. The chemical components
partition themselves into various crystal phases according to the principles of
thermodynamics and the requirements of crystal physics. The phases in turn are arranged into
microstructures which are characterized by the volume fractions, morphologies, perfection,
and arrangements of the various phases which form in a given steel [12].

Steel remains the most successful of all materials, with 1.3 billion tonnes being
consumed annually in improving the quality of life. The mechanical properties depend to a
reasonable extent on the microstructure, which is influenced in part by precipitation reactions.
Phase transformations are therefore important in designing the microstructures for specific
applications. Several techniques are used by steel manufacturers to make high performance
steels. These include grain refinement, work hardening, precipitation hardening and heat
treatment [13].

Steels constitute a very large group of alloys, with the common feature that iron is the
major component. Carbon is also a major component in many steels.There is many types of
steel, each defined by composition ranges and microstructures which produce properties
suitable for certain types of applications. Within a given type or class of steels there may be
many grades of steels tailored to produce some-what different microstructures and properties.
This chapter describes the microstructures and phase transformations typical of plain carbon

and low-alloy carbon steels [12].
1.2 Classification of Steels [14]

Steels can be classified by a variety of different systems depending on:
» The composition, such as carbon, low-alloy, or stainless steels
» The manufacturing methods, such as open hearth, basic oxygen process, or electric
furnace methods
* The finishing method, such as hot rolling or cold rolling
» The product form, such as bar, plate, sheet, strip, tubing, or structural shape
» The deoxidation practice, such as killed, semikilled, capped, or rimmed steel
* The microstructure, such as ferritic, pearlitic, and martensitic (Figure 1.1)
* The required strength level, as specified in ASTM standards
» The heat treatment, such as annealing, quenching and tempering, and

thermomechanical processing
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Figure I.1: Classification of steels [14].

From the classification systems, chemical composition is the most widely used

internationally and will be emphasized as following:
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1.3 Carbon and low alloy steels

Carbon steels are simply alloys of iron and carbon, with carbon as themajor
strengthening agent. The American Iron and Steel Institute (AISI) defines carbon steels as
steels with up to 2% carbon and only residual amounts of other elements except those added
for deoxidation (for example, aluminum), with silicon limited to 0.6%, copper to 0.6%, and
manganese to 1.65%. Other terms applied to this class of steels are plain carbon steels, mild
steels, low-carbon steels, and straight carbon steels. Alloy steel is not a precise term. It could
mean any steel other than carbon steels, but accepted application of the term is for a group of
steels with varying carbon contents up to about 1% and with total alloy content below 5%
[15]. Low alloy steels are those alloy steels with total alloying element contents, including
carbon, of less than about 5%. The High Strength Low Alloy (HSLA) steels, can be
considered to be intermediate between carbon steels and alloy steels. The HSLA steels
are designed to have higher mechanical properties than carbon steels but without the need

for the quench and temper heat treatments which are associated with alloy steels.

Carbon and alloy steels are classified in a wide variety of ways.  Most common is
designation by chemical composition. Steels can be classified on the basis of mechanical
properties such as strength, as in ASTM standards, or on the basis of quality descriptors
such as forging quality or structural quality. Other bases for classification include the
manufacturing method (e.g. basic oxygen furnace or electric furnace), the finishing method
(hot rolling, cold rolling, etc.), the product form (bar, sheet, etc.), the deoxidation
practice (rimmed, capped, semi-killedkilled),the microstructure (ferritic, pearlitic,

martensitic), the heat treatment (annealed, normalized, quenched and tempered)[16].

I.3.1 Carbon Steels

Carbon steel is the most common pipe material in the power, chemical, process,
hydrocarbon and pipeline industries. Carbon steel pipe specifications commonly used in
steam, water or air service include ASTM A106 and ASTM A53. A common steel for
pipelines is API 5L. Carbon steels can in turn be classified as "mild", "medium" and "high"

carbon. Mild steel is a carbon steel with less than 0.30% carbon. Medium carbon steel has

0.30% to 0.60% carbon. High carbon steel has over 0.6% carbon [17].
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1.3.1.1 Low Carbon Steel

A large amount of steel used today is the variety with low carbon content. The range of
carbon from 0.04 to 0.15% is intended as a guide for a group of steels that provide virtually
no difficulty with the hardening during welding. Low carbon steel is in auto bodies, sheets
and strips used for items stamped and formed, drums, cans, shells and frames of electric
motors, and many other applications. Many of these items for mass produced in steel called
narrower range of carbon of 0.04 to 0.15%, and various restrictions with manganese and
silicon contents [15]. The microstructures of these sheet steels consist predominantly of
ferrite, with small amounts of spheroidized carbide. The major microstructural component of
low-carbon steels has traditionally been equiaxed or polygonal ferrite, but recent
developments have added other major microstructural components. Nevertheless, the
performance of low-carbon steels depends essentially on the deformation and fracture
mechanisms of ferrite, Deformation, Strengthening, and Fracture of Ferritic Microstructures.
Microstructures consisting primarily of ferrite have relatively low strength. Low carbon sheet
steel is also available as dual-phase steel which has a desirable combination of strength
and formability due to processing which provides a microstructure consisting of islands of

martensite in a ferrite matrix[16,18].

Mild steels are mostly used in the as-rolled, forged, or annealed condition and are
seldom quenched and tempered. The largest category of mild steels is the low-carbon (<0.08%
C, with <0.4% Mn) mild steels used for forming and packaging. Mild steels with higher
carbon and manganese contents have also been used for structural products such as plate,

sheet, bar, and structural sections [19].

1.3.1.2.Medium Carbon Steel

Medium carbon steels containing O.30 to 0.60%C and 0.60 to 1.65%Mn are
normally used in the quenched and tempered condition. Oil quenching can be used if
section size is not too great. These steels, normally produced in the killed condition, are
versatile since the balance between strength and ductility can be controlled by adjusting the
tempering time and temperature. Quenched and tempered medium carbon steels are used

for such applications as automotive engine [16].
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1.3.1.3.High Carbon Steel

High carbon steel containing 0.6% to 1.0%C finds applications as springs and as high
strength wires. These steels have lower ductility than the medium carbon steels as well as
restricted formability and weldability. High carbon steels are normally processed by
quenching and tempering, with oil quenching common except in heavy sections and for

cutting edges[16].

Medium and high carbon steels with carbon contents over 0.3%C (machine component
and rail steels, etc) have a higher hot cracking sensitivity than low-carbon steels (mild steels,
etc). This is generally indicated as being due to the fact that, when alloying elements are
added to the pure metal, (1) the solidification temperature range increases and (2) the final
solidification temperature decreases as their content increases, there by heightening the hot
cracking sensitivity. These features correspond to the case where no special reaction occurs

during solidification of of carbon steels, ie Fe-C alloys [20].

1.3.2 low alloy steel

Low alloy steels usually contain modest amounts of chromium, nickel, molybdenum
and vanadium for hardenability purposes. One of the elements may be present in
concentrations of up to about 4 %. In its effect on solidification carbon is still by far the most

important element [14, 21].

1.3.2.1 High Strength Low Alloy (HSLA) Steels

High-strength low-alloy (HSLA) steels, or microalloyed steels, are designed to provide
better mechanical properties and/or greater resistance to atmospheric corrosion than
conventional carbon steels. They are not considered to be alloy steels in the normal sense
because they are designed to meet specific mechanical properties rather than a chemical
composition. The chemical composition of aspecific HSLA steel may vary for different

product thickness to meet mechanical property requirements [19].
The HSLA steels are classified as following [14]:

.Weathering steels, designed to exhibit superior atmospheric corrosion resistance
-Control-rolled steels, hot rolled according to a predetermined rolling schedule designed to
develop a highly deformed austenite structure that will transform to a very fine equiaxed

ferrite structure on cooling.
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-Pearlite-reduced steels, strengthened by very fine-grain ferrite and precipitation hardening
but with low carbon content and therefore little or no pearlite in the microstructure.

- Microalloyed steels, with very small additions (generally <0.10% each) of such elements as
niobium, vanadium, and/or titanium for refinement of grain size and/or precipitation
hardening.

-Acicular ferrite steel, very low carbon steels with sufficient hardenability to transform on
cooling to a very fine high-strength acicular ferrite (low-carbon bainite) structure rather than
the usual polygonal ferrite structure

‘Dual-phase steels, processed to a micro-structure of ferrite containing small uniformly
distributed regions of high-carbon martensite, resulting in a product with low yield strength
and a high rate of work hardening, thus providing a high-strength steel of superior

formability

From these categories of HSLA steels. One of the common ones is the microalloyed
steels, so named because they contain alloying elements such as Nb (Cb), V, Ti or Mo
in amounts rarely exceeding O.1%. Manganese levels are generally high, in the vicinity of
1.5%. Another type is the acicular ferrite HSLA steels which contain less than O.1%
carbon, with additions of manganese, along with such elements as molybdenum and boron.

This material finds wide application in linepipe for low temperature service [16, 18].

These HSLA steels obtain their high strengths through a combination of mechanisms
including extremely fine grain size, with precipitation hardening by carbide, nitride and
carbonitride particles. To achieve the desired microstructure and properties it is necessary to
carefully control the processing of these steels with emphasis on the temperature and
deformation during the final stages of rolling, and the cooling conditions after finish

rolling.

There are also dual-phase HSLA steels whose microstructures consist of small,
uniformly distributed islands of high-carbon martensite in a ferrite matrix. Martensite
typically accounts for about 20% of the  volume. These materials have the excellent
formability of low strength steel but can yield a high strength in the finished component,
because they are greatly strengthened by the plastic deformation during forming [16].

10 |
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1.3.2.2 Quenched and tempered low alloy steels

The quenched-and-tempered low-alloy (QTLA) steels, usually containing less than
0.25% carbon and less than 5% alloy, are strengthened primarily by quenching and tempering
to produce microstructures containing martensite and bainite. The yield strength ranges from

approximately 345 to 895 MPa, depending on the composition and heat treatment.

Low carbon content is desired in such alloys for the following two reasons: (i) to
minimize the hardness of the martensite and (ii) to raise the Ms (martensite start) temperature
so that any martensite formed can be tempered automatically during cooling. Due to the
formation of low-carbon auto-tempered martensite, both high strength and good toughness
can be obtained. Alloying with Mn, Cr, Ni, and Mo ensures the hardenability of such alloys.
The use of Ni also significantly increases the toughness and lowers the ductile-brittle

transition temperature in these alloys [22].

1.3.2.3 Heat treatable low alloy steels

The heat-treatable low-alloy (HTLA) steels refer to medium-carbon
quenched and tempered low-alloy steels, which typically contain up to 5% of total alloy
content and 0.25-0.50% carbon and are strengthened by quenching to form martensite and
tempering it to the desired strength level. The higher carbon content promotes higher hardness
levels and lower toughness and hence a greater susceptibility to hydrogen cracking than the
quenched and tempered low-alloy steels.

The HTLA steels are normally welded in the annealed or over tempered condition
except for weld repairs, where it is usually not feasible to annealor over temper the base metal

before welding [22].

1.4 Phases in steels

Phases in metallic systems are characterized by unique crystal structures and chemical
compositions and are separated from other phases by well-defined interfaces or boundaries.
Pure iron is polymorphic or allotropie, it exists as two quite different phases with different
crystal structures. One phase is referred to as alpha (a) iron or ferrite and has a body centered
cubic (b.c.c.) crystal structure. The crystal structure of ferrite is characterized by the unit cell
shownin as shown in Fig. 1.2. Ferrite belongs to the cubic crystal system, all three axes of the
unit cell are of the same length a and are mutually perpendicular. The space lattice of ferrite is
body-centered cubic (bce). There are a total of two atoms per unit cell: the body-centered atom
with coordinates a/2, a/2, a/2, and the atom at the origin of the unit cell with coordinates 0, 0,

0. The latter atom represents all the equivalent corner atoms of the unit cell.each of which is

1
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shared by eight unit cells that come together at a corner. The one-eighth atom per corner times
the eight corners of the unit cell therefore accounts for one of the two atoms in a bee unit cell.
The lattice parameter of alpha iron at room temperature is 0.286 nm (2.86 A°). The body
diagonals of the unit cell, corresponding to (111) directions, are the directions in which the
iron atoms are in contact in the bece structure. The other form of iron is referred to as gamma
(y) iron or austenite and has a face centered cubic (f.c.c.) structure. The unit cell of gamma
iron or austenite is shown in Figure 1.3. Austenite also belongs to the cubic crystal system but
has a face-centered cubic (fcc) lattice. There are a total of four atoms per unit cell with
coordinates 0, 0, 0; 0, a/2, a/2; a/2, a/2, 0; a/2, 0, a/2, corresponding to a corner atom and an
atom in the center of each face of the unit cell. Each face atom is shared by two adjacent unit
cells; the six faces of the cubic cell thus contribute three atoms. As described previously for
the bee cell, the eight corners together contribute only one atom. The lattice parameter of

austenite, about 0.356 nm (3.56 A®) is larger than that of ferrite [12, 18].

ORIGIN 0

ORIGIN

Figure 1.2: Body-centered cubic (b.c.c.) crystal structure. Ferrite in Steel is b.c.c [12].

12
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DRIGIN

CRIGIN

Figure 1.3: Face-centered cubic (f-c.c.) crystal structure.Austenite in Steel is f.c.c [12].

Alpha iron is stable from absolute zero to 912 °C, and gamma iron is stable from 912 °C
to 1394°C. Between 1394°C and the melting point of pure iron, 1538°C, the body centered
cubic form of iron again becomes stable, and to differentiate it from the alpha iron stable at
lower temperatures, it is referred to as delta iron or delta ferrite. The various crystal structures
of iron are related to crystal atom arrangements of minimum energy as deter mined by
complex temperature dependent electrostatic interactions between the electrons and the lattice

of positive iron ions.

The atom arrangements shown in Figures.1.2 and 1.3 show the unit cells or basic
repeating unit of b.c.c. and f.c.c. structures. In crystals or grains of iron, the pattern
established bythe unit cell is repeated or extended over large numbers of atoms, forming

parallel sets of atom planes with various atomic densities and various inter-planar spacings.

Certain of these planes play very important réles in the behavior of iron crystals. For
example, dislocations which accomplish plastic deformation or slip of metals tend to glide on
crystal planes of maximum atom density and greatest interplanar spacing. Also, certain sets of

planes become the habit planes on which new phases precipitate and grow.

As will be shown later, the presence of carbon leads to the formation of the iron Carbide,
FesC, referred to as cementite. This has an orthorhombic crystal structure and is a metastable
phase, the equilibrium phase being graphite. Nevertheless, cementite is the most common

Carbide phase in many steels [12].

13
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I.5 Crystal Imperfections and Slip

All real crystals contain imperfections which may be point, line, surface or volume
defects, and which disturb locally the regular arrangement of the atoms. Their presence can
significantly modify the properties of crystalline solids.

A very important characteristic of crystals is that they are deformable by a process
termed slip: parts of a crystal are displaced or slip relative to other parts of the crystal along
well defined crystal planes. Figure 1.4 shows schematically how slip can cause permanent
changes in the shape of a crystal. Although the results of the slip process make it appear that
displacements have occurred across intact planes of atoms, the process is due to atomic scale
crystal or line defects identified as dislocations. it will be seen that the behavior and effects of
all these imperfections are intimately related [18,23]. Based on ideas of J.M.Burgers [24] that
the boundary layers between adjacent coherent lattices domains even in the coldsworked
could be described in terms of systems of definite’’dislocation’’, built up in such a way that
necessary deviation of the atoms from their normal positions in both adjoining blocks are

small as possible.

Figure 1.4: Schematic of slip bands and associated slip steps on the surface of

a single crystal[18].

14
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Dislocations are an important class of defect in crystalline solids, as a result of growth
processes or of thermal and mechanical treatments [23, 25]. Dislocations are line defects of
the crystal lattice, which border the regions in the crystal interior in which slip has occurred.
The measure for the quantity of dislocations in the crystal is given as the dislocation density

the total length of all of the dislocation lines per unit volume [24, 26].

The two basic types of dislocations are the edge dislocation and the scew dislocation.
Figure 1.5 shows the slip that proceduces an edge dislocation foe an element of crystal having
a simple cubic lattice. Slip has occured in the direction of the slip vector over area ABCD.
The boundary between the right-hand slipped part of the crystal and the left- hand part which
has not yet slipped is the line AD, the edge dislocation. Note that the parts of the crystal above
the slip plane by an amount indicated by the shaded area in Figure 1.5. All pounts in the
crystal which were originally coincident across the slip plane have been displaced relative to
each other by this same amount. The amount of displacement is equal to Burgers vector b of
the dislocation. A defining characteristics of and an edge dislocation is that its Burgers vector

is always perpendicular to the dislocation line.

The second basic type of dislocation is the screw, or burgers, dislocation. Figure 1.6
shows a simple example of a screw dislocation. The upper part of the crystal to the right of
AD has moved relative to the lower part in the direction of the slip vector. N slip has taken to
the left of AD, therefore AD is a dislocation line. Thus, the dislocation line is parallel to its
Burgers vector, or slip vector, and by definition this must be a screw dislocation. Consider the
trace of a vector, and by definition this must be a screw dislocation. Consider the trace of
circuit around the disloction, on thr front or he crystal. Startin at X and completing a
counterclockwise circuit, we arrive at X’, one atomic plane behind that containing X. In
making this circuit we have traced the path of a right-handed screw [27].

The main characteristic of each dislocation is the Burgers vector, which describes
magnitude and direction of slip movement associated with the dislocation. The classification
of dislocations is based on the mutual orientation of the dislocation line and the Burgers
vector of the dislocation. The direction of an edge dislocation is perpendicular to the Burgers

vector. In contrast, the direction of a screw dislocation line is parallel to the Burgers vector.

15
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Most of the dislocations are mixed dislocations. They are a combination of screw and
edge segments, as well as a large mixed component; that is, the direction of the Burgers

vector of such a dislocation changes along the length of the dislocation. Mixed dislocations
usually form dislocation loops [26].
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Figure 1.5: Edge dislocation produce by slip in a simple cubic lattice. Dislocation lies along

AD, perpendicular to slip direction.Slip has occured over area ABCD [27].
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Figure 1.6: Slip that produces a screw dislocation in a simple cubic lattice. Dislocation lies

along AD, parallel to slip direction. Slip has occured over area ABCD [27].
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Dislocations are one of the most important microstructural features governing the
mechanical properties of crystalline materials. They are the main carriers of plasticity; hence
most of the related phenomena (e.g. yielding, strain hardening, strain-rate dependence,
temperature dependence, etc.) depend on how the dislocation microstructure evolves and how
dislocations interact with other material defects. The dislocation microstructure evolution is
an immensely complicated phenomenon that is controlled by properties, microstructure and
boundary conditions. Several mechanisms, such as dislocation dissociation, recombination,
glide, cross-slip and climb, are active during material deformation and they all contribute to
the final evolved microstructure. Cross-slip of screw dislocations is recognized as one of the

main mechanisms controlling dislocation multiplication in crystals [27].

1.6 Purposes and effects of alloying additions

1.6.1 Common elements of steel [28]

Certain elements are common to all steels, and it may be of help to briefly outline the

effects of carbon, manganese, phosphorus, and sulfur on the properties of steel.

4+  Carbon is the principal hardening element in steel, and as carbon increases, hardness
increases,tensile strength increses, and ductility, notch tougness and weldability generally
decrease with increasing carbon content.

+ Manganese contributes to strenght and hardness, but to a lesser degree than
carbon.increasing the the manganese content generally decrease ductility and weldability, but
to a lesser degree than carbon.Because of the more moderate effects of manganese, carbon
steels, witch attain part of their strength through the addition of manganese, exibit greater
ductility and improved toughness than steels of similar strength achieved through the use of
carbon alone.

#+  Phosphorus. Phosphorus can result in noticealy higher yield strength and decreses in
ductility, toughness, and weldability. In the steels under discussion here, it is generally kept
below a limit of 0, 04% on heat analysis.

4+  Sulfur decrease the ductility, toughness, and weldability, and is generally kept below a

limit of 0, 05% on heat analysis.
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1.6.2 Austenite, ferrite and carbide forming elements

Steels, however, contain alloying elements and impurities that may form new phases or
be incorporated into the crystal structures of austenite, ferrite, and cementite. Incorporation is
usually by replacement of iron atoms if the alloy or impurity atoms are roughly the same size
as iron atoms, but sometimes the atoms go into interstitial sites if they are significantly
smaller than iron, as is nitrogen]. In terms of alloying behavior, elements used in tool steels
are of two main types. The austenite formers are Mn, Ni, Cu, Co, N and C, whilst the ferrite
formers include Si, Al, Cr, W, V, Mo, Nb, Ti, Ta, Zr and S. Effectively, the austenite formers
decrease the ferrite/ferrite + austenite phase boundary temperature and the ferrite formers
increase it. This phenomenon is related to the crystal structure of the alloying element as no
f.c.c. alloying element stabilizes ferrite and similarly no b.c.c. element stabilizes austenite.
Another classification of alloying elements, particularly relevant to tool steels, is either as
carbide or non carbide forming.

The former are Mn, Cr, Mo, W, V, Nb, Ti, Ta and Zr, whilst the latter are Ni, Mn, Cu,
Co, Si and Al. and some are strong carbide formers (titanium, niobium, molybdenum, and
chromium, if present in sufficient quantity . Mn does not form separate carbide, but can

dissolve in FesC [18].

The eutectoid transformation temperature is raised by most alloying elements, the
major exceptions being Mn and Ni (Figure 1.7). Figure 1.8 shows a related effect of alloying

elements on the Fe-C phase diagram: the decrease in carbon content of austenite of eutectoid

composition.
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Figure 1.7: Effects of alloying elements on the eutectoid temperature [29, 30].
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Figure 1.8: Effect of substitutional alloying elements on the eutectoid carbon content in steel

[18].

1.6.3 Ability of alloying elements to impart special characteristics

Alloying elements are required to fulfill the following functions in tool steels:

Increase the strength in large sections, i.e. increase the hardenability.
Reduce distortion resulting from heat treatment.

Increase the abrasion resistance, at a constant hardness level.

Give improved toughness at a constant hardness level.

Increase the hardness and strength at elevated temperatures.

These effects, which lead to improved properties, are achieved by increasing the

hardenability, by altering the nature and amount of the carbides present, and by elements

dissolved in a iron. The relative strengthening effects of some substitutional soluties in solid

solution in a-iron are indicated in Figure 1.9. The carbide formers Cr, W, V and Mo are seen

to be relatively ineffective [29].
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Figure 1.9: Solid solution hardening effects of various alloying elements dissolved in
a-iron. Alloying element in wt. %, changing the tempering characteristics, particularly by

enhancing secondary hardening [29].

Alloying elements obviously affect the heat treatment response, if only by changing the
phases present and their compositions. However, they make little contribution to the strength
of the matrix ferrite or to the hardness of the martensite produced, the latter being

predominantly controlled by its carbon content [29, 30].

1.7 Heat treatments of steel

Most ferrous materials are not subjected to a separate heat treatment. Their
microstructure results directly from solidification and/or controlled hot working and cooling.
Semi-finished steel products (strip, section, pipe, wire) undergo a combination of hot working
and heat treatment during thermomechanical processing, which is also used e.g. for drop
forged parts. The desired microstructure of cast iron is often obtained by tailoring the melt
composition to the solidification cross section, i.e. the cooling rate in the mould. Another
option is to remove the workpiece from the sand mould while it is still hot e.g. to promote

growth of pearlite [31].
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However, a separate heat treatment is frequently worthwhile because the microstructure
produced during shaping (by casting, working, welding, sintering, etc.), may not have
optimum manufacturing properties (machinability) or service properties (fatigue strength).
The heat treatment process is therefore integrated into the manufacturing process so that it is
independent of shaping and so as to allow the microstructure to be adjusted tothe operational
requirements of the finished component [31].

1.7.1 Annealing

Steel is annealed in order to reduce its hardness for the improvement of machinability
and cold workability and also to obtain desirable mechanical, physical and other properties.
As far as annealing is concerned, the following terms have been used,full annealing, soaking,
isothermal annealing, spheroidizing, dehydrogenization annealing, stress relief annealing,
bluing, boxannealing, bright annealing, intermediate annealing, process annealing, soft
annealing, finish annealing and so forth[32].

Is a process involving the heating of a metal above the critical temperature and
subsequent slow cooling? The purpose of such heating may be to remove stresses; induce
softness; alter ductility, toughness, electrical, magnetic, or other physical properties; refine
crystalline structure; remove gases; or produce a definite microstructure [33].

Annealing is usually required to improve strength homogeneity of the welded joint, to
decrease hardness peaks of the underbead zone and to increase the angle of bend before
failure in bending tests. Strength properties of the weld metal and the HAZ must not fall
below permitted limits.

Annealing is also required for the welded joint parts to have sufficient notch toughness
values. The annealing tests at 550-700°C indicated that a 550°C annealing temperature is
sufficient for the underbead zone and only temperatures over 650 °C should be used for the
weld metal [34].Some specific heat treatments which fall under the term annealing are :

1.7 .1.1 Full annealing

After austenitizing at temperatures of 20 °C to 30 °C above the Az temperature,
hypoeutectoid steels are cooled slowly to obtain ferrite-pearlite structures.

For hypereutectoid steels, full annealing is not carried out in the austenite region above
the Acm temperature because grain boundary films of cementite are formed which can lead to
brittleness. Therefore annealing is carried out between the Ajand Acm temperatures to produce
a microstructure comprising spheroidized cementite in a pearlite matrix.The optimum cooling
rate to obtain these structures can be estimated from CCT diagrams. When the cooling rate is

unacceptably too rapid, hard structures such as martensite or bainite are formed [32].
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1.7 .1.2 Process annealing
This is the heating of iron base alloys to a temperature below or close to the lower limit

of the critical temperature range, followed by cooling as desired [33].

1.7 .1.3 Normalizing

Except for steels which have been controlled rolled, the microstructures of
conventionally rolled or forged steels are coarse grained and inhomogeneous [31]. and
normalizing is carried out in order to improve the strength and the toughness.After
austenitizing a hypoeutectoid steel or hypereutectoid steel at temperatures of 30 °C to 50 °C
above the Acs, or the Acm respectively, not by quenching, but removal from the furnace and
cooled at slower rates, such as air cooling, or simply a slow quench, such as perhaps oil
quenching. Air cooling is often called normalizing. Since the microstructure changes with
cooling rate, accelerated cooling such as mist cooling [32, 35].
Objective: To obtain a uniform and fine grain size in ferritic/pearlitic microstructures. [19, 31,
32] Coarsely grained zones may occur in the heated but not worked regions of partially forged
(e.g. headed) parts or in the heat-affected zone (HAZ) of welded joints.
Method: Heating to a temperature slightly above Acs (above Aci in hypereutectoid steels and
cast iron) and cooling in static air induces o.—y — o-transformation in which the number of
grains is significantly increased due to nucleation and growth of new grains.
Applications: Unalloyed and low-alloy, i.e. readily transformable, that do not have a tendency

to harden in air [31, 32].

1.7 .1.4 Stress-relief annealing

Stress relief annealing is carried out on components which have been heat treated, cold
or hot formed or welded, in order to remove the induced stress and hence to avoid fatigue or
brittle fracture [32]. In addition, the potential for stress corrosion cracking is reduced, and the
metallurgical structure can be improved through stress relieving. The steel becomes softer and
more ductile through the precipitation of iron carbide at temperatures associated with stress

relieving [36].

Objective: To relieve internal stresses and to avoid distortion originating from the
dissipation or redistribution of residual stresses during subsequent heat treatment or during
machining. Asymmetrically distributed residual stresses caused by previous cold working,
straightening or welding operations are particularly unfavourable because they may induce

changes in shape when the material is heated.
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Method: Lowering of the yield point by heating, but without significant alteration of the
microstructure or strength. The residual elastic strain is transformed into plastic deformation,
thus forestalling distortion. If the machining allowance is insufficient, the part must be
restraightened and subjected to further stress-relief annealing. The treatment temperatures
should be as high as possible but below the lower transformation Temperature range and then
uniformly cooling it [31, 36]:

-Soft-annealed steels: just below Acip.

-Ferritic/pearlitic steels: 600 - 650C.

-Quenched and tempered (QT) steels: =30°C below the tempering temperature.

-Non transforming steels: it is not possible to make any generalisations because the
precipitates in these materials make them prone to embrittlement and corrosion. Temperatures
of =580C are frequently used to avoid 475°C embrittlement, -phase embrittlement and regions
that promote intergranular corrosion [31]. In addition to temper embrittlement during slow
cooling through the temperature range 400°C-600°C, stress relief cracking may occur in a
coarse grained weld heat affected zone.Secondary hardening elements such as Mo, Y, Nb and
Ti increase stress relief cracking susceptibility, probably due to strengthening of the coarse
grained matrix. It is interesting to note that extremely low C steels containing more than 1.5
wt. % chromium are less susceptible to cracking. This might be due to softening of the matrix

and the balanced cohesive strengths of the grain boundary and the matrix [32].

1.7 .1.5 Spheroidizing

Spheroidizing treatments to produce a ferrite structure containing a dispersion of
globular carbides are comprised of heating, isothermal holding below the Aci temperature and
cooling. A spheroidized structure should be used to improve the machinability and to allow
severe plastic deformation. The machinability, such as is characterized by tool life in lathe

cutting, is generally improved by decreasing the hardness to an optimum value [32].

Methods of spheroidizing generally used are:

»  Prolonged heating at a temperature just below the lower critical temperature, usually
followed by relatively slow cooling.

» In the case of small objects of high carbon steels, the spheroidizing result is achieved more
rapidly by prolonged heating to temperatures alternately within and slightly below the critical
temperature range [33].

23 -



CHAPTERI THE STEELS

1.7 .1.6 Tempering (also called drawing)
This is reheating hardened steel to some temperature below the lower critical

temperature, followed by any desired rate of cooling.

1.7 .2 Hardening

Plain carbon steel is hardened by heating it above the critical temperature and cooling it
rapidly by plunging it into water, iced brine, or other liquid.

When heating through the critical temperature range, iron undergoes a transformation
and changes from a form with low carbon solubility to one with high carbon solubility. Upon
cooling, a reverse transformation occurs. Since these changes are progressive and require time
for completion, they may be stopped if the cooling period is shortened.

a. If the cooling is very rapid, as in water quenching, the transformation takes place much
below the critical temperature range. The carbon is fixed tied in a highly stressed, finely

b. Divided state, and the steel becomes hard, brittle, and much stronger than steel that is
slowly cooled.

c. The presence of alloying elements alters the rate of transformation on cooling. Each alloy
element shows individuality in its effect; therefore, alloy steels are manufactured and heat

treated to meet specific performance requirements [33].

1.7 .3 Tempering

After steel is hardened, it is too brittle for ordinary purposes. Some of the badness
should be removed and toughness induced. This process of reheating quench hardened steel to
a temperature below the transformation range and then, cooling it at any rate desired is called
tempering. The metal must be heated uniformly to a predetermined temperature, depending on
the toughness desired [33]. A hard martensite produced after quenching is also extremely
brittle, virtually all hardenedsteels undergo a subcritical heat treatment referred to as
tempering. Tempering improves the toughness of the as-quenched martensite, but also softens
the steel, thus causing a decrease in strength and an increase in ductility. This softening is
largely due to the rapid coarsening of cementite (Fe3C) with increasing tempering temperature
and a reduction in dislocation density [19]. As the tempering temperature increases, toughness
increases and hardness decreases. The tempering range is usually between 188 and 399°C, but

sometimes is as high as 593°C [33].
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1.7 .4 Surface hardening

These treatments, numbering more than a dozen, impart a hard, wear resistant surface to
parts, while maintaining softer, tough interior which resistant to breakage due to
impacts.Hardness is ob tained through quenching, which provides rapid cooling above a
steel’stransformation temperature.Parts in this condition can crack if dropped.Ductility is
obtained via tempering. The hardened surface of the part is refered to as the case, and its softer

interior is known as the core.

Gas carburizing is one of the most widely used surface hardening processes.Carbon is
added to the surface of low carbon steel at temperature ranging from 850 to 950°C.At these
temperatures austenite has high solubility for carbon.in quenching, ausrenite is replaced by
martensite.The result is high-carbon,martensite case.Carburizing steel for case hardening
usually have carbon content of approximately 0,2%.carbon content of carburized case is
usually controlled between 0,8 to 1%.other methodes of case hardening low-carbon steels

include cyaniding,ferritic nitrocarburizing,and carbonitriding[37].

1.8 Fe-C phase diagram

Phase diagrams define the temperature-composition régions of phase stability in various
alloy systems.Pressure also affects phase stability but this variable is generally held constant
at one atmosphére. The diagrams assume equilibrium, i.e., that sufficient time at temperature
has elapsed for the formation of ail phases and complete partitioning of ail components into
the various phases has occurred in accordance with the principle of minimum free
energy.Equilibrium is often not achieved. Nevertheless phase diagrams are useful guides for
indicating the phases and microstructures which will be approached in alloys of a given

composition in a given temperature range [12].

The phase diagram is basically a map which predicts which phases are stable for any
alloy with a given carbon content at a given temperature, i.e. as represented by a point on
the phase diagram. Each such point lies either in a single-phase region. The austenite region,
or in one of the two-phase regions which exist between the single-phase regions. The single-
phase solid solutions are readily apparent on figure .10, with  o-ferrite in the region

GQPG and d-ferrite in region AJKA.

The borders of these regions (e.g. the lines QPG and JKA) represent the limits of solid
solubility of carbon. This diagram also illustrates the fact that the carbon solubility is
much greater in austenite than in ferrite, the limits of the austenite phase being JIEHGJ

with a maximum of 2.1%C at point E. There are other two phases shown on this phase
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diagram. One of these is the liquid solution of carbon in iron, which occurs at high
temperatures, across the top of the diagram. The lower boundary of this region shows how
the freezing temperature  (or more accurately the liquidus temperature, the lowest
temperature at which the entire material is liquid) of iron-carbon alloys changes with
carbon content. The other phase shown on the phase diagram, at the right hand end
within the boundary ONMDO, is iron carbide or cementite, a compound with the formula
Fe3C, corresponding to 6.67%C.The crystal structure of cementite is orthorhombic, giving

it a very high hardness, strength and brittleness in contrast to the soft ferrite and

austenite phases [16].
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Figure 1.10: Iron-iron carbide phase diagram [16].
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1.9 Elements of microstructure in steels
1.9.1 Cementite Formation

The cementite phase present in most steels is in the form of the fine plates of pearlite for
hypoeutectoid steels and in this form plus thicker plates and globules formed on austenite
grain boundaries in hypereutectoid steels. These cementite shapes result because they are the
forms that cementite assumes when austenite transforms to pearlite at the Ar; temperature and
when it nucleates on austenite grain boundaries in hypereutectoid steels at the Arcm
temperature. It is possible however to heat treat steels and changes the shape of the cementite
into a spherical form, sometimes called spheroidite. Cementite is very hard but very brittle,
and by changing its form to isolated spheres in a matrix of, say, ferrite or tempered martensite,
the mechanical properties of the steel comes closer to matching that of the matrix phase: soft

and machinable with a ferrite matrix or strong and less brittle with a martensite matrix[35].

Figure 1.11: Thin cementite allotriomorphs formed on austenite grain boundaries in a 1.0 wt.

% C, 1.5 wt. % Cr steel. (Optical micrograph)[12].

Figure 1.11 shows cementite which has formed on austenite grain boundaries, in a steel
which contains nominally 1.00 wt. % carbon and 1.5 wt. % chromium. Crystals which
nucleate and grow along grain boundaries, such as shown in Figure 1.8, are referred to as grain

boundary allotriomorphs. The growth of the cementite requires diffusion of carbon from the
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austenite to the cementite and a rearrangement of the iron atoms from the f.c.c. structure to
that of the iron atoms in the orthorhombic structure of cementite [12].

Cementite allotriomorph growth is rapid when only carbon diffusion and iron atom
rearrangement is required. However, if substantial amounts of carbide forming elements such
as chromium must partition from the austenite to the growing cementite crystals, the rate of
growth becomes very sluggish. Also, since the carbon content of even high carbon steels is not
sufficient to produce large volume fractions of cementite in austenite, the cementite networks

are always relatively thin [12] as shown in Figure I.11.

1.9.2 Ferrite Formation

The heat treating of steel normally begins with heating into the austentite
temperature range and allowing the preexisting microstructure to transform fully
to austenite as required by the phase diagram. This austenitizing process may be carried out
in any one of a number of atmospheres including air, inert gas, vacuum or molten salt. The

hot austenitic steel is then cooled at some rate ranging from rapid to slow [38].

In low and medium carbon steels, ferrite allotriomorphs first form when austenite is
cooled. However, in contrast to the limited volume fractions of cementite which form in high
carbon steels, ferrite may compose up to 100% of the microstructure in pure iron or very low
carbon steels. Figure 1.12 shows a fully ferritic microstructure in ultra low carbon steel [39].
Polycrystalline ferrite microstructure as shown in Figure 1.12. Upon slow cooling from the
austenitizing temperature, there is no change until the A3 temperature is reached, at which
time the fcc austenite begins to transform to the bec ferrite [16]. This can be described based
on the effect of cooling rate on the ferrite formation. When the cooling rate is low, austenite
can first transform to ferrite and, therefore, become enriched with carbon due to rejection of
carbon from ferrite [40]. The ferrite, which forms above the eutectoid temperature, is
called proeutectoid ferrite. Since the ferrite has a very low carbon content (maximum of
about 0.025%C), the carbon content of the remaining (untransformed) austenite increases
continuously as more and more of the austenite is replaced by ferrite.By the time the
temperature is just above the Al temperature, enough ferrite has formed that the carbon

content of the remaining austenite has reached 0.8%C, the eutectoid composition[16].
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Figure I1.12 : Polycrystalline, single-phase ferrite microstructure in a steel containing 0.004

wt.% C. Optical micrograph [39].

As a resuit, the austenite becomes increasingly enriched in carbon. When the carbon
content of the austenite reaches about 0.8 wt.%, the eutectoid transformation of austenite to
pearlite, which is a mixture of ferrite and cementite, often of lamellar form .Thus, most low
and medium carbon steels have microstructures consisting of mixtures of ferrite, frequently
referred to as proeutectoid ferrite because it forms prior to the eutectoid transformation, and
pearlite. The ferrite content can range from 100% in ultra low carbon steels (Figure 1.12) to

zero in eutectoid steels which form microstructures consisting only of pearlite [12].

Under conditions of low undercooling or low supersaturation, substitutional alloying
elements attempt to partition between the ferrite and austenite in order to maintain local
equilibrium at the interface between the two phases [38]. The austenite growth rate can in
those circumstances exceed that of ferrite when the liquid is sufficiently undercooled.
Solidification with austenite as the primary phase becomes more feasible as the steel is
alloyed with austenite stabilising elements, until the eventually becomes the
thermodynamically stable phase [41]. Some micro-alloying elements, such as niobium,
titanium or vanadium, nave been found to inhibit austenite grain growth by interrupting the

migration of the grain boundary.
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Thus ferrite-stabilizing substitutional elements diffuse from the austenite to the ferrite, and
austenite-stabilizing elements are rejected from the ferrite into the austenite. The growth
kinetics of the ferrite then become dependent on the diffusion of substitutional elements and
are slowed considerably relative to growth controlled by carbon diffusion. Another mechanism
by which substitutional elements may retard the ferrite transformation [38, 42].

The retardation of ferrite growth by substitutional elements is a major reason for the
addition of alloying elements such as Cr, Mo, and Ni to medium carbon steels. When ferrite
growth rates are retarded sufficiently, rapid cooling or quenching of austenite causes its
transformation to martensite [38].

The ferrite grain boundary allotriomorphs which grow uniformly into austenite grain
interiors produce the equiaxed ferrite grain morphology shown in figure 1.13.

Morphology of ferrite which may form in plain carbon and low alloy carbon steels
consists of plate or lath shaped crystals of ferrite. These elongated crystals are referred to as
Widmanstatten ferrite or sideplates and tend to form under conditions of cooling which
produce sub- stantial undercooling for austenite transformation to ferrite. For example, Wid-
manstatten ferrite is often formed in low carbon steel weld metal which is rapidly cooled by

heat conduction into the surrounding base metal (Figure 1.14) [12].

Figure 1.13: Ferrite-pearlite microstructure in (a) 0, 2 wt. %C steel,(b) 0,4 wt.%C steel.

(Optical micrographs)|[12].
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Figure I.14: Widmanstatten ferrite in a low C steel weld metal. (Optical micrograph)[12].

1.9.4 Pearlite Formation

Pearlite is the product of the decomposition of austenite by a eutectoid reaction and
comprises a lamellar arrangement of ferrite and cementite. The pearlite reaction provides an
excellent example of the historical development of physical metallurgy and the importance of
the interaction of experimental observations and the development of quantitative models. In
reviewing the pearlite reaction, it is appropriate to begin with a simplified description of the
reaction in Fe-C alloys and then examine in detail the various complexities which arise from
the detailed chemical and microstructural features [38]. SEM micrograph of microalloyed

steel contains Pearlite inside the mixture of phases islands as showen in Figure I1.15.

5\

Figure 1.15: SEM micrograph microalloyed contains Pearlite inside the mixture of phases

islands [43].
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In Fe-C alloys and steels the eutectoid reaction is written as follows:

Cooli
y — Fe(0,77 wt. %C) H‘;Zt;‘;gi
8

a — Fe(0,02 wt. %C) + Fe;C(6,67 wt. %C) .....(Eq 1. 1)

At the equilibrium eutectoid temperature, the free energy of austenite is equal to the free
energy of ferrite and cementite, and there is no thermodynamic driving force for the
transformation. Therefore austenite of the critical composition must be under-cooled to initiate
pearlite formation. The greater the undercooling, the greater the free energy decrease available
to offset the interfacial energy increase associated the interfaces between the ferrite and
cementite lamellae within a colony of pearlite. As a resuit the interlamellar spacing between
ferrite and cementite in pearlite decreases with decreasing transformation temperature. The

light microscope the lamellae would not be resolved and the pearlite colonies would appear

uniformly dark as is the case in Figure 1.16 [38].

Figure 1.16: Transition from coarse (C) to fine (F) pearlite due to a decrease in the
transformation temperature. (Optical micrograph) [38].

The nucleation of a pearlite colony requires the nucleation of two phases in order to
establish the lamellar morphology of the pearlite. In hypoeutectoid and hypereutectoid steels,
steels of lower and higher carbon content than the eutectoid coposition respectively, the
pearlite colonies are nucleated by the proeutectoid phases. For example, in hypoeutectoid
steels the ferrite of the pearlite grows directly from the proeutectoid ferrite and the rejection of

carbon from the ferrite causes multiple cementite lamellae to nucleate.
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In eutectoid steel, nucleation of pearlite colonies may occur by multiple nucleation of parallel

ferrite and cementite lamellae [12].

1.9.5 Martensite Transformation
Carbon partitioning between ferrite and austenite during high temperature diffusional
transformations is relatively well understood. These reactions are frequently referred to as

reconstructive transformations, because of the short-range diffusional movements of iron (and

substitutional) atoms that accomplish a change in crystal structure between bcc and fcc [44].

g Range of positions
. for iron atoms

Figure 1.17: Austenite (fcc) to martensite (bct) transformation [16].

If austenite can be cooled to a sufficiently low temperature, for example by cooling
very rapidly, its diffusion-controlled transformation to ferrite, pearlite or even bainite will
not be possible [16]. The remaining austenite has a higher chance of transforming to
martensite as the temperature is lowered. However, at higher cooling rates, from austenite
state, carbon free bainitic ferrite is formed, which results in the remaining austenite less
enriched with carbon and less prone to transform to martensite compared to the case of initial
ferrite formation [40,45]. Instead, the austenite becomes so unstable that it is able to
change its crystal structure by a diffusionless shearing transformation which moves
blocks of atoms by small distances simultaneously. The transformation product is
then martensite, a metastable phase which, like bainite, does not appear on the

phase diagram since it does not exist under equilibrium conditions.
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The martensite structure is basically the result of the steel's attempt to
transform from austenite (fcc) to ferrite (bcc), it is rather a body centered
tetragonal (bct) structure as shown in Figure 1.17[16]. Martensite is a phase
which forms by a diffusionless, displacive transformation mechanism. Instead of
atom by atom transfer across an interface as is typical of diffusion controlled
transformations, large numbers of atoms shear cooperatively to form the
structure of martensite [12].

The transformation begins at a temperature called the martensite-start
temperature or MS. The fraction of martensite increases with the undercooling
below MS.

The martensite in steels is supersaturated with carbon. Carbon occupies
octahedral interstices in the b.c.c. lattice; these are characterised by three
principal axes a (001), a (110) and a (110). There are three sub-lattices of

octahedral holes, along directions parallel to the unit cell edges (Figure 1.18).

Cubic Tetragonal

‘_-
-
lattice parameter

Figure 1.18: Tetragonal martensite in some steels [46].

Each carbon atom causes a tetragonal distortion since the principal axe of the octahedral

sites is not equivalent. There is an expansion along a (110) and small contractions along the
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other two axes. As a consequence, it is favourable for all the carbon atoms to lie on a single
sub-lattice of octahedral interstices, giving rise to a body-centered tetragonal structure for the

martensite (Figure 1.18) [46].

- Tempering of Martensite

Martensite containing carbon is very strong; this also makes it very brittle. To achieve a
compromise between strength and toughness, the martensite is tempered, i.e. heat treated at
temperatures below that at which austenite can form. The heat treatment causes :

o 200-400 °C. The precipitation of excess carbon at first as transition carbide Fe»sC, which
then converts to cementite (FesC). This is accom- panied by a significant loss of strength but
an improvement in toughness.

o 400-500 °C. Recovery with a reduction in dislocation density. Cementite begins to
coarsen with further loss in strength.

. 500 °C. Recrystallisation of plates into equiaxed grains of ferrite [46].

1.9.6 Bainite Formation
Is the generic term for fine aggregates of ferrite platelets (or laths) and associated
cementite particles that is distinguishable from pearlite [13, 47].

Bainite is classically a product of eutectoid decomposition of austenite in steels [47].
Transformation occurs isothermally or on continuous cooling over a temperature range that is
typically below that of the austenite to pearlite reaction and above the M, temperature for
martensite formation, although there is potential overlap at both extremes of the bainite range
[13,47]. Among all austenite decomposition reactions, bainite transformation remains the least
clearly understood. Bainite plays a key role among solid-solid phase transformations because
it exhibits features of both diffusive and displacive transformation [48].

Similarly to pearlite, the classical forms of bainite consist of ferrite and cementite.
However the mechanisms of transformation and the morphologies of the resultant ferrite and
Carbide structures of pearlite and bainite differ significantly. Pearlite is formed by the
diffusion of carbon atoms and the short range diffusional transfer of iron atoms across the
austenite-pearlite interfaces which define the pearlite, where even short-range iron atom
transfer is suppressed. As a resuit bainitic ferrite is nucleated by a cooperative iron atom shear
mechanism, and the morphology of the ferrite takes on the lath or plate appearance of
martensite rather than the spherical or equiaxed morphology of pearlite and proeutectoid
ferrite. Carbon, however, is still able to diffuse, and therefore various temperature dependent

arrays of cementite particles are associated with bainite. The cementite particles are not
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continuous as they are in pearlite, leading to a metallographie definition of bainite as a

structure consisting of a non lamellar array of ferrite and cementite [12].

The details of the microstructure vary with composition and temperature of
transformation, thus it is common to identify two varieties, namely upper bainite and lower
bainite. These form over upper and lower temperature ranges and can be distinguished by less
than 0.02 wt% carbon [49]. Temperature of the transition between upper and lower bainite is a
function of carbon content. Upper bainite consists of ferrite laths with relatively coarse
cementite particles between the laths. The austenite not transformed to bainite at 460 °C
transformed to martensite on cooling to room temperature. The bainite forms in groups of
laths with a common orientation within the parent austenite grains. Lower bainite forms as
ferrite plates containing very fine cementite particles, typically oriented at 60° to the long axis
of the plates. The transition from the coarse interlath carbides of upper bainite to the fine
intraplate carbides in lower bainite is consistent with decreasing carbon diffusivity with

decreasing temperature [38].

In lower carbon steels and certain alloy steels, the formation of the carbide constituent
may be suppressed and, since it commonly has a form similar to that of the ferritic constituent
of bainite, the ferrite that forms in this temperature range is often identified as bainitic ferrite
[31]. Generally the coalesced bainite was found along with upper bainite in dendrite core
regions while a lath-like microstructure of martensite was found at interdendritic regions. It
was found that cementite precipitates formed within the bainitic ferrite grains [41]. About
coalesced bainite the mechanism of how it forms is presented in Figure 1.19 along with those
of upper and lower bainite.The as-deposited last bead microstructure of weld metals two low

carbon steel is shown in figure I1.20.
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Figure 1.19: Schematic representation of the formation of upper and lower bainite along with

coalesced bainite [41].
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Figure 1.20: Microstructure in the as-deposited last bead of weld metals of two low carbon
steels imaged using FEGSEM. M is for martensite, BU is upper bainite, BL is lower bainite
and BC is coalesced bainite [41].

I.10 Transformation Diagrams

Two types of diagrams are wused to display the hardenability characteristics of
steels graphically. These are the isothermal transformation (IT) or time-temperature
transformation (TTT) diagram, and the continuous cooling transformation (CCT) diagram.
The detailed appearance of these diagrams depends on the steel's composition (carbon and

alloy content) and its austenite grain size (i.e. austenitization conditions)[16,35] and

E

thus every steel will have its own diagram for a given set of austenitization conditions.
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Both types of diagram are  designed to predict in detail the transformation
characteristics of a particular steel after austenitization, by showing which transformation
product microstructures (and in some cases the as-transformed hardnesses) are obtained by
various cooling conditions for that steel. The diagrams can also be used in the reverse sense
for predicting the cooling conditions necessary to obtain a given microstructure and hardness

[16].

Figure 1.21 shows a TTT diagram for plain carbon eutectoid steel. They are determined
by evaluating the microstructures of austenite which has been quenched from the
austenitizing temperature into baths which are at fixed temperatures (hence the name
isothermal ) below the eutectoid temperature, and held for various amounts of time to allow
the austenite to transform. They therefore give a graphical illustration of the time
necessary for austenite to transform to its various transformation products at different
temperatures. For example the times necessary for the beginning and the end of the
formation of pearlite and bainite can thus be determined as can the Ms and Mf
temperatures[16].  Curves for the beginning and end of the pearlite and bainite
transformations are shown and the horizontal broken line marks the transition between pearlite
and bainite formation. There is a temperature above which bainite does not form, called the B
(bainite start) temperature, and the By temperature is lowered by ail the common alloying
elements in steels. The B, temperature has been related quantitatively to steel composition by
empirical equations. For austenite which does not transform to a microstructure dependent on
diffusion, the Ms and estimated temperatures for various amounts of martensite formation are
also indicated. In 1 steel, pearlite will not form unless austenite is cooled to below the
eutectoid temperature. The pearlite transformation involves diffusion and hence will be slow
at low temperatures. It will also be slow close to the eutectoid, this can be represented on the
T — t plot |16, 38, 46].

In their simplest form, these transformation curves have a well-defined ‘C’ shape.
Where the nose of the curve represents the temperature at which the reaction proceeds most
rapidly, slowing down both at higher and at lower temperatures [50]. The position of the
curves on IT diagrams depends on the austenite grain size [35]. TTT diagram reflects a
balance between the increasing driving force and decreasing diffusivity with decreasing
transformation temperature. A eutectoid steel transformed close to the eutectoid temperature,

the degree of undercooling, A7, is low so the driving force for the transformation is small.
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However, as AT increases the driving force also increases, and the reaction occurs more
quickly, until the maximum rate at the nose of the curve [38, 46]..

Below this temperature, the driving force for the reaction continues to increase, but the
reaction is now impeded by the slow diffusivity of the rate-controlling element, which in plain

carbon steels may be carbon or iron [38, 46].
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Figure 1.21 : Isothermal transformation diagram for eutectoid steel |38].

A real TTT diagram is somewhat more complicated (Figure 1.22). Consider for example
a hypoeutectoid steel, the first phase to form would be ferrite with transformation becoming
possible just below the Acs temperature. Widmanstétten ferrite then begins to grow as a
displacive transformation in which the interstitial atoms diffuse.
Pearlite forms below the eutectoid temperature. Pearlite is a mixture of cementite and ferrite,
each colony being an interpenetrating bicrystal. At even larger undercoolings we get bainite,

which is a displacive transformation like martensite, but unlike martensite does not remain
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super-saturated with carbon. The excess carbon rapidly precipitates as fine carbides between

the plates of bainite (upper bainite) or within them (lower bainite) [46].
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Figure 1L.22: TTT diagram for hypoeutectoid steel [46].

It is not possible with large components to obtain microstructures by isothermal

transformation. However, if the rate of transformation of austenite can be reduced then larger

components can be uniformly transformed. Steel in which the austenite transforms relatively

slowly is said to possess greater hardenability.

The hardenability of steel depends on the stability of the austenite, Elements like C, Mn,

Ni, Mo, and Cr improve the stability and hence retard all transformations, reactive alloying

elements such as Cr and Mo will form carbides. Consequently these elements will prefer to go

into the cementite (carbide) part of pearlite or bainite when they form. Hence, when pearlite,
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for example, forms from austenite these elements have the same problem that C has: They
want to rearrange from a uniform distribution in the austenite to a distribution in pearlite
where they have higher composition in the cementite plates than in the ferrite plates.Steels
containing these elements can be hardened to a greater depth. By contrast, Al and Co can
accelerate the transformation of austenite and hence reduce hardenability [35, 46]. The effect

of alloying elements is two—fold:

1. A thermodynamic effect as the element alters the stability of the austenite.2. If the element
concerned partitions during transformation then it may further retard the reaction because of
the need for diffusion. Thus, transformations involving diffusion are retarded to a much larger

extent than for example bainite or martensite [46].

An example of a CCT diagram is shown in figure 1.23 for a hypoeutectoid alloy steel.
Various cooling curves and the hardness values of the microstructures produced by cooling at
the various rates are indicated. The hardest microstructures are those which consist of mar-
tensite and the lowest strength microstructures consist of equiaxed ferrite and pearlite. The
relatively high alloy content of the steel significantly delays the start of the ferrite and pearlite
transformations and produces a prominent range of cooling conditions which produce bainite.
Continuous cooling may produce microstructures made up of several different constituents.
For example, the cooling rate in Figure 1.23 which produces a microstructure with equiaxed
ferrite, pearlite, and bainite régions, and would produce microstructures consisting of ail three

of these structures.

The type of diagram shown in Figure 1.23 is typical of hardenable medium carbon steels
which can be readily transformed to martensite at moderate rates of cooling such as those
produced by oil quenching. Moderate rates of cooling, in contrast to high rates typical of
water or brine quenching, reduce distortion, residual stresses, and the possibility of quench

cracking in hardened steels [12].
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CHAPTER I WELDING Of STEELS

II.1Introduction

Welding procedures have in the past been developed empirically, with some assessment
of mechanical properties, and by drawing on accumulated experience.This method has been
very successful,as evident in the popularity of the processin virtually all structural
engineering applications[41]. But now welding becomes  one of the most common
processes used in manufacturing and engineering industries. Many materials are joined by
welding, non-metals and metals, to create a wide range of structures from domestic consumer
goods to highly complex heavy industrial installations. Perhaps the most common perception
of the welding process relates to joining of metals, and the most common of all the metals
used is steel in its many forms. These range from basic low-carbon ferritic structural steels,
increasing in complexity with the addition of alloying elements to produce grades with

applications in load bearing and pressure part manufacture [51].
I1.2 Welding Definition

Welding is the most important method of joining components made of metallic materials.
The technological core of most welding processes is the melting of the surfaces to be joined,
either with or without filler metal (surfacing welds included), followed by subsequent cooling.
Melting is achieved by local heat input, keeping heat diffusion into the component and heat
dissipation into the surroundings as low as possible [27]. The metallurgy of the welded joint
can be categorized into two major regions, the fusion zone and the heat-affected zone (HAZ).
The fusion zone represents both the deposited metal and the parts of the steel component
melted during the process, and is a solidification microstructure. The HAZ, on the other hand,
represents those regions in the close proximity of the weld, where the heat input during
welding changes the microstructure without melting the steel. This chapter describes the
development of microstructure in both zones, beginning with the fused regions. Virtually
every aspect of phase transformation in steels is relevant to the subject of welding. There is an
opportunity for a whole series of transformations to occur successively as the weld cools from
the liquid state [50].

The term arc welding applies to a large and varied group of processes that use an
electric arc as the source of heat to melt and join metals. In arc welding processes, the joining
of metals, or weld, is produced by the extreme heat of an electric arc drawn between an
electrode and the workpiece, or between two electrodes. The formation of a joint between
metals being arc welded may or may not require the use of pressure or filler metal.

The arc is struck between the workpiece and an electrode that is mechanically or manually

moved along the joint [33].
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I1.3Welding of piping and pipelines

Welding of piping and pipelines takes place first in the pipe mill, where skelp (sheets of
steel) are rounded and seam welded, longitudinally or spirally. This pipe mill weld is a seam
weld. Second, pipes and components (fittings, valves, etc.) are welded together in the shop or
in the field. The shop or field weld is generally a girth weld (weld around the circumference)
or a fillet weld (for example at socket welded joints, or when welding an external attachment
to the pipe). A multi-pass girth weld consists of a root pass (from the inside or outside
diameter), a hot pass (root cover), and before the root pass completely cools, one or several
fill passes, and a wider cap pass. A common welding technique for shop or field welding
metallic piping systems is arc welding. In arc welding, the pipe metal, and the filler metal, if
used, are melted by the source of heat provided by a variety of welding methods like an
electric arc and then solidify to form the weld joint [17,51]. Melting is achieved by local heat
input, keeping heat diffusion into the component and heat dissipation into the surroundings as
low as possible. The arc is formed by the flow of current between the parent metal (work-
piece) and an electrode, which can be consumable (melts and becomes part of the joint) or
non consumable (having a higher melting temperature than the arc, the electrode typically

tungsten or carbon does not melt) [17, 27].

I1.4 Welding Processes [52].

Table II.1 lists the American Welding Society (AWS) initialisms for some arc welding
processes. Electric arcs, using a combination of radiative and resistive heating, are the most
commonly used heat sources in commercial welding processes. The most typical example is
the shielded metal arc welding (SMAW) process.

The efficacy of a welding arc in putting its energy into the workpieces can be measured.
This arc efficiency is calculated as the percent energy transferred to the workpieces compared
with the total energy supplied by the power source. Arc efficiency varies considerably among

the arc welding processes.
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Table I1.1: AWS designation for Arc Welding Processes [52].

AWS Designation Process Name Other designation
Arc Welding Processes
EGW Electrogas welding
FCAW Flux cored arc welding
GTAW Gas tungesten Arc TIG
welding
GMAW Gas metal arc welding MIG, MAG
GMAW-S Gmaw -short -circuit Dip Transfer, Short Arc
GMAW-P Gmaw-Pulsed
PAW Plasma Arc Welding
SAW Submerged arc welding Sub-Arc
SMAW Shilded Metal Arc Stick Welding.
Welding Manuel Metal Arc

I1.4.1 Shielded Metal Arc Welding

The shielded metal-arc welding, which is also known as stick welding, is the most widely
used process. The arc is struck between the metal to be welded and a flux coated consumable
electrode. The fluxes are mostly made from mineral components and cover the hot weld
deposit and protect it from the environment [S3]. The electrode covering is a source of arc
stabilizers, gases to exclude air, metals to alloy the weld, and slags to support and protect the
weld. Shielding is obtained from the decomposition of the electrode covering. Pressure is not
used and filler metal is obtained from the electrode. Shielded metal arc welding electrodes are
available to weld carbon and low alloy steels; stainless steels; cast iron; aluminum, copper,

and nickel, and their alloys. Figure II.1 describes the shielded metal arc welding process [33].

Shielded metal arc welding (SMAW) is the most important general purpose welding
process and is commonly used for welding steels and for hard-surfacing [54].

The advantages of SMAW are: it welds most metals, thick or thin parts, it is common, it
permits the use of a variety of flux covers, it can be used for all welding positions, the
equipment is light and easy to transport in the field, the power supply can be direct current
(dc) or altemating current (ac), it requires no gas or water supply, and it can utilize an

electrode that matches the base metal or a special alloy electrode.
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The short comings of SMAW are: the welding process is slowed down since each stick
(rod) must be replaced as it is consumed, the slag needs to be cleaned after each pass, and it

tends to spatter molten weld metal [17].
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Figure I1.1: Shielded metal arc welding (SMAW) or manuel metal arc welding (MMA)
[54].

I1.4.2 Submerged Arc

Submerged arc welding (SAW) is a continuous arc welding process employing an
electrode in the form of a coil of steel wire. The welding current is introduced to the wire at
a point close to the arc and both the arc and molten pool are covered by powdered flux fed
down a pipe just in front of the arc. The functions of the flux are the same as in the shielded
metal arc welding process. Fluxes are made by fusing the constituents together and crushing
the product, or by sintering or agglomerating mixed powders [54]. Figure I1.2.shows this
process of welding.

Submerged arc welding (SAW) is used extensively in industry to fabricate pressure
vessels, pipelines, marine vessels, and wind turbine towers because it offers several
advantages such as ease of automation, it can be used to weld large pieces (beams, vessels)
because it has a high deposition rate welding speed, high quality welds, excellent surface
finish, its deep penetration makes it well suited for thick plates with minimum welding fumes,
even with imperfect alignment of weld bevels. Pipe mills commonly employ automated SAW

to weld pipe seams.

.
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The normal welding variables of submerged arc welding like current, voltage, travel
speed and bead geometry are characterized by bead width, height, penetration, hardness and
quality [17,55, 56].

The short comings of SAW are: It is mostly a horizontal (fiat) welding technique, the
welder can not see the arc that is immediately covered by the flux, the metal stays molten for

a longer time (owing to the flux cover) which may require backing, and the welding

equipment is large [17].
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Figure I1.2: Illustration of Submerged Arc Welding [57].

I1.4.3 Gas Metal Arc Welding
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Figure I1.3: lllustration of Gas Metal Arc Welding [58].
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Gas Metal Arc Welding (GMAW) is also called Metal Inert Gas welding (MIG) when
shielded by an inert gas such as helium, and Metal Active Gas welding (MAG) when shielded
by a reactive gas such as CO,. This process welding process uses an uncoated continuous
wire. The weld area is shielded from contamination by the gas that is fed through the welding
torch. The mode of metal transfer (spray, globular, short-circuiting, pulsed-arc) is varied by
adjusting the amperage and the shielding gases used depending on the welding position and
the type of joint [53,59].MIG welding can offer many advantages over conventional gas and
arc welding alone. Because a shielding gas is fed around the electric arc, oxidation of the
metals, caused by chemical reaction with air, is avoided, leading to high quality welds. In fact,
the MIG welding process is widely employed in the automotive industries for joining steels.
The use of welded steels has increased with increasing automotive production. However, the
mechanical properties of the weld may not always be adequate, as the welding process
changes the microstructure (HAZ) and internal stress [59].

The short comings of MIG are: it requires large equipment, shorts can lead to lack of
fusion, it requires a gas source (argon, helium, carbon dioxide), when welding outdoors wind

can blow the shielding gas away, and it tends to spatter weld metal [17].

I1.4.4 Flux Core Arc Welding

In Flux Core Arc Welding (FCAW), the electrode is consumable and contains in its
center either a flux that automatically shields the molten pool (self- shielding FCAW), or
minerais or alloys, in which case gas shielding is necessary (gas shielded FCAW), The
shielding gases and slag are provided by the decomposing flux that is contained
within the electrode. Auxiliary shielding is also used in certain instances where deeper
penetration is needed.

The advantages of FCAW are: it can be used to weld many metals, it can be used in all
positions, it has a high deposition rate, and its slag is relatively thin and readily removed.

The shortcomings of FCAW are: the need to chip-off flux at the end of a weld pass, and

welding is accompanied by smoke [54].

I1.4.5 Gas Tungsten Arc Welding

This is an arc welding process in which, in contrast to gas metal arc welding with its
consumable electrode, the electrode is of non consumable tungsten. The arc provides the heat
and flller metal, if needed, is added separately (see Figure. I1.4). Both the arc and weld pool
are shielded with stream of inert gas, often argon but helium or mixtures of the two gases are

also used. Helium gives deeper weld penetration [S4].
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Figure I1.4: Gas tungsten arc welding [33].

On carbon steel, TIG is usually limited to thin wall pipe or tubing, and root and hot pass
(the first two passes) on standard size pipe. The advantages of TIG are: the electrode and
welding rod being separate can be separately controlled leading to good quality welds
(smooth, uniform) in most metals, it does not require weld cleanup, it is spatter free. It is
particularly well suited for standard wall pipe, or for a first pass on thick wall piping and pipe-
line. The short comings of TIG are: it is a relatively slow welding process, the tungsten
electrode, which remains solid during welding, may chip and form an inclusion; the shielding

gas can be affected by wind [17].

I1.5 Basic metallurgy of welding

During welding, the interaction of the heat source and the material leads to rapid
heating, melting and the formation of the weld pool. In the weld pool, the molten metal
undergoes strong recirculation and the flow of liquid metal significantly affects the
temperature fields, thermal cycles and the weld pool geometry. When the heat source moves
away, the weld pool cools and eventually solidifies. As the temperature drops, various solid
state phase transformations take place resulting in the final microstructure of the weldment

[60].

I1.5.1 Temperature and time in welding
Unusual combinations of temperature and time must be dealt within welding. The
temperature changes during welding are wider and more drastic than in any other

metallurgical process for several reasons:

.
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(1) Welding heat sources are hotter than most that are commonly used in industry for heating,
(2) Welding operations are carried out so rapidly that very steep temperature gradients are
established between the weld area and surrounding base metal, and

(3) Both base metal and any fixturing in intimate contact act as highly efficient heat sinks
which promote cooling rates as fast as permitted by the thermal conductivity of the metals
involved. The temperature changes in welding, for the most part, are not a favorable treatment
for steels. There are exceptions, however, and it can be helpful to know when and where the

heat effects of welding can be beneficial [61].

I1.5.2 Heat input

The rapid heat input and high energy density involved in welding causes very different
thermal effects than do conventional heat treatments. Very rapid heating cycles (fractions of
a second to a few seconds), high peak temperatures (in excess of the melting temperature) and
relatively rapid cooling rates to ambient temperature (fractions of a second to many minutes)

are all involved. A typical thermal cycle for an arc welding. Process is shown in Figure I1.6.
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Figure I1.6: Thermal cycles in weld zones [52].

The heat input of a given welding process is most easily defined for electric arc
processes. It is simply arc voltage times arc current divided by welding speed. Since arcs lose
some energy to the surrounding space by radiation, convection and conduction through gas
and slag shielding media, less than 100% efficiency of energy transfer to the weld zone occurs

[52].
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IL1.5.2 Heating Rate

The rate of heating with a given welding process depends on two basic features are the
intensity or temperature level of the heat source, and the efficiency of heat transfer from the
source into the workpieces. Of course, the source must be able to supply a sufficient volume
of energy [61]. The effects of the rapid temperature rise during the initial heating cycle in
welding have not been analyzed extensively, but do have some important implications. The
most important is that any existing segregation of alloy elements or impurities in the base
metal will not be evened out by diffusion, because the time available is too short. This can
lead to a local region in the base metal right next to the fusion line where localized melting
can occur. This is most likely where previous segregation in the base metal exists, for
example at grain boundaries. These regions may contain higher than average concentrations
of alloying elements and/or impurities, which cause a lowering of the melting temperature.
The region is therefore called the Partially Melted Zone (PMZ). This localized, restricted area
of melting may simply solidify again as the temperature falls after welding, or it may open up

under stress to form a small crack, usually known as a liquation crack [52].

I1.5.3 Peak Temperature

The maximum or peak temperature reached in workpieces subjected to a heat source is
determined by the rate of heat input and the rate of heat loss. As long as the rate of heat input
exceeds the rate of heat loss, the temperature will continue to rise. When heat input equals
heat loss, the peak temperature is achieved. As the temperature is raised at this location in a
workpiece, the temperature also rises at all regions in the vicinity following the physical laws
of heat conduction. Therefore, the heat supplied for welding must be sufficient not only to
melt the volume of metal required, but also to match the amount of heat removed by
conduction. This means that a slow rate of heat input requires more heat to melt a required

volume of metal [61].

The high peak temperatures reached in welding (near or above the
melting temperature of the base metal) are far in excess of temperatures in conventional heat

treating processes. There are two major results [52]:

1. Grain sizes in the heat-affected zone (HAZ) are large and are largest next to the fusion
line at the weld metal. This increases hardenability in transformable steels and may
concentrate impurities which are segregated to grain boundaries. This may lead to a

form of hot cracking.
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2. All traces of work hardening and prior heat treatment (e.g. tempering, age hardening)
will be removed in at least part of the HAZ and the size of the region affected will be

larger as the heat inputrises.

I1.5.4 Cooling Rate

Understanding cooling rates in the weld zone and heat affected areas is more important than
understanding heating rates. Cooling is more complex, however, because many more features of a
weldment and welding procedure exert an influence, and because the rate of cooling has a
dominating effect on the final microstructure and properties. Three general features have a
profound influence on the cooling rates at various locations in a weldment: (1) the weld zone, or
nugget, which serves as a heat source during the course of the welding process; (2) the mass of
base metal, along with any intimately contacting metal fixtures that can provide a heat sink; and
(3) the initial temperature of the base metal and fixtures. Although these three features require
individual review, attention also must be given to their interrelationships as factors controlling

cooling rate [61].

The rapid cooling cycles for welding after solidification is complete are caused by the
quenching effect of the relatively cold parent metal, which conducts heat away from the weld
zone. However, the cooling rate must be evaluated, since important weld zone properties such
as strength, toughness and cracking susceptibility are affected. As the cooling rate increases,
i.e. as the temperature falls more rapidly, several important welding effects occur. In
transformable metals, such as ferritic-martensitic steels, the high temperature phase in the

weld metal, and particularly in the HAZ is quenched.

If weld zone properties are not as desired, it is possible, in some cases, to improve them
by altering the cooling rate in the welding procedure. Two main methods are used. The first is
heat input, higher heat input in a given situation slows down the cooling rate. Preheating, by
warming the base material before welding, also slows down the cooling rate, with higher
preheat leading to slower cooling rates. Combining preheat and heat input variations is called
Procedure Control. Further control of cooling rate effects can be included in a welding
procedure by defining a value for interpass welding temperature in multipass welding

(effectively a preheat value for each succeeding pass) [52].
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I1.6 Metallurgical effect of the weld thermal cycle
A number of reactions may take place in the liquid weld metal: first in the liquid drop at

the electrode tip, secondly during transfer from electrode to weld pool, and thirdly in the weld
pool it self. These reactions include:

1 Solution of gas, causing gas-metal reactions or reaction with elements dissolved in the

liquid metal;

2 Evolution of gas;

3 Reaction with slag or flux;

Generally, but not invariably, gases other than the inert gases have an unfavourable effect
on weld metal properties and it is the object of shielding methods to minimize any
metallurgical damage from this cause. Slag-metal reactions occur mainly during the welding

of steel.

I1.6.1 Weld metal solidification

The evolving microstructure in fusion welding is strongly influenced by the current
thermal conditions, and weld metal chemistry. Weld pool conditions give always cellular
growth or, in more highly alloyed steels, cellular-dendritic. Under these conditions, the total
under cooling is not only a function of the structure of the interface, but is also dependent
upon the growth rate and temperature gradient in the liquid before the increment interface

[57].

It is often said that weld metal is a casting. While this may be true, and in fact many
features observed in castings also occur in welds, the time scale for weld metal solidification
is not more than a few seconds compared with minutes or even hours for the solidification of
castings. The rapidity of the heating and cooling during welding results in a smaller grain size
than in most castings and generally the mechanical properties are substantially higher [54].

The molten pool in fusion welding tends to be pear shaped the tail lengthening as the
welding speed is increased. Grains grow from the solid-liquid interface in a columnar
epitaxial manner depending on the direction of maximum heat abstraction. The size of the
grains depends on the grain size of the solid metal at the interface
from which they grow [41, 54, 62].

The type of substructure that appears in weld metal depends on the form of the
solidification front (Figure I1.7).
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(a) (b)

(c)

Figure I1.7: Solidification modes (a) planar; (b) cellular dendritic and (d) columnar
dendritic. The arrows indicate the preferred growth direction (<100 for steel) [63].

The effect of increasing the welding speed is to change the shape of the weld from an

elliptical shape to a narrower tear shape. A tear-shaped weldpool, (Figure. I1.8) [57].

a)

- Location of arc’
Position de Marc

Figure I1.8: Schematic diagrams showing competitive growth with a teardrop shaped

weldpool and an elliptical weldpool, respectively a and b [57].

.
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I1.6.2 Heat affected zone

Welding is very complex process where electrical energy and filler metal are transfered
weldment via electric arc. Coupled electromagnetic, thermal, mechanical and metallurgical
processes in the heat affected zone. Metallurgical processes: melting, solidification and solid
phase transformation,these processes give different sub-zones of the HAZ [64].

Several zones are formed within the HAZ by the combination of heating rate, peak
temperature and cooling rate, depending on the alloy system.The subcritical HAZ occurs
when the peak temperature is below an important temperature for the metal being welded.
This could be, for example, the recrystallization temperature in a work-hardened metal, the
solvus temperature for a precipitation-hardened alloy or the allotropic phase change
temperature for a transformation hardening alloy. Above the critical temperature, the grain
size increases as the temperature increases. Especially in transformation-hardening alloys, two
regions exist in this high temperature zone:

1. Fine Grained Heat Affected Zone (FGHAZ) this region exists when an allotropic
phase change decreases the average grain size in comparison with the grain size in the
subcritical region. This occurs, for example, in the intercritical temperature range in
steels.

2. Coarse Grained Heat Affected Zone (CGHAZ) this region occurs at high
temperatures when all phase changes are completed. Grain size tends to increase up to

the fusion temperature [52, 65].

I1.6.3 Phases Transformations and microstructures of weld metal

The character of the weld metal microstructure depends in the first place on alloy
content.In carbon, carbon-manganese and microalloyed steel; however, the microstructure and
weld metal properties are much affected by details of weld procedure and composition.
Factors that affect the microstructure of this type of weld metal include cooling rate,
composition, the presence of non-metallic nuclei and plastic strain [63].

A series of phase transformations take place in both the fusion zone (FZ) and the heat-
affected zone (HAZ) during welding of low carbon steels. The microstructural history of the
FZ is o-ferrite — y-austenite —4-ferrite® liquid = d-ferrite—> y-austenite — a-ferrite,
while the typical microstructure evolution in the HAZ corresponds to  a—ferrite

— y-austenite _,  o-ferrite. In the HAZ, o —»y transformation during heating is of
importance because the grain size, phase fraction and concentration homogeneity of

transformed 7y phase affects the kinetics of subsequent y grain growth and phase
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transformations during cooling. On the other hand, the weld integrity and performance are
largely affected by the solidification transformation in the FZ. However, the final
microstructure in the weldment is fairly complex because the solid-state y o transformation
can significantly alter the solidification microstructure. Therefore, during welding of low
carbon steels, the a —»y  transformation in the HAZ during heating and the reverse

Y— o transformation in the FZ and HAZ during cooling are very important [41,60].

I1.6.3.1 The as-deposit microstructure

The microstructure in central beads was as expected even more complex which resulted
from different thermal histories and tempering depending on the location within the joints
[41].

The microstructure obtained as the weld cools from the liquid phase to ambient
temperature is called the as-deposited or primary microstructure. Its major components
include allotriomorphic ferrite, Widmanstitten ferrite, and acicular ferrite (Figure 11.9). There
may also be some martensite, retained austenite or degenerate pearlite. These latter phases
occur in very small fractions, and are known by the collective term microphases weld [41, 50,
57, 66]. Bainite, consisting of sheaves of parallel platelets, is not generally found in well-
designed welding alloys. Instead, acicular ferrite is induced to nucleate heterogeneously on
non-metallic inclusions [41, 50, 57].

In practice, the gap between the components to be joined has to be filled by a sequence
of several weld deposits. These multirun welds have a complicated microstructure (Figure II.
11). The deposition of each successive layer heat treats the underlying microstructure. Some
of the regions of original primary microstructure are reheated to temperatures high enough to
cause the reformation of austenite, which during the cooling part of the thermal cycle
transforms into a different microstructure. Other regions may simply be tempered by the
deposition of subsequent runs. The microstructure of the reheated regions is called the
reheated or secondary microstructure [50].

Light micrograph of acicular and widmanstitten ferrite in steel weld deposit is
illustrated in Figures 11.9.a and b. Grain boundary ferrite and degenerate pearlite are shown in
Figure IL.10.

Alternative designations for the microstructural constituents shown in figure II.11.

Austenite and carbides in Figure 11.12.
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INCLUSION

Figure IL.9: (a) Replica transmission electron micrograph of acicular ferrite plates in steel

weld deposit. (b)An illustration of the essential constituents of the primary microstructure of a

steel weld deposit [41].

>
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Figure II.10 : Morphologies of grain boundary ferrite and degenerate pearlite of the steel
without Nb at acooling rate of 1 k/s (a) optical micrograph,(b)SEM images indicating grain-
boundary and degenerate pearlite,(c) magnified degenerate pearlite imaged by TEM [67].

)
i.-!- o
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Figure II.11: Optical microscopy of weld metals associated with carbon-manganese steel in
theas welded condition showing acicular ferrite(AF), proeutectoide ferrite (PF(G)),
polygonal ferrite (PF (1)) and aligned side plates (FS(A4)) [68].

.,
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martensite in form of
angular light-grey grains

iy '*'_":-_.. retained austenite in form

_ 3

Figure IL.12: Lamellar structure in submerged arc weld metal: ferrite with aligned

martensite, austenite and carbide(x1000) [63].

Bhadeshia et al [41] confirmed that there is mechanism for the microstructural transition from
acicular ferrite to bainite. The removal of allotriomorphs leads to the growth of grain
boundary nucleated bainite (Figure. I1.13). Th fed e allotriomorphic ferrite/austenite
boundaries, cannot develop into bainite because the adjacent austenite is enriched in carbon,
to an extent which drastically reduces its bainite start temperature. A transformation free zone
is therefore found ahead of the allotriomorphic ferrite/austenite interfaces.

It is well known that the both the acicular ferrite and bainite were otherwise obtained by

isothermal transformation under identical conditions.

"
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Figure I1.13: Change from a bainitic (a) microstructure to one which is predominantly
acicular ferrite (b), induced by the introduction of a thin layer of allotriomorphic ferrite at the

austenite grain surfaces [41].

11.6.4 Transformation and microstructure in the heat-affected zone

In general, the heat-affected zone may be divided into two regions: the high-
temperature region, in which major structural changes such as grain growth take place, and
the lower-temperature region. In the grain- growth region the final grain size for any given
alloy will depend mainly on the peak temperature to which it is exposed and the time of

heating and cooling [63].

i
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There is a well defined gradient of microstructure in the HAZ, as a function of the
distance from the fusion boundary (Figure 11.14).
1-Those regions immediately adjacent to the fusion boundary are heated to very high
temperatures and hence transform completely to austenite. During continuous heating,
austenite begins to form at a temperature Ac; ~ 800° C, and the samples become fully
austenitic at Acz ~ 950° C. These temperatures are different from the corresponding
equilibrium temperatures Aci and Acs because they increase with the heating rate. The peak
temperatures in the HAZ close to the fusion boundary are well in excess of the Acs
temperature of weldable steels. Consequently, the austenite that forms is annealed during
heating beyond Acs, giving rise to a very coarse grain structure. This forms the coarse-grained

austenite zone [50].

I-Austenite grain growth in the weld HAZ is an important factor to determine the
microstructure and mechanical properties of the weld because grain size in the weld metal is
controlled by that in the HAZ and austenite grain size influences the kinetics of phase

transformation during the cooling cycle [42].

2-The austenite grain size decreases sharply with distance from the fusion boundary. It is
necessary to distinguish this as the fine-grained zone because its mechanical properties tend to

be superior to those of the coarse zone.

3-As the peak temperature decreases, regions of the HAZ further away from the fusion
boundary become only partially austenitic during the heating part of the thermal cycle. The
austenite that forms has a rather high carbon concentration, due to the increase in the
solubility of carbon in y with decreasing temperature. The part that does not transform into

austenite becomes tempered.

4-When the peak temperature becomes less than the Aci temperature, the only effect of the
heat input is to temper the microstructure, the extent of tempering decreasing with distance

from the fusion boundary [50].
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Figure I1.14: Schematic illustration of the microstructural variation to be expected in the
HAZ of steel welds [50].

I1.7 Mechanical properties and residual stress of the welded joint
I1.7.1 Mechanical properties of weld metal

The mechanical properties of weld metals such as strength, ductility, toughness, and
corrosion resistance are strongly dependent on the microstructure developed during
solidification and cooling of the weld pool, and also depend on the weld chemical
composition and cooling rate. The chemical composition is determined by base metal and
electrode wire composition, dilution, and any pyrometallurgical chemical reactions in the
weld arc. The weld metal composition is “matched” to give tensile strength similar to the base
metal; however, alloying additions in the majority of weld metals are usually kept to a
minimum to avoid the formation of brittle phases and defects, such as cold cracks inside the
weld. This is related to the hardenability of the weld metal [60, 69].

The hardness of weld metal correlates with ultimate strength in the same way as for
wrought steel, and hardness testing is used as a method of controlling weld metal strength

[63].

Tensile strength is usually the first property that receives attention in considering the
kind of weld metal needed. For the majority of weldments, the designer’s goal is to just have

the weld metal match the base metal in strength. It would appear to be desirable to have the
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weld metal in a butt joint equal in strength to the base metal. There are instances, however,
where a somewhat lower strength can be tolerated in the weld metal. This is often true of fillet
welds where a relatively large cross section of weld metal easily can be deposited to
compensate for lower strength, and where the greater toughness and ductility that normally go
with lower strength could be an attribute. Fillet welded joints often contain points of stress
concentration, and greater demands sometimes are made of the weld metal to exhibit
toughness and ductility [15].

The notch ductility of weld metal, as measured for example by impact testing, depends
mainly, for any given composition, on microstructure, grain size and inclusion content. Notch
ductility is reduced, other things being equal, by the presence of proeutectoid ferrite in the
structure, and particularly when it is coarse and block-like in form. Ideally, the weld metal
should consist entirely of fine acicular ferrite. The notch ductility is also reduced as the
amount of martensite in the structure increases [63].

The impact toughness represents the ability of a material to absorb energy under impact
loading in the presence of a notch [17]. The impact toughness of most structural steels can be
described in terms of the transition from ductile to brittle behaviour as the test temperature
decreases. The most widely used characterisation method for the ductile to brittle transition
behaviour is the Charpy V-notch impact test.

The impact toughness of the weld is a complex phenomenon, which is affected by
many microstructural parameters. Generally speaking, a uniform and fine microstructure
across the weld with the least quantity of inclusions on the junction leads to satisfactory
toughness. Particular features in steels, including grain size, various constituents of steel,
inclusions, and crystallographic texture all have influence on the ductile to brittle transition
temperature (DBTT). These features exist in the weld junction and affect its toughness [70].

A good combination of strength and toughness of low carbon steel welds is achieved by
so called acicular ferrite microstructure, consisting of small interweaving ferrite plates formed
within austenite grains [71]. The ferrite grain size is largely determined by the size of the
prior austenite grains, is a function of the weld thermal cycle.

Weld metal usually contains a relatively high density of dislocations, which also
contributes to increased yield strength in carbon and carbon-manganese steels the width of the
acicular ferrite grains may be a good measure of grain size, but the properties of the weld

metal may also be influenced by the size and morphology of the proeutectoid ferrite.
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The effect of increasing carbon and alloy content of weld metal is, in general, to increase
strength and hardness. Carbon in particular has a strong effect on these properties. However,
for the best combination of fracture toughness and cracking resistance, it is desirable to keep
the carbon content within the range 0.05-0.12%. For alloy steel in particular, maintaining
about 0.06% C in the deposit helps to avoid excessive hardness values. Carbon and low alloy
steels may suffer some degree of embrittlement. When samples are cooled in still air, as is
usually the case in laboratory testing, the effect of such treatment is to reduce the level of
residual stress, to temper any hard transformation products that may be present, and in most
cases to improve the fracture toughness. The yield and ultimate strengths of carbon and
carbon-manganese steel weld deposits are not reduced to any significant extent provided that

the temperature does not exceed 650 °C [63].

I1.7.2 The mechanical properties of the heat-affected zone

The mechanical properties of the heat affected region are different as compared with
those of the unaffected weld metal or parent plate. The yield and ultimate strength of the heat
affected zone in steel are almost always higher than those of the parent material and the

properties of main interest are fracture toughness and hardness [63].

I1.7.2.1 The hardness of the heat-affected zone
The heat affected zone (HAZ), has a great influence on the properties of welded joints
since it can alter the microstructure and residual stresses [3].

The hardness of the heat-affected zone is a measure of the tensile strength of the steel and,
for any given alloy type, gives an indication of the degree of embrittlement. Hardness depends
on the hardenability of the steel, on the cooling rate [69]. It is evident that hardness depends
strongly on carbon content. There is virtually no influence of the prior austenite condition on
the hardness [63, 72].

Hardenability may be described as the property of steel which determines the depth and
distribution of the hardened structure produced during quenching from the austenitizing
temperature. It is important to note that hardenability is a material property, dependent on the
chemical composition and grain size and grain size but independent of the quen chant or

quenching system [54].
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The hardenability of steel may be generally correlated with the carbon equivalent (CE).

In a carbon equivalent formula (Equll.1), the hardening effect of each alloying element is

compared with that of carbon, and the relevant alloy content in mass% is divided by a factor
that gives the carbon equivalent of that element.

CE= C +Mn/6 + (Cu+Ni)/15 + (Cr+Mo+V)/5..ccccviiuininennnn (Equll.1)

This formula is applicable to plain carbon and carbon-manganese steels, but not to

microalloyed high strength low alloy steels or low alloys Cr-Mo types. Carbon equivalents

may be used to calculate the hardness of the heat affected zone using a hardness equivalent,

which takes account of the cooling rate, and also a weldability equivalent, which determines

the maximum permissible cooling rate for the avoidance of hydrogen-induced weld cracking.

A maximum carbon equivalent is often specified for structural steel to minimize the risk of

excessive hardenability and/or hydrogen cracking [63].

The heat input has an inverse effect on the hardness of welded metal and it’s HAZ. One
of the factors contributing to lower hardness in the HAZ zone is that of high heat input and

hence retention of heat in this region.

Generally, grain nucleation and growth of austenite; can lead to reduced dislocations and
work hardening compared to its elementary condition. Annealing of the HAZ, can have
pronounced effect on phase content and morphology. The net effect is reduced dislocations

and hardness.

High hardness in the welded zone may be attributed to fine grain size, needle shaped
ferrite or the existence of widmanstatten inside ferrite grains. Hardness and grain size are

inversely proportional as given by following equation:
H=Ho+ K/d"...ccereviveiinirireennnnen. (Equll.2)

Where H is hardness, K is proportionality constant and d is grain size. Thus the lower
hardness in the HAZ may be related to grain growth and the existence of ferrite phase in this

region, which has been reported by previous authors [3].
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I1.7.2.2 The fracture toughness of the heat-affected zone

The balance of high strength and good toughness in steels can be upset by the thermal
cycles experienced during welding .producing poor toughness in the heat affeted zone
(HAZ).Historicly ,the lowest toughness haz been found in the grain coarsened heat affeted
zone (CGHAZ), witch is the part of the HAZ immediatly adjacent to the weld fusion line
During welding ,the CGHAZ experiences peak temperatures up to the melting point,followed
by rapid cooling.the high temperatures can lead to significant austenite grain coarsening and
the combination of coarse austenite grain size and rapide cooling promotes brittle

microstructure containing high proportions of ferrite side plates and bainite.

In some cases ail the regions of the heat-affected zone (coarse grain, grain refined,
intercritical and subcritical) are embrittled to some degree compared with the parent material.
However, if the fracture toughness of the parent material is relatively low, the heat-affected
zone may have better properties, particularly in the grain refined region. The factors affecting
heat-affected zone toughness are the nature of the weld thermal cycle, grain-coarsening
temperature, transformation characteristics, alloy content and non-metallic content. As would
be expected, low heat input rate processes which give relatively high cooling rates generate a

finer-grained heat-affected zone and less embrittlement in low-carbon steel. [63].

The effects of welding parameters on the properties demonstrate that high heat input
and low cooling rates widen the HAZ and increase the grain size. The cooling rate is of prime
importance. Low cooling rate entails an increase in the size of austenite grains. It is expected
that at low welding speeds the grain boundary energy increases leading to grain growth
Excess grain growth can lead to reduced strength and increase crack initiation and growth.
Furthermore, it can adversely affect the fracture toughness, which may arise due to heating

and cooling cycles [3].

I1.7.3 The residual stress in weld joint

During the joining process, as the materials are cooled from the bonding temperature to
room temperature, significant residual stresses may develop. Residual stress and distortion
result after welding and cause mismatching and cracking. In many cases, residual stress don’t
cause cracking directly but promote fracturing through fatigue, hydrogen cracking, and stress
corrosion. A through understanding of the magnitude and distribution of the residual stress
can be used to increase the reliability of the structure. Therefore, measurment of the residual

stress resulting from various welding parameters is inportant [73-75].
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I1.7.3.1 Definition

Residual stresses can be defined as those stresses existing within a body in the absence
of external loading or thermal gradients. In other words residual stresses in a structural
material or component are those stresses which exsist in the object without the application of
any service or other external loads [76, 77].

It can arise in a two-phase material (e.g, in a composite) due to different plastic flow of
grains or due to different thermal expansion coefficients of both phases. A polycrystalline
material consists of grains having different lattice orientations. Macroscopic material
properties depend on single grain properties, their lattice orientations and interactions between
neighboring grains.

According to bhadeshia et al [78] Residual stresses are a consequence of interactions
among time, temperature, deformation, and microstructure (Figure. I1.15). Material or
material related characteristics that influence the development of residual stress include
thermal conductivity, heat capacity, thermal expansivity, elastic modulus and Poisson’s ratio,
plasticity, thermodynamics and kinetics of transformations, mechanisms of transformations,

and transformation plasticity.
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Figure I1.15: The coupling of temperature, stress, and microstructure [78].
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I1.7.3.2 Role of residual stresses

Residual stresses have the same role in a structure’s strength as common mechanical
stresses. Residual stresses can play a significant role in explaining or preventing failure of a
component at times.ther are two kinds of residual stress:

-Tensile residual stresses may reduce the performance or cause failure of manufactured
products.

-Compressive residual stresses are beneficial. It must be kept in mind that the internal
stresses are balanced in a component.

Tensile residual stresses are counter balanced by compressive residual stresses. Residual
stresses are three-dimensional.

There are three orders of residual stress: Type-I (c]), Type-1I(cIl) and Type-III (cIII)
[76,79]

e Macro Residual Stresses (Type-I; o]):

These stresses vary within the body of the component over a range much larger than the
grain size. They are homogeneous in very large numbers crystalline fields of the material
(several grains). The internal forces related to these stress are in equilibrium in each section
and the moments are related to these forces are null around all the axis.

e Micro Residual stress

Results from differences within the microstructure of a material. Can change sign and/or

magnitude over distances comparable to grain size of the material under analysis

They are of two types, namely Type II or IIT
s Typell (oIl) :

These stress are homogeneous in the small crystalline fields of the material (a grain or a
phase), the internal forces which are related to these stress are in equiliberium in a rather

great number of grains.

- This type can vary on the scale on an individual grain, may be expected to exist in single
phase materials because of anisotropy in the behavior of each grain and may also develop in

multi-phase materials as a result of the different properties of the different phases.
s Type III (cIII)

- Exists within a grain, essentially as a result of the presence of dislocations and other

crystalline defects.
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These stess are homogeneous in more small crystalline fields of the material (some
interatomic distances). The internal forces related to these stress are in equiliberium in very
small fields.In general it is very difficult to separate the stress of the second and third orders,
and the micro stress term can be defined by the sum of the last two orders.

In the case of real materials, the state of the residual stresses results from the
superposition of three orders of stress.The residual stresses can be introduced voluntarily in a
component to improve its performances, or involuntarily like result of manufactoring
processes.

According to. S.Wronski et al [7] the stress field is divided into three types in function
of scale: first order stresses, second order stresses and third order stresses. The first order
stresses are defined as the average stresses over a large volume of the sample. The second
order stress is the difference between the grain stresses and the first order stresses.

The last type is the third order stress; this stress field is a result of the heterogeneity
within a single grain.

As it was mentioned, we divide the stresses into three types in function of scale (Figurell.16)

gH<— @%ﬁ ':'>0M

b)

Figure. I1. 16: Definition of different types of stresses at various spatial scales of a
polycrystalline material. a) First order stresses, b) second order stresses, c) third order

stresses [7].
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I1.7.3.3 The Origin of Stresses

Residual stresses can arise in materials in almost every step of processing. The origins
of residual stresses in a component may be classified as: mechanical, thermal, and chemical.
Mechanically generated residual stresses are often a result of manufacturing processes that
produce non-uniform plastic deformation; these processes produce also high thermal gradients
in a solid. They may develop naturally during processing or treatment, or may be introduced
deliberately to develop a particular stress profile in a component. The residual stress are
primarily of mechanical origin (machining, shot-blasting, cold rolling etc,), thermics
(hardening, treatment the laser), thermomechanics (hot rolling, forging, welding etc),
thermochemical (cementing, nitriding, carbonitriding etc.) and chemical (deposits in aqueous
solution) [7, 78- 82].

Residual stresses arise as a result of welding operations because they involve the
deposition of molten filler metal and the localised input of intense heat. when the highly
localized transient heat created by a moving heat source and strongly nonlinear temperature
fields in both heating and cooling processes cause nonuniform thermal expansion and
contraction, high tensile residual stress are generated near the weld metal, when compresssive
residual stress are formed in the parent metal In the case of steels, the problem can be
complicated by the fact that various solid-state phase transformations can occur during
cooling of the material. Indeed, the significantly different displacements associated with these
phase changes can have dramatically different consequences for the development of residual
stress in the system as a whole [83]. The nature and magnitude of residual stresses have
significant effect on the integrity and life span of welded structures and could be beneficial or
detrimental. The magnitude and distribution of residual stresses are greatly influenced by the
welding procedure and parameters and joint geometry [84], the maximum stress values canbe
related with the properties like chemical composition and heat treatments of the materials. It is
well known that the high tensile residual stresses are to promote fracture and fatigue, while

compressive residual stresses may induce undesired [75, 76,79, 84, 86].

Stress relieving (SR) of welded joints at temperature below A; is very often required
directly by classification societies or by production standars, the principle guiding of relieving
is to transform of elastic deformation to plastic deformations. The most practical Procedure
based on the metal resistance capacity, which is drop when the temperature rises;the elastic

limit decreases [34,86].
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The decrease of internal levels can be obtained by several mechanisms: 1. If at
annealing temperature the yield stress of the steel and weld metal are lower than the values of
residual stress, then they are balanced by local plastic deformation. 2. Relaxation of stresses
can take place also by the creep mechanism. 3. Finely the decrease of the residual stresses
level can occur also by the mechanism of recovery and recrystallization, mainly in the case of
low- carbon steel and weld metals. 4. Internal stresses of higher order may relax as result od

decomposition of ovresatured solutions [34].

Annealing temperature and annealing time play an important roles in all mechanism.
Changes of hardness of the underbead zone and decrease of residual first order stresses in this
zone in welding of low alloy steel are showed in Figure I1.18. We can conclue that not only

temperature but also annealing time affect the values of residual stresses [34,76].
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Figure I1.18: Residual stress distribution in case of welding without phase change [34,76].
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CHAPTERIII EXPERIMENTAL PROCEDURES

III.1Introduction

The aim of this work is to study the effects of welding on micro-alloyed steel pipe line
with a low carbon content used by COSIDER company (Biskra). The different
characterization techniques are used like: Optical microscope and scanning electron
microscope to discover the different microstructures, X-rays diffraction to study the phases,
the, size and grain orientations, the density of dislocations and many things. The mechanical
behavior are also studied by specific X-rays diffraction for the measurements of the residual

stress, the last apparatus is the microhardness tester for the hardness measurements.

The pipe is normal API 5L pipes made from grade X70 strips used by COSIDER
company of Biskra. X70 pipeline steel with single-V preparation joint was welded by arc

welding (Fig.III.1). The chemical composition of this pipeline steel is given in table III.1:

Figure.Ill. 1: X70 pipeline steel after industrial arc welding.

Table IIL.1: Chemical composition of pipeline steel (wt %).

C Si Mn P S Cr INi Cu Al N Mo

0.064 10.2047 |1.573 |0.0154 (0.0015 |0.0553 {0.1922 |0.0291 (0.0319 [0.007 |0.1353
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The microstructure of this base metal is presented in figure III.2. This material is

composed of ferrite (85%) with bands of pearlite (15%).

Figure. I11.2: Microstructure of X70 pipeline steel.

The welds were deposited using steel electrodes by the shielded metal arc welding

process. The chemical composition of the weld metal is presented in table II1.2.

Table III.2: Chemical composition of electrode 1 (wt %).

C Si Mn P S Cr IN1 Cu \Y Mo

0.05 10.32 0.87  10.013 0.006 |0.03 0.71 0.039  |0.01 0.01
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II1.2 Samples preparation

Figure. I11.3 : Steps of the weld joint preparation.
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Sample was carried out on the pipe just after welding. All the samples were cut normal

to the welding direction. (30*20 c¢cm) (Fig. I11.4).This figure presents the weld seam.

Figure II1.4: Sample (30x20 cm) of the welded pipe line.

Second step: the first sample was cut into several pieces (2.5cm) long with an electric

saw, pouring water to avoid overheating and structural change in the sample ( Figure. IIL.5).

Figure II1.5: Different samples of X70 steel after welding.
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I11.3 Heat treatments
We note that some heat treatments have been applied. The samples were isothermal

annealed at 200,400 and 600°C for 10 mn, 30 mn and 1 h and followed by air cooling.

I11.4 Microstructural observations
I1I.4.1 Metallography

Most of the microstructural observations were carried out on the ND-TD surfaces of the
pipe segments unless otherwise stated. The surfaces were ground starting with 240-grit silicon
carbide grinding paper and finishing with 4000-grit, and then polished with diamond paste of
9 um ,6 um and 0,4 pm grade. Some as-polished samples for optical microscopy, scanning
electron microscopy and X-ray diffractometry were then etched with 4 % nital (4ml nitric acid
with 96ml methanol). The optical microscope used is a Hand Wetzlar T100 optical
microscope, each fitted with a digital camera (Figure I11.6).

Figure I11.6 : Optical microscope HUND T100-WETZLAR.
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II1.4.2 Scanning electron microscopy
Besides ordinary imaging by scanning electron microscopy, energy dispersive X-ray
(EDX) analysis is also used.
Figure III.7 presents the analysis by EDAX of this steel which indicates the high
quantity of Mn.

Feki

0 ' ' § ' ' 10

Figure IIL.7 : Spectrum of EDAX analysis of X70 pipeline steel.

1.5 X-ray diffraction

X-ray diffraction is a tool for the investigation of the structure of matter. This technique
had its beginnings in von Laue's discovery in 1912 that crystals diffract X-rays, X-rays are
electromagnetic radiation of wave length about 1 A, which is about the same size as an atom,
the manner of the diffraction revealing the structure of the crystal. At first, X-ray diffraction
was used only for the determination of crystal structure. Later on, however, other uses were
developed, and today the method is applied, not only to structure determination, but to such
diverse problems as chemical analysis and stress measurement, to the study of phase
equilibria and the measurement of particle size, to the determination of the orientation of one
crystal or the ensemble of orientations in a polycrystalline aggregate. Using X-ray diffraction

it is also possible to determine the size and shape of the unit cell for any compound [13, 87].
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The unit cell is a very useful concept and we use it not only to characterize the
symmetry of a crystal, but also to specify crystallographic directions and even interatomic
distances. To describe directions and distances, we imagine planes, with various orientations.
Since the imaginary planes, characterized by Miller indices, are defined in terms of the
lengths of the unit cell edges, then the perpendicular distances between the planes in any
family are characteristic of the unit cell size and hence, the crystal structure.

The distances (dni) between these planes are on the same order as the distances between
atoms.This distances can be mesured by the Bragg’s Law. It should also be noted that Miller
indices defining a plane are usually written in parenthesis, as (h k 1), while crystallographic
directions which are the normal to any plane, are written in square brackets as [h k 1] [87, 88].
The Bragg law may be written in the form:

The diffraction angle 20 determined from the measured position of the diffraction peak, was

used to derive the lattice spacing d, using Bragg's Law:

A=2dSIN0....cieiiiiiiiiiiiiiiiiirrerees e, (Equ IIL.1)

Where 0 is the Bragg’s angle, A is the wave length of the used radiation and d is the dna or
distances between planes.

For mesured the crystallite size we use the scherrer formula :

Dmean = A. Aeu () / FWHM.COSBBragg ....................... (qul III.Z)

Where 0,8< A <1,2 a corrector factor , it depends with the form of the diffracted coherent
domains. FWHM is the full widh at half maximum.

Figure II1.8 illustrates a Bruker D8 advance X-ray diffraction goniometer with Cu Ka
=1.5406 A radiation was used for continuous scanning with scan step time of 12.5 s at a step
size of 20 = 0.02 ° on the weld junction. In our study, each zone has been investigated; the

base metal adjacent to the weld junction was removed .
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Figure II1.8: Diffractometre BRUKER D8 ADVANCE AXS (XRD).

III.5 Mechanical tests
I11.5.1 Microhardness

Hardness testing is a quick method of characterizing the overall effect of tempering and
provides valuable information of overall changes. The tests were carried out using a Vickers
hardness testing machine, using a 2 kg load. The test was developed in 1924 by Smith and
Sandland at Vickers Ltd as an alternative to the Brinell method. The Vickers micro-hardness
test is convenient since the measurement is independent of the size of the indenter, which can
be used for all materials irrespective of hardness [13]. Microhardness measurements were
carried out across the welds on the as-etched ND-TD surfaces of the as-welded samples and
after post-welding heat treatment, using a Mitutoyo microhardness tester with a load of 200 gf

and dwell time of 15 s.
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This apparatus is equiped by binoculars (15x) and objectives (10x, 40x) for the
positioning of the fingerprint and placement the lines for mesuring the diagonals (D and D).
The hardnesss values are mesured automaticaly with the formula as following by this

apparatus.
L e L N (Equ IIL.3)

Where F is the applied charge by Kg load, S is the area of the fingerprint,obtained by the
mesuring of the diagonal(D).

S=D2 .00822%  euinieieinrirnenieneenres cenranrnnennaes (Equ I11.4)
HV=1,8544F /D2....ccceuieeienerenrnreereencenseernsensnn (Equ I11.5)
Where D= (D1+D2)/2, D1 and D2 are the two diagonals.

The table II1.3 resumes the available charges.

Tablelll.3 : The available charges values

0,01 10 gf 0,098 N
0,025 25gf 0,245 N
0,05 50 gf 0,490 N
0,1 100 gf 0,980 N
0,2 200 gf 1,960 N
0,3 300 gf 2,940 N
0,5 500 gf 4,900 N
1 1000 gf 9,800 N
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Figure I11.9: Digital Micro Vickers Hardness Tester(HVS-1000Z)

II1.5.2 Residual stress tests

A wide variety of residual stress measurement techniques exist [90-96]. Some are
destructive, while others can be used without significantly altering the component; some have
excellent spatial resolution, whereas others are restricted to near surface stresses or to specific
classes of material [80]. X-ray diffraction is a state of the art measurement method of residual
stresses and its use is already well established in the research field but also industrially. XRD
is the most widely used non destructive method. Non-destructive micromagnetic methods for
the measurement of residual stress have been developed these last three decades. The
principal is that when a metal is under stress, the resultant elastic strain cause the spacings of
atomic planes in the metallic crystal structure to be changed. XRD can mesure the interplanar

atomic spacing, and from this quantity the stress can be evaluated [73, 97].
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When internal stresses are exist in a material a systematic change of the lattice
parameter in each grain is observed. The interplanar spacing is described by Bragg’s law

The increase of interplanar spacing d{hkl} causes a decrease of 0 angle. In typical cases
the shift of a peak is: 0,001° - 0,1°. It seems to be a small value. The presence of internal
stresses causes not only a shift of a diffraction peak (A (20) = 20 - 20° ) but also a change of
its intensity and width (this latter is expressed as FWHM( full width at half maximum).

Figure II1.10 shows the diffraction of free and deformed lattice [6].

RN

—_f = ——_-——_ =

<d0 {hkl}

\

Figure. I11.10 : Diffraction on a stress free lattice (a) and on a deformed lattice (b). A range
of interplanar spacings in different diffracting crystallites is shown by dashed lines, while the

continuous line is used to mark the average distance between reflecting planes [7].
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X-ray stress measurements were carried out by SET-X equipment (Figure II1.11). A
general view of this apparatus is shown on figure II1.12 .Cr-Ka radiation and (211) reflections
were used to study residual stress distribution in weld region. Stress measurements were made
in the longitudinal and transversal directions (parallel and perpendicular to the weld joint,

respectively). In order to remove residual stresses introduced by machining, an electo-

polishing technique has been applied.

Figure IIl.11: General view of the X-ray apparatus.
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IV.1 Introduction

During welding, the interaction of the heat source and the material leads to rapid
heating, melting and the formation of the weld pool. In the weld pool, the molten metal
undergoes strong recirculation and the flow of liquid metal significantly affects the
temperature fields, thermal cycles and the weld pool geometry. When the highly localized
transient heat created by a moving heat source and strongly non linear temperature fields in
both heating and cooling processes cause nonuniform thermal expansion and contraction.
The temperature changes in welding, for the most part, are not a favorable treatment for
steels, This change can give different zones in the weld joint which are the base metal(BM),
the heat affected zone(HAZ) and the fusion zone(FZ). These zones have different
microstructural and mechanical characteristics. The aim of this work is to improve these
characteristics, for this raison we have done some heat treatments. Our results are shown in

this chapter.

IV.2 Structural characterization by the optical microscope (OM) and the

scanning electron microscope (SEM)

The microstructure was observed using light optical microscopy after Nital etching.
SEM observations were also carried out to obtain images at higher magnifications. Figure
IV.1 shows The SEM micrograph of the obtained zones in welded joint, which are the base
metal(BM),the heat affected zone(HAZ) and the fusion zone(FZ) with some inclusions.

FigurelV.1: SEM micrograph of the welded joint.
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IV.2.1 The effect of heat treatment temperature(time =10 min , 30 min and 1 h)
IV.2.1.1 The micrograph of the base metal

The microstructure of the base metal consists of ferrite phase (white by Optical
Microscope(OM) and dark by the Scanning Electron Microscope(SEM) ) with rare pearlite
colonies(contrariwise the ferrite phase, the pearlite is dark by OM and white by SEM)
observed at some grain boundaries , Some elongated ferrite entities that are relatively dark in
SEM images were found all over the observed region (Figures 1V.2.a,b). The base matrix
consists of ferritic grains because our steel contains a low amount of carbon. The obtained
microstructures after heat treatments at different temperatures (200°C, 400°C and 600°C) for
10 min, 30 min and 1 h, are illustrated in the Figures IV.3-5. Similar result is obtained by
Chung et al [98] with a low carbon steel (X65) and they confirmed that the microstructure of
the base metal consisted of predominantly polygonal ferrite (white) and pearlite (black).

After heat treatment for 10 min the grains are much finer (FG) than those of the untreated
sample (Figure IV.3). Concerning this Short heat treatment we can deduce that there is
considerable change in the grain size and shape (Figure IV.3.e and f).

The grains became smaller than the untreated sample at 200°C for 30 min
(FiguresIV.4.a,b),whereas we obtained coarse ferrite grains (CG) at 400°C and 600°C after
the same heat treatment time (FiguresIV.4.e,f), it is clear that this heat treatment induces a
hight mobility of grain boundaries and new nucleation of small grains. We found a slight
growth in of the grain size after the heat treatment for lh, excepting for the temperature

400°C (FiguresIV.5.c,d) thereis a reduction in the grain size .

Figure IV.2: Optical and SEM micrographs of the untreated base metal.
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Elongated ferrite grains

Figure IV.3: Optical and SEM micrographs of the heat treated base metal for 10 min: (a,b)
At 200°C,(c,d) At 400°C and (ef) At 600°C.
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Figure IV.4: Optical and SEM micrographs of the heat treated base metal for 30 min: (a,b)
At 200°C, (c,d) At 400°C and (e,f) At 600°C.
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Figure IV.5: Optical and SEM micrographs of the heat treated base metal for 1h : (a,b)At
200°C, (c,d) At 400°C and (e.f) At 600°C.
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1V.2.1.2 The micrograph of the heat affected zone (HAZ)

The HAZ has a composition which is essentially the same as the base metal and is
identifiable region because of the structural changes induced by the weld thermal cycle,for
example the reheat of this region has effect of refining the microstructure [99,100] . The HAZ
is important because of its potential to develop structures which adversely affect the
properties of the joint [99]. The microstructure of HAZ is determined by the welding
condition, prior thermal and mechanichal history and more importantly the chemical
composition of the material [3, 99].

The HAZ can be divided into number of sub-regions. Each sub-region has its own distinct
microstructure, a unique thermal cycle associated with it, and therefore possesses its own

mechanical properties [99,101].

Jan.Bog.Jua et al [65] confirmed that HAZ region experiences three or four welding
thermal cycles during multi-pass welding process. Among the cycles, the first and second
cycles may seriously change the microstructure of the region, whereas the effects of third
and fourth cycles on the microstructure are very limited due to their low peak temperature.
The HAZ microstructures exposed to the first thermal cycle are typically categorized into
four groups based on the peak temperature (TP1 ) : Coarse-grained HAZ(CGHAZ:(TP1
>1100°C)), fine-grained HAZ (FGHAZ: 1100°C > TP1 > AC3 ), inter-critical HAZ
(ICHAZ: AC3 > TP1 > AC1 ), and subcritical HAZ(SCHAZ: AC1 > TP1 > 450 °C).

Grain coarsening in the HAZ can be explained by the operating thermal cycle and
diffusion. It can be contributed to grain coarsening is grain boundary mobility and fusion.
Grain boundary movement depends on diffusion and atomic migration on both sides of grain
boundary. Diffusion itself is a function of retention time at high temperature and leads to the
migration of atoms and displacement of grain boundaries [3]. And formation of fine ferrite
grains in dynamic transformation can be attributed to the high nucleation rate of ferrite and
the other is the random distribution of ferrite grain orientations, as also suggested by other

workers in the case of low carbon steels[102].

The microstructure of the junction zone between the fusion zone (FZ) and the heat
affected zone (HAZ) is showed in the figure IV.6, it presents a large coarse grained heat
affected zone (CGHAZ), which is near of the fusion zone. It consists of equiaxed ferrite
grains and the pearlite is distributed unevenly in small quantities among the ferrite grains.
However the fusion zone shows a microstructure rich by the pearlite phase than the CGHAZ,

it contains predominantly fine-grained ferrite (FG)with some elongated ferrite entities.
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Figure IV.6: SEM micrograph of the junction zone between heat affected zone (HAZ) and

fusion zone of the untreated sample.

The figure IV.7 presents the junction zone between the fusion zone and the heat affected
zone, it shows two different regions, one from them is rich in pearlite phase, which is the
fusion zone, however the second region is poor in that phase, this region is the heat affected
zone . The heat treatment at 200°C for 10 min caused the decrease in the grain size in all HAZ
and FZ microstructures; we can observe also that these later became more homogenous.
Concerning this short heat treatment we can deduce that there is considerable change in the

grain size.
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FigurelV.7: SEM micrograph of the junction zone between heat affected zone (HAZ) and

fusion zone after heat treatment at 200°C for 10 min.
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The junction zone between the fusion zone and the heat affected zone after heat
treatment at 400°C  for 10 min is presented in the figure IV.8. In general, it contains two
different regions which are the fusion zone and the heat affected zone. The fusion zone
consists of equi-axed ferrite grains and pearlite, the fusion region became more homogenous
after this short heat treatment, however the HAZ presents a microstructure of fine and coarse

ferrite grains with few amount of pearlite (P), it can be explained by the dual sized of the

HAZ [103].

FigurelV.8: SEM micrograph of the junction zone between heat affected zone(HAZ) and

fusion zone after heat treatment at 400°C for 10 min.

The figure IV.9 illustrates two different zones, the fusion zone with fine ferrite grains
with lot of pearlite colonies. The second zone is the heat affected zone, it contains coarse
with fine ferrite grains. We can said that after the heat treatment at 600°C for 10 min,

fusion zone became more homogenous.
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FigurelV.9: SEM micrograph of the junction zone between heat affected zone(HAZ) and

fusion zone after heat treatment at at 600°C for 10 min.

The figures IV.10,IV.11 and IV.12 present the microstructures of the junction zone
between the fusion zone and the heat affected zone after different heat treatments :
200°C,400°C and 600°C respectively for 30 min. After the first one the grains in all zones
became much smaller and the microstructures of the FZ and HAZ were more homogenous.
Concerning this heat treatment there is considerable change in the grain size; we can deduce
that there is a recristallization of the microstructure.

The micrograph after the second heat treatment shows distinct and heterogeneous
sub-zones in the heat affected zone, large CGHAZ is composed by equi-axed ferrite grains ,
narrow FGHAZ, which consists of fine ferrite grains and  third sub zone of the HAZ is the
ICHAZ ,which contains fine , coarse ferrite grains and some elongated entities. M.eroglu et
al [104] confirmed that the intercritical HAZ (ICHAZ) is generally discontinuous. We can

conclude that this heat treatment does not affect really the initial grains size.

The third one causes a remarquable diminution in the grains size in the FZ and in the

HAZ. The difference between the two regions is the pearlite phase fraction. This heat
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treatment affected really the initial microstructures and caused the homogeneity between the

HAZ and the FZ.

Figure IV.10: SEM micrograph of the junction zone between heat affected zone (HAZ) and

fusion zone after heat treatment at 200°C for 30 min.
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Figure IV.11: SEM micrograph of junction zone between the sub-zones of the heat affected
zone (HAZ) after heat treatment at 400°C for 30 min.
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Figure IV.12: SEM micrograph of the junction zone between heat affected zone (HAZ) and

fusion zone after heat treatment at 600°C for 30 min.
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The microstructures of the junction zone between the fusion zone and the heat affected

zone after heat treatments at 200°C, 400°C and 600°C for 1 h are illustrated in the figures
IV.13,1V.14 And IV.15 respectively.
The figure IV.13 presents a microstructure of fine ferrite grains and pearlite in the

fusion zone and a microstructure of the equi-axed ferrite grains with few amount of pearlite in

all sub-zones of the heat affected zone. We observed also that microstructures of the HAZ

became more homogenous with convergent grains size.

Figure IV.13: SEM micrograph of the junction zone between heat affected zone (HAZ) and
fusion zone after heat treatment at 200°C for 1h.
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The figure IV.14 shows a microstructure of equi-axed ferrite grains and little amount of
pearlite in the CGHAZ, However the FGHAZ and ICHAZ are composed by fine ferrite
grains and some coarse grains with convergent grains size. This heat treatment does not affect

really the initial microstructures but we can observe a slight growth in of the grain size.

Figure IV.14: SEM micrograph of the junction zone between heat affected zone (HAZ) and

fusion zone after heat treatment at 400°C for 1h.
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FigurelV.15: SEM micrograph of the junction zone between heat affected zone(HAZ) and
fusion zone after heat treatment at 600°C for 1h.

In the figure IV.15 the microstructures of fusion zone and heat affected zone after heat
treatment at 600°c for 1 h. The CGHAZ and FZ are composed by fine equi-axed grains with
high amount of pearlite in the FZ; we found that microstructures of FZ and CGHAZ are very
homogenous . The microstructures of FGHAZ and ICHAZ consist of smaller ferrite grains. In

general this heat treatment caused the decrease in grains size of the HAZ.
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1V.2.1.3 The micrograph of the fusion zone (FZ)

The microstructures and mechanical properties of these regions determine the
weldability of a material. Although the composition of the weld metal can varied by the
choice of filler metal and the extent of dilution [99].

The microstructure obtained as the weld cools from the liquid phase to ambient
temperature is called the as—deposited or primary microstructure. It consists of
allotriomorphic ferrite (o), Widmanstdtten ferrite (WF), acicular ferrite (AF), and the
so-called microphases [41,105], (See Figure.Ill.9,chapter II) . Allotriomorphic ferrite is
sometimes called “polygonal” ferrite or “proeutectoid” ferrite, but polygonal simply means
many sided (like all ferrite morphologies).

e First pass

It is noted that the center of the welded joint is the fusion zone. It has passed to the
liquid state after execution of the welding. In the case of multipass welding, we saw several
microstructures due to the successive passes. More microstructures appear at a first pass may
change significantly by the following passes [3]. During a fusion welding process, the fast
cooling rate of the weld pool causes an incomplete equilibrium state of the phase
transformation process. The microstructure of the weld metal is an inhomogeneous casting

structure, and the chemical composition is uneven as well [106].

The microstructures of the first pass are characterized ferrite phase (F) with rare pearlite
colonies (P) observed at some grain boundaries, proeutectoid ferrite Pf(G) with few amount of
Acicular ferrite(AF) and pearlite (Figures IV.16,IV.17, IV.18 and IV.19). There is an increase
in the grain size after heat treatment at 200°C for 10 min (Figures IV.18.a and b) and at 400°C
for 1 h (Figures IV.19.c and d) it is clear that these heat treatments induce a hight mobility of
grain boundaries. We obtained also a new phenomenon at 600°C heat treatment for 1 h which
is the fragmentation of the lamellar cementite (In other term the degradation of Lamellar
pearlite to fragment of Fe3C) (Figures IV.19.e and f).The other heat treatments do not affect

really the initial microstructure.
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Figure IV.16: Optical and SEM micrographs of the untreated fusion zone (first pass).
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Figure IV.17: Optical and SEM micrographs of fusion zone (first pass) forl10 min: (a, b) heat
treated at 200°C,(c, d) heat treated at 400°C and (e, f) heat treated at 600°C,
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Figure IV.18: Optical and SEM micrographs of fusion zone ( first pass ) for 30 min:
(a,e)heat treated at 200°C, (b,f) heat treated at 400°C and (c,g ) heat treated at 600°C.
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Figure IV.19: Optical and SEM micrographs of fusion zone ( first pass ) forl h: (a,b)heat
treated at 200°C, (c,d) heat treated at 400°C and (e,f ) heat treated at 600°C.
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» Second pass

In general the second pass of fusion zone (FZ) microstructure was largely composed of
fine and coarse ferrite grains (FG and CG), acicular ferrite (AF) with some grains boundaries
of ferrite (GBF) (FiguresIV.22, IV.23 , IV.24 and IV.25). According to bhadeshia et
al,E.Kehan and M. Lord[41,107,108] The term acicular means shaped and pointed like a
needle, and sometimes acicular ferrite the shape is stated to be rod—like. However Wan et al
[109] Have been seen that the shape of acicular ferrite is a plate or lath, rather than a needle or
rod.

“Acicular ferrite” aa is a phase most commonly observed as austenite transforms during
the cooling of low—alloy steel weld deposits. The proportion of the acicular ferrite constituent
in the final microstructure is found to be a complex function of cooling rate, alloy
composition, inclusion content and austenite grain size of the weld deposit. It provides a
relatively strong microstructure, which is known to confer good toughness and strength in the
material [41,105].

Kim et al [110] demonstrated that the transformation behaviors of acicular ferrite is
according to previous reports, acicular ferrite is considered to be formed in the range of
temperatures (approximately 400—600 ~C),However Jing-hong et al [111] confirmed that
acicular ferrite forms well in the region of 550 - 600°C. Acicular ferrite plates, during the
early stages of transformation nucleate on inclusions present in the large columnar austenite
grains which are typical of weld deposits. When transformation terminates before this
equilibrium fraction is achieved, the reaction is said to be incomplete. This “incomplete
reaction phenomenon” can be taken to be a consequence of the non equilibrium character of
the transformation product. The acicular ferrite transformation obeys the incomplete reaction
phenomenon [41, 112].

The figure (IV.22) shows the typical microstructure of the solidified weld metal from
the fusion zone displays acicular ferrite (AF) surrounded by grain boundary proeutectoid
ferrite(GBF) and some fine ferrite grains.

The short heat treatment (10 min) at 200°C and 400°C ( FigurelV.23.a and b, IV.23.c
and d respectively) caused the decrease in the acicular ferrite grains (AF) but after the same
time at 600°C we have obtained an increase in the last one, we can deduce that the high
temperature affect the grain boundaries mobility and the recristallization of the
grains(FigurelV.24.e and f) The obtained microstructures by the optical microscope after
200°C,400°C heat treatment for 30 min present slight difference in the grain size, but the
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SEM images present zones rich by the acicular ferrite, It is clear that there is decrease in the
grains size after heat treatment at 600°C for 30 min and 400°C for 1 h. Shen et al [55]

reported the presence of similar weld metal constituents with micro alloyed steel.
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Figure IV.23: Optical and SEM micrographs of fusion zone (second pass) forl0 min.
(a,e)heat treated at 200°C, (b, f) heat treated at 400°C and (c,g ) heat treated at 600°C.
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Figure 1V.24: Optical and SEM micrographs of fusion zone (second pass) for 30 min:
(a,e)heat treated at 200°C, (b,f) heat treated at 400°C and (c,g ) heat treated at 600°C.
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oy

o b o

Figure IV.25: Optical and SEM micrographs of fusion zone (second pass) forlh: (a,e)heat
treated at 200°C, (b,f) heat treated at 400°C and (c,g ) heat treated at 600°C.

e Third pass

The figures 1V.26, IV.27 and IV.28 IV.29 Show the interlocking of diferrent ferrite
morphologies such us, ferrite side plates (FS) or widmanstatten ferrite (WF) and acicular
ferrite (AF)with some ferrite grain boundaries (GBF). W.Zhange et al [60 ], Eroglu et al
[104], Babu etal[112], and Fattahia et al[113] demonstrated that the parallel side plates have
been developped from Grain boundary allotriomorphic ferrite (GBF), because this later is the
first phase to form from the y phase during cooling of the weld metal. It nucleates along the y
grain boundaries and grows by diffusion. As the temperature decreases, the growth rate of
allotriomorphic ferrite decreases, and it finally gives way to the growth of Widmanstatten
ferrite.In other hand, from a direct consequence of welding is the austenite grains coarsen,
because the material was heated up most effectively during the welding process. It is well-
known that coarse austenite grains favour the formation of Widmanstétten ferrite [41,70].

Widmanstitten ferrite is sometimes included under the general description “ferrite with
aligned MAC”, the abbreviation referring to martensite, austenite and carbide [41].

Widmanstitten ferrite is an undesirable constituent steels and it presence leads to poor
toughness in low alloy. The problem of the unwanted it is particularly acute in steel welds
deposits, where it is impractical to modify the microstructure which evolves during
solidification and during subsequent cooling to ambient temperature [114].

Before heat treatment the microstructure consists of fine acicular ferrite and the ferrite
side plates (FS) or Widmanstitten ferrite (WF) (FigurelV.26). After heat treatments at 400°C
for 10 min (FigureIV.27.c and d) and 600°C for 1h (Figure IV.29.e and f) we have obtained a

coarse acicular ferrite, and fine acicular ferrite (AF) is found after heat treatment at 600°C
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for 10 min (FigureIV.27.e and f).There is a remarquable increase in the grains size After
400°C heat treatment for 30 min. The other heat treatments do not affect really the initial

microstructures.

1@k,
d

Figure IV.26: Optical and SEM micrographs of untreated fusion zone (third pass).
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Figure IV.27: Optical and SEM micrographs of fusion zone (third pass) for10 min:
(a,e)heat treated at 200°C, (b,f) heat treated at 400°C and (c,g ) heat treated at 600°C.
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Figure IV.28: Optical and SEM micrographs of fusion zone (third pass) for30 min: (a,e)heat
treated at 200°C, (b,f) heat treated at 400°C and (c,g ) heat treated at 600°C.
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Figure IV.29: Optical and SEM micrographs of fusion zone (third pass) forlh: (a,e)heat
treated at 200°C, (b,f) heat treated at 400°C and (c,g ) heat treated at 600°C.
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IV.3 Phases characterization

It is well known that X-ray diffraction (XRD) is one of the major techniques which maybe
successfully used for structure characterization [115]. This case we can also receive the
important information on the shape of particles. Data on the crystallite size can be obtained by
X-ray diffraction (XRD) technique as the crystallite size is related to the diffraction peak
broadening. It is important that XRD method allows not only to measure the crystallite size,
but also to identify crystalline phases [116,117].

XRD patterns of low carbon steel before and after heat treatment (FiguresIV.30-38)
exhibit high-intensity peaks corresponding to the a-Fe phase. As can be seen, the diffraction

from three crystalline planes is more intense than that of others; (1 1 0), (2 0 0) and (211).
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Figure IV.30: X-ray diffraction profiles of base metal after heat treatments for 10 min at

200°C, 400°C and 600°C.
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Figure IV.31: X-ray diffraction profiles of base metal after heat treatments for 30 min at
200°C, 400°C and 600°C.
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Figure IV.32: X-ray diffraction profiles of base metal after heat treatments for 1hour at
200°C, 400°C and 600°C.
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Figure 1V.33: X-ray diffraction profiles of heat affected zone after heat treatments for 10 min
at 200°C, 400°C and 600°C.
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Figure 1V.34: X-ray diffraction profiles of heat affected zone after heat treatments for 30 min
at 200°C, 400°C and 600°C.
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Figure IV.35: X-ray diffraction profiles of heat affected zone after heat treatments for 1h at
200°C, 400°C and 600°C.
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Figure IV.36 : X-ray diffraction profiles of fusion zone after heat treatments for 10 min at
200°C, 400°C and 600°C.

125



CHAPTER IV

RESULTS AND DISCUSSIONS

Counts
15000 — Untreated sample FZ
10000 —|
5000 — 3
3008 ST 200°C(30min) FZ
2000 —
A
1000 —| I\ P s S e N
ok b e e e e v b it b o e S e g e
4003 ST 400°C@0min) FZ
3000 — ‘
2000 ( .
1000 — I N -
0 <[sT600°CE0mIN) FZ
2000 —
1000 — " o~ L
0 L e - - e
30 40 60 110
Position [*2Theta]
Counts
Untreated sample FZ
S.T 200°C(30min) FZ (110)
S.T 400“0(30m!n) FZz
15000 | S.T 600°C(30min) FZ
10000 —|
ﬁ\n 1)
- (310)
5000 TDO) ‘ 2200 /\
| \ \ ST (e
| e Mt
i
ettt |
I N A
o T T T T T T T T T
30 40 50 60 70 80 90 100 110
Position [*2Theta]
Counts
Untreated sample FZ
§.T 200°C(30min) FZ /
S.T 400°C(30min) FZ /
15000 | ST 600°C(30min) FZ |
10000 —|
5000 —
l - N - 3
N
0 = — ————— - T -
43 44 45 46
Position [*2Theta]

Figure 1V.37: X-ray diffraction profiles of fusion zone after heat treatments for 30 min at

200°C, 400°C and 600°C.
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Figure IV.38: X-ray diffraction profiles of fusion zone after heat treatments for 1h at 200°C,
400°C and 600°C.
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IV.3.1 The peaks displacements

The tables (IV.1-3) resum the variation of the five first peaks position and the difference
between the peak postion before and after the heat tretments at 200°C,400°Cand 600°C for
10 min, 30 min and 1 hour in the three studyed zones which are the base metal(BM) , the
heat afected zone(HAZ) and the fusion zone(FZ).

We start by the base metal when the first peak(110), the second peak(200),the third
peak(211) and the fourth peak (220) after the heat treatments leaved their first positions to get
new positions which are located in the low angles. The remarquable displacements are found
after heat treatment at 600°C for 10 min with the A26=0,13°,0,1°,and 0,13° corresponding to
the displacement of the peaks(110),(200), and (220) respectively and in the fifth peak(310)
after 30 min at 200°C,400°C , 600°C and for 1h at 200°C,400°C and 600°C which
displaced to the high angles with A20= -0,12°-0,12°,-0,0857,0,13°,-0,1° and -0,16°

respectively.

The heat affected zone(HAZ) presents a small variation in the 20 position of the five
peaks excepting for 10 min heat treatments at 400°C there is a remarquable displacement to
the low angles where A20=0,34° in the second peak(200) and in the fifth peak after heat
treatments at 200°C,400°C and 600°C for 30 min where A26= 0,139°,-0,1612°,0,1261° when

the displacements were to the high and low angles.

The fusion zone(FZ) shows also a slight difference between the first and the last peak
positions after heat treatments at 200°C,400°C and 600°C for 10 min, however after 30 min
we found big displacements, at 200°C the two first peaks have displaced to the low angles,
where A26= 0,1463° and 0,1102° corresponding to the peaks (110) and (200) respectively, at
400°C just the first and the second peaks present remarquable displacement because A20=
+0,1463°, +0,1102°, at 600°C we find that the displacements were in the first, third and fourth
peaks, in this case A20=-0,1312°, -0,1074° and 0,1244° corresponding to the first ,third and
fourth peaks respectively.

It is well known that when the peak stays in the first position, then there is no stress,
when the peak displace to the low angles, we can conclude the presence of uniform
stress(dilatation)and when the peak displaces to the high angles we can say that there is a an
uniform stress(compression). The peak broadening gives information about the presence of

the ununiform stress [87].
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Table IV.1 : The displacements of the five first peaks in the base metal(BM)

Sample

Untreated
sample

S.T.200°C
(10min)

S.T.400°C
(10min)

S.T.600°C
(10min)

S.T.200°C
(30min)

(hkl)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

RESULTS AND DISCUSSIONS

26(°)

44,6540
64,9171
82,2500
98,8466
116,079

44,6376
64,9067
82,2500
98,8466
116,1224

44,6447
64,9140
82,2402
98,8317
116,1229

44,5234
64,8134
82,1795
98,7088
116,1197

44,5899
64,8474
82,2196
98,7949
116,1991

A20(%)

S O O O O

0,0164
0,0104

-0,0434

0,0093
0,0031
0,0098
0,0149
-0,0439

0,1306
0,1037
0,0705
0,1378
-0,0407

0,0641
0,0697
0,0304
0,0517
-0,1201
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Table I'V.1 (continued) : Displacements of the five first peaks in the base

sample

10

S.T.400°C
(30min)

S.T.600°C
(30min)

8.T.200°C
(1h)

8.T.400°C
(1h)

8.T.600°C
(1h)

metal(BM).

(hkl)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
(211)
(220)
(310)

26(°)

44,6470
64,8842
82,2674
98,839
116,20

44,6379
64,8897
82,2434
98,8053
116,1647

98,8197
116,2100
98,8197
116,2100
98,8197

44,6535

64,9005
82,2614
98,8567
116,1844

44,6284
64,9289
82,2500
98,8398
116,2400

A20(%)

0,007
0,0329
-0,0174
0,0076
-0,121

0,0274
0,0066
0,0413
-0,0857
0,007

0,019
0,0221
-0,0114
0,0269
-0,131

0,0005
0,0166
-0,0114
-0,0101
-0,1054

0,0256

-0,0118
-0,0114
0,0068
-0,161
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Table I'V.2: Displacements of the five first peaks in the heat affected zone (HAZ).

sample

Untreated
sample

S.T.200°C
(10min)

S.T.400°C
(10min)

S.T.600°C
(10min)

S.T.200°C
(30min)

(hkI)

(110)
(200)
211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

RESULTS AND DISCUSSIONS

)

44,6600
64,9285
82,2623
98,8257
116,2171

44,6422
64,9059
82,2459
98,8349
116,1300

44,6116
64,5858
82,1900
98,8259
116,1240

44,5762
64,8880
82,2030
98,7633
116,1367

44,6083

64,8733
82,2150
98,8128
116,0781

A20(%)

S O O O O

0,0178
0,0226
0,0164
-0,0092
0,0871

0,0484
0,3427
0,0723
-0,0002
0,0931

0,0838
0,0405
0,0593
0,0624
0,0804

0,0517

0,0552
0,0473
0,0129
0,139
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Table I'V.2 (continued): Displacements of the five first peaks in the heat affected

sample

10

S.T.400°C
(30min)

S.T.600°C
(30min)

S.T.200°C (1h)

S.T.400°C (1h)

S.T.600°C (1h)

zone (HAZ).

(hkI)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

RESULTS AND DISCUSSIONS

26(°)

44,72
64,9855
82,36
98,944
116,3783

44,60
64,8508
82,2278
98,8258
116,0910

44,6125
64,8767
82,2030
98,7865
116,1500

44,6440
64,9448
82,2500
98,8320
116,1588

44,6432
64,9079
82,2247
98,8072
116,0877

A20(%)

-0,06
-0,057
-0,0977
-0,1183
-0,1612

0,06
0,0777
0,0345
-0,0001
0,1261

0,0475
0,0518
0,0427
0,0392
0,0804

0,016
-0,0163
0,0123
-0,0063
0,0671

0,0168

0,0206

0,0376

0,0185
0
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Table I'V.3: Displacements of the five first peaks in the fusion zone (FZ).

sample

Untreated
sample

S.T.200°C
(10min)

S.T.400°C
(10min)

S.T.600°C
(10min)

S.T.200°C
(30min)

(hkl)

(110)
(200)
211)
(220)
(310)

(110)
(200)
(211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
@11)
(220)
(310)

260(%

44,6363
64,8870
82,2328
98,8194
116,1892

98,8587
116,2022
98,8587
116,2022
98,8587

44,6396
64,8653
82,2468
98,8232
116,1109

44,6342

64,8955
82,2388
98,8480
116,2218

44,9252
65,1030
82,5831
98,0618
116,3227

A20(°)

@@ 9@ =

-0,0029
-0,0234
-0,0172
0,0553
-0,0130

-0,0033
0,0217
-0,014
0,0908
0,0783

0,0021
-0,0085
-0,006
0,066
-0,0326

0,1463
0,1102
0,0772
0,0656
0,074
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Table IV.3 (continued): Displacements of the five first peaks in the heat affected

2
2,
5
6 S.T.400°C
(30min)
7 S.T.600°C
(30min)

8 S.T.200°C (1h)

9 S.T.400°C (1h)

10 S.T.600°C (1h)

zone (HAZ).

(hkl)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)
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26(°)

44,49
64,7768
82,1556
98,7538
116,1152

44,7675
64,9438
82,3402
98,9438
116,2729

44,6449
64,8036
82,2466
98,8047
116,1464

44,6400
64,8962
82,2780
98,8565
116,1258

44,6284
64,9074
82,2516
98,8203
116,2270

A20(°)

0,1463
0,1102
0,0772
0,0656
0,074

-0,1312
-0,0568
-0,1074
-0,1244
-0,0837

-0,0086
0,0834
-0,0138
0,1093
0,0428

-0,0037
-0,0092
-0,0452
0,0575
0,0634

0,0079
-0,0204
-0,0188
0,0937
-0,0378
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I1V.3.2 Peak characterization

The tables (IV.4-6) resume the peaks characterizations ( Planes (hkl) , peak
position (Pos. 26[°] ), the distance between the planes (dm(A°)), the intensity ( Height
(cts)), the full width at half maximum ( FWHM) and the peak Area) of the five first
peaks before and after the heat treatments at 200°C,400°Cand 600°C for 10 min, 30
min and I hour in the three studied zones which are the base metal(BM) , the heat
affected zone(HAZ) and the fusion zone(FZ). The high intensity of the base metal is
always before heat treatment, after all heat treatments the intensities of all peaks have
diminished, the highest and the lowest intensities have been obtained after heat

treatments for 10 min and 30 min respectively.

In the heat affected zone (HAZ): the high intensity is corresponding to the
untreated sample of all peaks, excepting for the second peak after heat treatment at
200°C. The highest intensities have been obtained after heat treatment for 10 min and
1 h at 200°C; we found the lowest intensities after heat treatment at 200°C, 400°C and
600°C for 30 min of all peaks.

For the fusion zone (FZ): there a decrease in the intensities of the peaks after heat
treatment excepting for 1 h at 200°c where we find an increase of the intensities of all

the peaks, the lowest intensities are obtained at 400°C for 1 h.

It is well known that the variation of the intensities is corresponding of

recristallization phenomenona or reorientation of grains (texture) [79,118].
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Table I'V.4: Results of the diffraction profiles analysis in the base metal (BM).

Sampl
e

S.T.600°C S.T.400°C S.T.200°C Untreated
(10min) (10min)

(10min)

S.T.200°C
(30min)

sample

(hkl)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@11)
(220)
(310)

Pos. 20[°]

44,6540
64,9171
82,2500
98,8466
116,0799

44,6376
64,9067
82,2500
98,8466
116,1224

44,6447
64,9140
82,2402
98,8317
116,1229

44,5234
64,8134
82,1795
98,7088
116,1197

44,5899
64,8475
82,2196
98,7949
116,1991

dm(A°)

2,02767
1,43528
1,17114
1,01422
0,90771

2,02838
1,43548
1,17125
1,01417
0,90771

2,02951
1,43649
1,17182
1,01433
0,90771

2,03104
1,43585
1,17174
1,01480
0,90764

2,0344
1,43665
1,17155
1,01456
0,90743

Height (cts)

11281,96
1930,92
3616,35
1070,64
1339,22

7935,13
1930,92
2408,11
727,17
1196,52

5373,31
1685,15
2068,66
588,36
1196,52

9327,72
1682,06
2875,44
627,44
1205,66

1666,28
233,14
456,44
146,56
163,35

FWHM

0,1584
0,1980
0,1980
0,1980
0,1584

0,1584
0,2772
0,2376
0,2376
0,3168

0,1584
0,2772
0,2376
0,3168
0,6336

0,2376
0,2772
0,2772
0,2376
0,4752

0,1632
0,2856
0,2856
0,3264
0,5712

Area

2382,75
509,76
954,72
282,65
636,40

0,1584
0,2772
0,2376
0,2376
0,3168

1970,02
533,86
248,52
44223
1970,02

1970,02
532,88
910,94
247,50
763,00

362,58
88,78
173,81
63,78
124 41
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Table I'V.4 (continued): Results of the diffraction profiles analysis in the base metal

Sample

10

S.T.200°C S.T.600°C S.T.400°C
(30min)

S.T.400°C

S.T.600°C

(30min)

(1h) (1h)

(Th)

(hkI)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
(211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)

(310)

Pos. 20[°]

44,6470
64,8842

82,2674
98,839
116,20

44,6379
64,8897
82,2434
98,8053
116,1647

44,6350
64,8950
82,2500

98,8197
116,2100

44,6535

64,9005
82,2614

98,8567
116,1844

44,6284
64,9289
82,2500

98,8398
116,2400

(BM).

dm(A°)
2,02798
1,43593
1,17099

1,01423
0,90729

2,02837
1,43582
1,17127
1,01448
0,90751

2,02850
1,43572
1,17119
1,01437
0,90788

2,02770

1,43560
1,17106
1,01409
0,90741

2,02878
1,43505
1,17087

1,01422
0,90713

Height (cts)
1187,21
292,12
527,25

124,63
197,09

2,02837
1,34582
1,17127
1,01448
0,90751

3580,29
636,06
1089,06

352,78
391,19

8239,82

1689,82
2455,92
697,51
1233,39

3154,92
781,27
949,72

280,54
497,54

FWHM

0,1632
0,2856
0,1632
0,3264
0,6528

0,1836
0,2448
0,2040
0,3264
0,4896

0,1980
0,1980
0,1980
0,3168
0,4752

0,1584

0,2772
0,2376

778,03
0,3168

0,1584
0,2376
0,1980

0,2376
0,4752

Area

258,34
111,24
114,73
54,24
171,55

348,34
89,13
103,76
61,92
132,17

756,16
167,92
287,92
149,01
247,86

21752

624,56
778,03
294,63
775,14

666,32
247,50
250,73

247,50
303,83
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Table IV.5: Results of the diffraction profiles analysis in the heat affected zone

Sample

S.T.200°C

Untreated sample

(10min)

S.T.400°C
(10min)

S.T.600°C
(10min)

S.T.200°C

(30min)

(hkl)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
@11)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

Pos. 20[°]

44,6600
64,9285
82,2623
98,8257
116,2171

44,6422
64,9059
82,2459
98,8349
116,1300

44,6116
64,5858
82,1900
98,8259
116,1240

44,5762
64,8880
82,1900
98,8259
116,1240

44,6083
64,8733
82,2150
98,128
116,078

(HAZ).

dm(A°)

2,02742
1,43505
1,17105
1,01433
0,90725

2,02319
1,43550
1,17124
1,01426
0,90788

2,02880
1,43340
1,17131
1,01428
0,90771

2,02753
1,43571
1,17133
1,01416
0,90722

2,02965
1,43614
1,1716
1,01443
0,90793

Height (cts)

14105,84
2521,17
4363,90
1347,01
1797,54

13143,10
2595,60
3848,37
1066,66
1603,02

7176,29
1411,39
2286,37
613,56
1057,34

10687,00
1480,25
3711,92
1031,86
1355,83

3776,1
534,04
906,37
251,08
302,75

FWHM

0,1584
0,1980
0,3560
0,1584
0,1980

0,1584
0,2376
0,1980
0,2376
0,4752

0,3168
0,2376
0,3168
0,3168
0,2772

0,1584
0,2376
0,2376
0,2376
0,4752

0,1224
0,2448
0,1224
0,3264
0,5712

Area

2979,15
665,59
921,66
355,61
854,19

2775,82
822,29
1015,97
337,92
1015,67

1515,63
521,65
724,32
259,17
893,24

2821,57
390,79
1175,94
217,93
429,53

616,26
174,31
147,92
109,27
230,59
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Table I'V.5 (continued): Results of the diffraction profiles analysis in the heat

Sample

10

S.T.200°C S.T.600°C S.T.400°C
(30min)

S.T.400°C

S.T.600°C

(1h) (1h) (30min)

(Th)

(hkI)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
(211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

affected zone (HAZ).

Pos. 26[°] dm(A°) Height (cts)
447210  2,02480 2816
64,9855 1,43393 669,38

82,36 1,169869 919,23

98,944 1,01343 224,85
116,3783  0,90646 352,41

44,60 2,02994 232436
64,8508 = 1,43659 406,46
82,2278 1,17145 612,66
98,8258 = 1,01433 198,97
116,0910  0,90729 275,25

44,6125 2,02947 12218,63

64,8767 1,43611 2478,97

82,2196 1,17155 3704,11

98,7865 1,01436 1094,03

116,1500  0,90758 1585.33

44,6440 2,02811 5014,65

64,9448 143473 780,87

82,2500 1,17118  1798,78

98,8320 1,01428 533,02

116,1588  0,90755 655,12

44,6432 2,02853 5058,60

64,9079 1,43546 796,68

82,2247 1,17149 1410,84

98,8072 1,01447 448,50

116,0877  0,90789 581,02

FWHM

0,1428
0,1836
0,1428
0,2448
0,2856

0,1632
0,2448
0,1428
0,3264
0,4896

0,1584

0,2376
0,1980

0,3168
0,3168

0,1584
0,1980
0,1980
0,2376
0,3168

0,1584
0,2376
0,2376

0,3168
0,3168

Area

536,17
163,86
175,02
73,39
134,20

505,78
132,67
116,65
86,59
179,68

2580,6

785,34
977,82

462,12
669,64

1059,1
206,15
474,88
168,86
280,94

1068,38
252,39
446,95

189,44
245,42
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Table I'V.6: Results of the diffraction profiles analysis in the fusion zone (FZ).

Sample

S.T.200°C
(10min)

Untreated sample

S.T.400°C
(10min)

S.T.600°C
(10min)

S.T.200°C
(30min)

(hkl)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
211)
(220)
(310)

(110)
(200)
@211)
(220)
(310)

(110)
(200)
@11)
(220)
(310)

Pos. 20[°]

44,6363
64,8870
82,2388
98,8194
116,1892

44,6392
64,9104
82,2500
98,8587
116,2022

44,6396
64,8653
82,2468
98,8232
116,1109

44,6342
64,8955
82,2388
98,8480
116,2218

44,92523
65,1030
82,5831
99,0618
116,3227

dm(A°)

2,02844
1,43587
1,17140
1,01438
0,90739

2,02832
1,43541
1,17190
1,01408
0,90732

2,02830
1,43630
1,17121
1,01435
0,90777

2,02861
1,43578
1,17140
1,01419
0,90756

2,01606
1,43163
1,16731
1,01254
0,90668

Height (cts)

13324,64
1903,66
2927,68
1145,25
1335,86

1350,56
1750,59
4561,92
1176,67
1213.,45

3319,84
429,98
1177,49
292,88
404,73

10725,02
1479,38
3645,50
1021,19
1432,39

2016 ,3
370,74
819,96
273,52
415,67

FWHM

0,1584
0,2376
0,2376
0,2376
0,3544

0,1584
0,2376
0,2376
0,3168
0,4752

0,1584
0,3168
0,1584
0,3168
0,3960

0,1980
0,1980
0,2376
0,1584
0,2376

0,1428
0,2448
0,2448
0,3264
0,4080

Area

2814,16
603,09
927,49
362,81
634,80

2852,58
554,59
1445,22
497,02
768,84

701,15
181,63
248,69
123,71
213,76

283,40
390,56
1155,21
215,68
907,56

383,9
121,01
267,64
119,03
226,13
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TableVI.6 (continued): Results of the diffraction profiles analysis in the fusion zone

Sample (hkl)
(110)
Eo) = (200
6 FE (@1
=& (220
wn
(310)
(110)
g2 (200
7 S E (1)
= en
w — (220)
(310)
(110)
©)
< (200)
8 Q= (@1
> (220)
(310)
(110)
@)
< (200
9 F= (11
H
% (220)
(310)
& (110)
S~ (200)
0 =
\:5 = (1D
wn

(220)

Pos. 20[°]

44,49
64,7768
82,1556
98,7538
116,1152

44,7675
64,9438
82,3402
98,9438
116,0910

44,6449
64,9036
82,2466
98,8047
116,1464

44,6400
64,8962
82,2780
98,8565
116,1258

44,6284
64,9074
82,2516

98, 8203

(FZ).

dm(A°)
2,03477
1,43805
1,17230
1,01487
0,90775

2,02280
1,43475
1,17014
1,01343
0,90697

2,02807
1,43555
1,17123
1,01449
0,90760

2,02870
1,43575
1,17092
1,01504
0,90774

2,02821
1,43547
1,17118

1,01437

RESULTS AND DISCUSSIONS

Height (cts)
3487,63
489,78
1052,98

330,96
396,99

1874,15
307,26
659,24
255,41
275,25

16441,09
1874,36
4336,39
1405,87
1708,27

1054,40
202,22
462,83
75,59
171,33

10233,86
1470,64
2877,06

798,03

FWHM

0,1428
0,2040
0,1224
0,2448
0,4896

0,1428
0,3264
0,4080
0,3264
0,4080

0,1584
0,2376
0,1980
0,2376
0,1980

0,2376
0,2376
0,1980
0,4752
0,4752

0,1584
0,1584
0,1980

0,2376

Area

664,04
133,22
171,85
108,02
241,53

356,84
133,72
358,62
111,15
167,16

3472,36
593,80
1144,81
44538
450,98

278,36
64,06
97,75
95,79
108,56

2161,39

310,60
759,54
252,81
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IV.4 Basic theory of the profile analysis of XRD profiles

XRD is powerful tool to characterize the microstructure of the polycrystalline samples.
It gives the microstructures of the sample in statistical manner [119].

X-ray diffraction line profile analysis (XRDLPA) is one of the potential indirect
Methods of characterizing the state defect. Basically, XRDLPA provides quantitative as well
as qualitative information on several microstructral parameters, small crystallite size, size
distribution, microstrain, and density of dislocation stacking faults, energy... from broadening

XRD peaks [119-122].

Dislocations are one of the most important microstructural features governing the
mechanical properties of crystalline materials. They are the main carriers of plasticity, hence
most of the related phenomenona (e.g. yielding, strain hardening, strain-rate dependence,
temperature dependence, etc.) depend on how the dislocation microstructure evolves and how
dislocations interact with other material defects .The dislocation microstructure evolution is
an immensely complicated phenomenon on that is controlled by properties, microstructure
and boundary conditions. Several mechanisms, such as dislocation dissociation,
recombination, glide, cross-slip and climb, are active during material deformation and they all

contribute to the final evolved microstructure [123].

Dislocation is frequently occurring lattice defects, as result of growth process or of
thermal and mechanical treatments. X-ray diffractionprofile analysis applied to the X-ray
diffraction pattern from polycrystalline materials is effective for dislocation densities larger

than ~10' m? [25].

One of the major issues in the study of dislocation by line profile analysis (LPA) is to
correctly separate their contribution to line broadening from that given by other lattice
defects(like stacking faults),by the size of the coherently scattering domains(crystallites) and
by instrument|[25,124] .Unfortunately, straight forward extraction of quantitative information
on size and strain from shape is normally impossible. The least of the problem met is
probably the elimination of instrumental broadening effects, more or less reliable approaches
exist which depart either from calculation of the instrumental geometrical details of the
diffraction experiment. The profile of the diffraction peak is result of convolution of various

effects which contains all contribution with complex manners [121,124,125].
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Development of recent years, focusing on distinct anisotropic line-broadening effects,
as due to the type, orientation and distribution of dislocation, which is the key for

distinguishing the contribution of dislocations of the observed profiles [121,124,126 |.

Dislocations alter perfect crystalline order and produce anisotropic broadening of the
X-ray diffraction profiles, which is described by the dislocation contrast factor. The
dislocation contrast factor is the main parameter representing the anisotropic nature of the
dislocation strain field and its effects on diffraction phenomenona [127]. The average contrast
factor (Chx) which is related directly to the elastic constants and the slip system of
dislocation(slip plane and burgers vector Until now, the evaluation of this important
parameter has been specific for materials showing cubic and hexagonal symmetry, and carried
out through numerical calculations. )[121,127].

The developments in the numerical analysis domain of the elaboration of new complex
algorithms and the presence of new calculus machines with big stored capacity and big
speed of calculus, this can gives possibly of calculus of presumed parameters number like

crystalline symmetry and slip system ...[121].

1V.4.1 Diffracted intensity from a defected material

Peak profiles observed in powder diffraction patterns result from different
contributions: an instrumental profile component (g), usually including instrumentrelated
geometrical factors and sample transparency, and a sample profile component (f), due to the
microstructure of the studied material. The convolution of the profile components (h =fX g )
yields the observed experimental peak profile.

The algorithm of WPPM (Whole Powder Pattern Modeling) adopts with Fourier
analysis. In this case there is a problem complex of the convolution which is interpreted to the
product (L)of the fouriers transformed of peak profile, produced by every component
separately [121].

The diffraction profile is conveniently described in terms of the diffraction vector

(ﬁ) in the reciprocal lattice, whose modulus is d*=2sin0/A, where is the diffraction
angle and the X-ray diffractionwavelength. For cubic materials, in the absence of lattice
defects and load or residual strain, the diffraction vector in the Bragg condition is :

d" {na}(d"{na} = 2sin0 {na} / &) where the Miller indices are reported in curly brackets,
since we refer to the family of planes as a whole. As we will see in the following, it is
important to make a distinction between d*{n} and d*na  the value of the diffraction vector

for a specifc combination of hkl, which is related to a subcomponent of the observed profile.
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The intensity from a set of {hkl} planes can be written as the sum of the contributions

from all the hkl profile subcomponents:

L} (d°, d"{na}) = KA ki Whia T (d°- d* {aia}-0nw)........ (Equ.IV.1)
where k(d") includes microstructure-indepen&l;t terms (e.g Lorentz polarization (Lp).. etc.),
which are constant or known functions of d*. Whi is a weight function for the hkl component
and hkl is a shift from the reciprocal space point corresponding to the Bragg condition in the
absence of defects and strain. Both Whii and _hkl depend on the specific defects present in the

material. The contribution of a given subcomponent can be written as :
Thia (Sha)= ffof TP (L){(exp[2n¥)]){(exp[2mip(L)])) X exp[2miLsy,]dl (Equ.TV.2)

where T'.L is the Fourier Transform (FT) of the IP and the two terms in brackets ({ )) are
average phase factors due to Ilattice distortions (¥) and crystallite size/faulting (o),
respectively. In this way, we are implicitly assuming that there is no interaction between
linear and planar defects (separate averages). The integration variable, L (a length in real

space), ,is inversely proportional to d*{n} and is the conjugate variable of

shi = d"- d* {nw}-6nw, the distance from the peak centroid in the reciprocal space [126].

IV.4.2 Crystallite size

The distribution of crystallite size in polycrystalline solid clearly depends on a number
of factors, including the nature of the material and the method and condition of preparation.
However, by far the commonest distribution reported in the literature is the lognormal
distribution ,which is asymetrique [128].The effect of diffracted coherent domains size have
been modeled by the lognormal distribution of domains size with spherical shape. In the
reality, it is a possible to use other kinds of distributions which are adapted for each specific

study, but the present choice was proved its efficacy in lot of examples [121].

The lognormal distribution is defined by the following formula:

[(lnD—u)Z]

262

1
g(D) m el T e (Eq.IV.3)

Where 6 and p are variance and the mean lognormal distribution.

The mean size of distribution is given by this equation:

(D )= exXP (It 6%/2)eeeeeeeeeeeeeeeeeeees ceeeeeeeeeeeeees (Eq.IV.4)
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IV.4.3 Planar faults and planes

A stacking fault is a planar defect and, as its name implies, it is a local region in the
crystal where the regular stacking sequence is interrupted [23].

The dislocations and stacking faults were the most courant kinds of faults in the
crystalline lattice which are can be studied by the WPPM (Whole Powder Pattern
Modeling).for the dislocation, the mean density of dislocation (p), the cutoff R ,the factor
fe which characterize the kind of dislocation (edge or screw) and the stacking faults can be

described by the probabilities o and  [129].

The dislocations are modeled on the basic theory of Wilkens [131] were the dislocations
supposed parallel, linear  and with random distribution with regard to all equivalent slip
systems. Dislocations alter perfect crystalline order and produce anisotropic broadening of the
X-ray diffraction profiles, which is described by the dislocation contrast factor (Chki) [128].
Line broadening anisotropy can be introduced by assuming a linear dependence of the micro-
strain on the orientational parameter H. Consequently, the average contrast factor for cubic

systems can be written as [126]:

= = = hZk2+h%12+k212
Crii = Choo(1 +qh) = Croo[1 + D | IO (Eq.IV.5)
H= (2> +h2P2+H1PK2)/ (h2HKH2) e ciieeeveeeeeeeeeaeees (Eq.IV.6)

The expression of the contrast factor for each kind of dislocation is given in the following:

The contrast factor for screw dislocation: Chka, serew = As+ Bs. H

The contrast factor for edge dislocation: [ edge =Aet Be. H

Average dislocation contrast factor (DCF) for mixed straight dislocations do not lie
exactly between the limits of the extreme cases of screw and edge dislocations. Differences,
however, are limited and not extreme: this means that diffraction can hardly distinguish the
presence of a specific mixed dislocation from a mixture of the appropriate fractions of edge

and screw dislocations. For this reasons, it is convenient to redefine the average DCF as:

Cinky= fE CinkyEH(1- fE) Cinki},Seeeeeeennnerenaceeannenn (Eq.IV.7)
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Where fr is the effective fraction of edge dislocations, whereas Cyuy,r and Cypigy,s are the
average DCF for edge and for screw dislocations, respectively. In this way, if C{Akl} E and
C{hkl},S are known, one can refine fr from the observed data, as an effective measure of the
dislocation character. If extreme values (fr = 0 or fz = 1) are found, this might suggest a more

careful evaluation of different slip systems or dislocation types [25].

Where A, B, As and Bs are constant can be calculusated from the clastic constants of
studied material single crystal and from its slip system. The values of contrast factors of our

material were:

e Aedge= 2.64760E-01
e Bedge = -3.55950E-01
e Ascrew = 3.46780E-01
e Bscrew =-8.06017E-01.

and the slip system of oo (BCC) micro alloyed steel with low carbon percent was:

A-Fe Primary1/2 <111 >{-110}.

Owing to the lack of suitable mathematical tools to deal with dislocations in crystals of any
symmetry, contrast factors are so far only known for a few slip systems in high-symmetry

phases and little detail is given in the literature on the calculation procedure [127].

The graphic results of the Whole Powder Pattern Modeling (WPPM) procedure are
illustrated on the Figure IV.42 - IV.53. These figures show the fitting profiles, the agreement
between the experimental profiles (the small black circle) and modeled ( continued red line)
and residual continued gray line, the later presents the difference between the experimental
and the modeled data . We can see the form of the residual line which is sufficiency straight.
This indicate the good convergence, this later can be explained by the factor named GoF

(Goodness of fit).
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IV.5 Analysis of diffraction profiles

IV.5.1 Untreated sample

IV.5.1.1 Base metal
The figurelV.39 Illustates the fitting spectrum of the sample untreatd base metal and

the TableVI1.7 gives the results of PM2K calculus ( Sample1(BM))..We observe the five first
peaks of .The iron which are compatible with A.S.T.M fiches. The analysis proves that the
coherent domains distribution of the diffraction is the :Lognormal,with mean value is equal
to 710,1456 nm, and the standard deviation Sd=7.585354nm.The dimensionless parameter
M is the Wilkens factor for characterizing the dislocation arrangement, It gives by this
relation M=Re.\p .This parameter characterizes the distribution and the screening of stress
and the strain fild of the dislocation, if the value of M is smaller or greater than unity, the
screening effect is strong or weak [131].M= 0,8529995,this factor is smaller than unity,than
there is a strong screening effect, a small value of M(M<1) indicate strong dipole character
[132]. Borbvely et al [128] demonstrated that a strong screening indicate a faster decaying
of the strain field.

TableVIL.7: Results of PM2K calculus( Sample1(BM)).

Unit cellparameter [nm] 0,2871126
Burgers modulus[nm] 0,2486468
Density of dislocations (p) x10'[m-?] 7.807740
effective outer cut-off radius [nm] 30,52714
Fraction of edge dislocation 0,2996908
Domain size (D)[nm] 710,1456
Standard deviation(Sd)[nm] 7.585354
Wilkens parameter(M) 0,8529995

WSS=5120.72, Rwp=2.6599%,GoF=1.31174
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FigureV1.39 :(a) X-ray diffraction profile of the untreated sample(BM), (b)Fifth peak, (c)The

mean domain size.

IV.5.1.2 Heat affected zone

The figure IV .40 presents the diffraction X-rays spectrum of the untreated heat affected
zone(HAZ) and the TableVI.8 gives the results of PM2K calculus. The analysis proves that
the  coherent domains

equal to 810,4057nm,

distribution of the diffraction is the : Lognormal,with mean value is
and the standard deviation Sd=81,04057nm. The Wilkens parameter

is the dislocation arrangement factor. Its value (M=0,7649467) is smaller than unity,than

148



CHAPTER IV RESULTS AND DISCUSSIONS

there is a strong screening effect, a small value of M(M<1) indicate strong dipole character

and strong

screening indicates a faster decaying of the strain field [128].

Unit cellparameter

TableVL.8 : Results of the PM2K calculus (sample 1 (HAZ)).

[nm]

Burgers modulus(f)[nm]

Density of dislocation (p)x10'[m?]

effective outer cut-off radius(Re)[nm]

Fraction of edge dislocation(fe)

Domain size (D)[nm]|

Standard deviation(Sd)[nm]|

Wilkensparameter(M)
WSS= 5429.99, Rwp=2.59495% GoF=1.35055
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FigureV1.40:(a)X-ray diffraction profile of the untreated sample(HAZ), (b)Fourth peak,
(c)The mean domain size.

IV.5.1.3 Fusion zone

The figureIV.41 presents the diffraction X-rays spectrum of the untreated heat affected
zone (HAZ) and the TableVI.9 gives results of PM2K calculus. The analysis proves that the
diffraction coherent domain distribution is the: Lognormal, with mean value is equal to
D=162,5463nm, and the standard deviation Sd=1.625504nm. The Wilkens parameter is the
dislocation arrangement factor, its value (M=1.009818) is near to the unity, this indicates
than the arrangement of dislocation is quasi-homogeneous, where the dislocation stops to the

aftermost or nearer dislocation .In This situationRexp™2[121].

TableauVI.9: Results of the PM2K calculus (sample 1 (FZ)).

Unit cell parameter [nm] 0,287179
Burgers modulus( 8 )[nm] 0,2487043
Density of dislocations x10"[m-?] 10,18648
effective outer cut-off radius(Re) [nm] 31,63960
Fraction of edge dislocation(f.) 0,0067276
Domain size(D)[nm] 162,5463
Standard deviation(Sd)[nm] 1.625504
Wilkensparameter(M) 1.009818

WSS=5133.63, Rwp=2.57792% GoF=1.31318
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FigureVI.41:(a)X-ray diffraction profile of the untreated sample(FZ), fitting by PM2K,
(b)Fifth peak, (c)The mean domain size

The figure 1V.42 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling) In the base metal after heat treatment for 10 min at 200°C,400°C and 600°C.

WPPM can provide the mean dislocation density (p) and the effective cut off radius (Re)
of the dislocation system; a further parameter was introduced to refine the relative fraction of
edge (versus screw) dislocations. The domain size effect was modeled by a lognormal
distribution (mean p and variance ) of spherical domains. All data were analyzed by the
software PM2K [117].The table IV.10 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled one
(red continued line) is very clear. On the figures difference between the experimental and
modeled profiles is marked by gray line. The shape of the gray line is plane with little reliefs,
this indicates a good convergence. We observe the presence of the five first typical peaks of
iron: (110) ,(200),(211),(220) and (310). These peaks were compatible the A.S.T.M folders.
The intensities of the five peaks, decrease with the increase of the heat treatment temperature.
The values of the Wilkens parameter (M), the dimensionless parameter M is the factor

for characterizing the dislocation arrangement. Before heat treatment and after heat treatment
at 600°C, this factor is smaller than unity M (M=0,8521, 0,871789 respectively ), this
indicates strong dipole character and strong screening indicates a faster decaying of the
strain field [128, 132]. However this factor after heat treatment at 200°C and 400°C present
values near the unity (M=0,974594 and M=0,987871 respectively), when (M=1) indicates
the arrangement of dislocation is quasi-homogeneous, where the dislocation stops to the

aftermost or nearer dislocation . In This situation Re=p/?[121].In this case there is a strong
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correlation between dislocation, strong screening of field strain(like in the dislocation walls or
between the dipoles)[133].

The figure IV.43 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling) in the base metal after heat treatment for 30 min at 200°C, 400°C and 600°C.
The table IV.11 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled one
(red continued line) is very clear on the figures, difference between the experimental and
modeled profiles is marked by gray line. The shape of the gray line is plane with little reliefs,
this indicates a good convergence. These constations are confirmed by the smaller values of
WSS between (5120.72 and7536.49) with the Gof (Goodness of fit) which is stranded
between 1.0952 and 1.31174.

After heat treatment at 200°C there is an increase of the Wilkens parameter values(0,8521
1.171667). In this case there is a weak screening of dislocations field, which interpreted by
slow decrease of strain fields, then there is random distribution and big quantity of
dislocations(p=11,6079), this zone characterized by high energy. But after heat treatment at
400°C and 600°C there is a slight increase in the dislocation density, the Wilkens parameter
values are around the unity (M~1) indicates the arrangement of dislocation is quasi-
homogeneous, where the dislocation stops to the aftermost or nearer dislocation. In this case
there is a strong correlation between dislocation, strong screening of field strain (like in the
dislocation walls or between the dipoles). This situation is characterized by low energy [121].

The figure 1V.43 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling)in the base metal after heat treatment for 1H at 200°C,400°C and 600°C.

The table IV.12 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled one (red
continued line) is very clear on the figures, difference between the experimental and modeled
profiles is marked by gray line. The shape of the gray line is plane with little reliefs, this
indicates a good convergence .These constations are confirmed by the smaller values of WSS
between(4293.62 and 5120.72) with the Gof (Goodness of fit) which is stranded between
1.20094 and 1.31174.

The intensities of the five peaks decrease with the increase of the heat treatment
temperature.

The values of the Wilkens parameter (M), the dimensionless parameter M is the factor
for characterizing the dislocation arrangement. Before heat treatment and after heat treatment

at 600°C ,this factor is smaller than unity M(M=0,852991 and 0,890367 respectively), this
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indicates strong dipole character and strong screening indicates a faster decaying of the
strain field [128, 132].We can conclude that zone is characterized by total low energy. While
this factor after heat treatment at 200°C and 400°C present values near the unity(M=1.025483
and 0,9815030 respectively),when (M=1) indicates the arrangement of dislocation is quasi-
homogeneous, where the dislocation stops to the aftermost or nearer dislocation. In this case
there is a strong correlation between dislocation, strong screening of field strain(like in the
dislocation walls or between the dipoles)[133] We can conclude that zone is characterized by

low energy
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FigureVI1.42: X-ray diffraction profiles of base metal before and after heat treatments for 10
min at 200°C, 400°C and 600°C respectively, fittings by PM2K.
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FigureVI1.43:X-ray diffraction profiles of base metal before and after heat treatments for 30
min at 200°C, 400°C and 600°C respectively, fittings by PM2K.
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TableVI.10: Results of the PM2K calculus in the base metal before and after heat

treatment for 10 min.

parameters e 400C 600C

Unit cell parameter [nm] 0,287113 0,287114 0,287084  0,2870148
Burgers vector modulus (b ) [nm] 0,248647 0,248648 = 0,248622  0,2485633
Density of dislocations(p) x10'“[m-?] 7.80774  9.918946 10,16470  7.746255
Effective outer cut-off radius (Re)[nm] 30,52714 30,94502 = 30,9851 31,32314
Domain size average(Daye) 710,1456 354,5189 423,5498 113,1483
Standard deviation(Sd) 7.585354 1.304960 4.235604 1.131511
Wilkens parameter(M) 0,8521 0,974594 0,987871 0,871789
Edge dislocation fraction(f:) 0,299691 0,065188  0,149028  1.82.107"2
Lognormal mean (mu) [Am] 6.565413 5.870085 6.048621 4.728649
Variance (sigma) 0,010681 0,036797 0,01 0,01
WSS 5120.72 4851.17  4053.42 4347.8
Rwp 2.6599 3.08996 = 2.81979 4.60718
Rexp 2.02776 2.42058 2.41654 3.8136
Gof 1.31174 1.27654 1.16687 1.20809

TableVI.11: Results of the PM2K calculus in the base metal before and after heat

treatment for 30 min.

Parameters 200°C 400°C 600°C

Unit cell parameter [nm]  0,287113 0,287062 0,2870772  0,287116
Burgers vector modulus (b) [nm] = 0,248647 0,248603 = 0,2486162 0,2486497
Density of dislocations(p) x10"[m-?]  7.80774 11,6079 9,758948 8,9844

Effective outer cut-off radius (Re)[nm] = 30,52714 34,38962 30 32,57935

Domain size average(Daye) [nm]  710,1456 1.840235 187,5451
Standard deviation (Sd) 7.585354 1.844845 1.879619
Wilkens parameter(M) 0,8521 1.171667 0,9371795 0,9961124
Edge dislocation fraction(fg) 0,299691 4.3791.10™ 0,5 0,1394931
Lognormal mean (mu) [nm]  6.565413  1.006590 5.210063 5.233969
Variance (sigma) 0,010681 0,1 0,1 0,01002197
WSS 5120.72 7207.57 7536.49 6800.95
Rwp 2.6599 6.09011 5.80209 6.21657
Rexp 2.02776 540112 5.16358 5.6762
Gof 1.31174 1.12756 1.12366 1.0952
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TableVI.12: Results of the PM2K calculus in the base metal before and after heat

treatment for 1h.

parameters UN 200C 400C 600C
sample

Unit cell parameter [nm]  0,287115 0,2871020 0,2870529 0,287079

Burgers vector modulus (B) [nm] 0,248647 0,2486376  0,2485951 0,248618

Density of dislocations (p)x10'*  [m-?]  7.80774 9.552684  9.575792  9.21073

Effective outer cut-off radius(Re) [nm] = 30,52714 33,17920 31,71789 29,1623

Domain size average(Dave) 710,1456 320,1261 1035,777 206,305
Standard deviation(Sd) 7.585354 3.201341 1.238911 2.67574
Wilkens parameter(M) 0,852991 1.025483 0,9815030 0,890367
Edge dislocation fraction(fe) 0,299691 1.3178.10-* 0,3115504 0,076996
Lognormal mean () 6.565413 5.768665 6.942836  5.32927
Variance (o) 0,010681 0,01 1.196074 1.296931
WSS 5120.72 4697 4477.87 4293.62
Rwp 2.6599 4.46442 2.89312 4.27509
Rexp 2.02776 3.55421 2.35975 3.55978
Gof 1.31174 1.25609 1.22603 1.20094

The figure 1V.45 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling)in the heat affected zone(HAZ) after heat treatment for 10 at 200°C,400°C and
600°C. The table IV.13 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled
one(red continued line) is very clear.on the figures difference between the experimental and
modeled profiles is marked by gray line. The shape of the gray line is plane with little reliefs
,this indicates a good convergence .These constations are confirmed by the smaller values of
WSS between(4793.54 and 5429.9) with the Gof (Goodness of fit) which is stranded between
1.26893 and 1.35055.

The intensities of the five peaks decrease just after heat treatment temperature at

400°C.This can be interpreted by the beginning of recristallization phenomenon.

After heat treatment at 400°C and 600°C we found a decrease in the density of
dislocation(p=5.166125.10"* m? and 5.676957.10'* m™ respectively) the values of Wilkens
factor are small than unity before and after heat treatment ,excepting for 600°C this

parameter is sperior than unity(M=1.230876).

According To abdelatief et al [117] such small values of M (<1) can result from an

increasing interaction among dislocations, as in dipoles or in domain walls and crystal grain
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boundary regions, in such a way that the overall lattice distortion effect tends to saturate. In

this case the material was in configuration characterized by total low energy [121].

The figure IV.46 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling)in the heat affected zone(HAZ) after heat treatment for 30 min at 200°C,400°C and
600°C. The table IV.14 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled
one(red continued line) is very clear. On the figures difference between experimental and
modeled profiles is marked by gray line. The shape of the gray line is plane with little reliefs

,this indicates a good convergence .

The density of dislocation before heat treatment(p= 6,501594 10'* m),we find a slight
increase of p after 400°C and 600°C heat treatment, but there is remarquable increase after
200°C heat treatment. The values of the Wilkens parameter (M).The dimensionless parameter
M is the factor for characterizing the dislocation arrangement. Before heat treatment this
factor is smaller than unity M (M=0,7649467) this indicates strong dipole character and
strong screening indicates a faster decaying of the strain field [128, 132]. However this
factor after heat treatment at 200°C and 600°C present values near the unity (M=0, 9924736
and M=1, 030758 respectively), when (M=1) indicates the arrangement of dislocation is
quasi-homogeneous, where the dislocation stops to the aftermost or nearer dislocation .In This
situation Re=p~? [fellah].In this case there is a strong correlation between dislocation, strong
screening of field strain(like in the dislocation walls or between the dipoles)[133]. While this
factor after heat treatment at 400°C present value bigger than unity (M=1,158797) According
to Abdelatief et al [117] such small values of M (<1) can result from an increasing interaction
among dislocations, as in dipoles or in domain walls and crystal grain boundary regions, in
such a way that the overall lattice distortion effect tends to saturate. In this case the material
was in configuration characterized by total low energy [121]. According to Scardi et al [133]
the high values of Wilkens parameter (M<<1) mean that there is a random distribution of

dislocation.

The figure IV.47 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling)in the heat affected zone(HAZ) after heat treatment for 1h at 200°C,400°C and
600°C. The table IV.15 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled one(red

continued line) is very clear on the figures, difference between the experimental and modeled
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profiles is marked by gray line. The shape of the gray line is plane with little reliefs ,this
indicates a good convergence . These constations are confirmed by the smaller values of
WSS between(4382.4and 5429.9 ) with the Gof (Goodness of fit) which is stranded between
1.21289 and 1.37594.

The intensities of the five peaks, decrease with the increase of the heat treatment
temperature specially after 400°C and 600°C there is a remarquable decrease, this indicated
that the presence of recristalization phenomenon. There is also an augmentation in the
dislocation density after all heat treatments. The values of the Wilkens parameter (M), The
dimensionless parameter M is the factor for characterizing the dislocation arrangement.
Before and after heat treatment at 400°C, this factor is smaller than unity M
(M=0,7649467and M= 0,8197933), this indicates strong dipole character and strong
screening indicates a faster decaying of the strain field. In this case the material was in
configuration characterized by total low energy. However this factor after heat treatment at
200°C and 600°C present values near the unity (M=0,9229247, M=0,9367769 respectively),
when (M=1) indicates the arrangement of dislocation is quasi-homogeneous, where the
dislocation stops to the aftermost or nearer dislocation .In this case there is a strong

correlation between dislocation, strong screening of field strain .
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FigureVI1.45: X-ray diffraction profiles of heat affected zone before and after heat treatments
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for 10 min at 200°C, 400°C and 600°C respectively, fittings by PM2K.
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for 10 min at 200°C, 400°C and 600°C respectively, fittings by PM2K.
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FigureVI.47: X-ray diffraction profiles of the heat affected zone before and after heat
treatments for 30 min at 200°C, 400°C and 600°C respectively, fittings by PM2K.
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TableVI.13 : Results of the PM2K calculus in the heat affected zone before and after
heat treatment for 10 min.

Parameters UN 200C 400C 600C
sample

Unit cell parameter [nm] 0,2871384 0,287147 0,287122  0,2871363
Burgers vector modulus (b ) [nm] 0,2486692 0,248677 0,248655 0,2486673
Density of dislocations (p)x10'* [m-?] 6.501594  8.005329  5.166125 5.676957
Effective outer cut-off radius(Re) [nm] 30 30 ,68783 29,3576 51,66025
Domain size average(Dave) [nm] 808,3805  265,6629 70,01531 171,6204
Standard deviation(Sd) 81,04057 2.656696 0,700171 88,89095
Wilkens parameter(M) 0,7649467 0,868272 0,667272 1.230876
Edge dislocation fraction(f) 0,5 0,369253  1.7347.10"®  0,991255
Lognormal mean (p) [nm] 6.690033  5.582178  4.248664 5.026457
Variance (o) 0,1 0,01 0,01 4.875000
WSS 5429.9 5390.93 5135.97 4793.54
Rwp 2.59495 2.68683 3.23713 2.91588
Rexp 1.92141 1.99663 2.46538 2.2979
Gof 1.35055 1.34568 1.31303 1.26893

TableVI.14 : Results of the PM2K calculus in the heat affected zone before and after

heat treatment for 30 min.

Parameters UN sample 200C 400C 600C
Unit cellparameter [nm] 0,2871384 0,2870932 0,2870651 0,2871351
Burgers vector modulus (b ) [nm] 0,2486692 0,24863 0,2486057 0,2486661
Density of dislocations (p)x10'*  [m-?] 6,501594  9,401322 7,8273 7,212047
Effective outer cut-off radius(Re)[nm] 30 32,36864 40,58845 37,86786
Domain size average(Dave) 808,3805 1723,215 235,7098 183,689
Standard deviation(Sd) 81,04057 918,3708 = 1244654  60,26885
Wilkens parameter(M) 0,7649467 0,9924736  1,158797 1,030758
Edge dislocation fraction(fg) 0,5 0,4051887 = 0,9607629 0,7505229
Lognormal mean () [nm] 6,690033 7,326947  5,339628 5,162123
Variance (o) 0,1 0,5 0,4846354 0,3197529
WSS 54299 7558,41 8168,86 7128,76
Rwp 2,59495 4,73665 4,71903 5,35317
Rexp 1,92141 4,10249 3,93155 4,77414
Gof 1,35055 1,15458 1,2003 1,12128
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Table VI.15 : Results of the calculus PM2K in the heat affected zone before and after

heat treatment for 1h.

Parameters
Unit cellparameter [nm]

Burgers vector modulus (b ) [nm]

Density of dislocations (p) x10'[m-?]

Effective outer cut-off radius(Re) [nm]
Domain size average(Dave)
Standard deviation(Sd)
Wilkens parameter(M)

Edge dislocation fraction(fg)
Lognormal mean () [nm]
Variance (o)

WSS

Rwp

UN sample
0,2871384
0,2486692
6.501594
30
808,3805
81,04057
0,7649467
0,5
6.690033
0,1
5429.9
2.59495

200C
0,2871980
0,2487208
9.464332
30
622,2587
6.238176
0,9229247
0,5
6.428356
0,1
5639.91
2.85484

400C
0,2870943
0,2486310
8.476201
28,15812
150,6685
1.506723
0,8197933
4.44089107'
5.015032
0,01
5005.12
3.45403

600C
0,2871605
0,2486883
7.402515
33,54078
216,7146
20,49809
0,9367769
0,04570348
5.374128
0,09.437511
4382.4
3.80825

1.92141
1.35055

2.07482
1.37594

2.66384
1.29664

3.13982
1.21289

Rexp
Gof

The figure 1V.48 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling)in the fusion zone(FZ) after heat treatment for 10 min at 200°C,400°C and 600°C.
The table IV.16 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled one(red
continued line) is very clear on the figures difference between the experimental and modeled
profiles is marked by gray line. The shape of the gray line is plane with little reliefs ,this
indicates a good convergence . These constations are confirmed by the smaller values of WSS
between(5133.63 and 6822.47) with the Gof (Goodness of fit) which is stranded between
1.09693 and 1.35146.

The intensities of the five peaks, decrease with the increase of the heat treatment
temperature, Specially after 400°C and 600°C there is a remarquable decrease, this indicated
that the presence of recristalization phenomenon. There is a decrease of FWHM after heat
treatments of some peaks, this can be explained by the diminution of internal stress which

interpreted by the decrease of the density of dislocation.

There is decrease in the dislocation density after all heat treatments specially after
600°C when the value of p diminished from 10,18648 to 5.267170. The values of the
Wilkens parameter (M), Before and after heat treatment present values near the

unity(M=1.009818),when  (M~1) indicates the arrangement of dislocation is quasi-
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homogeneous, where the dislocation stops to the aftermost or nearer dislocation .In this case
there is a strong correlation between dislocation, strong screening of field strain [133].
However after heat treatment at 200°C ,400°C and 600°C, this factor is smaller than unity
M(M=0,8582155, M=0,9085898 and M=0,853199), this indicates strong dipole character and
strong screening indicates a faster decaying of the strain field [128,132]. In this case the

material was in configuration characterized by total low energy [121].

The figure IV.49 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling)in the fusion zone(FZ) after heat treatment for 30 min at 200°C,400°C and 600°C.
The table IV.17 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled one(red
continued line) is very clear on the figures, difference between the experimental and modeled
profiles is marked by gray line. The shape of the gray line is plane with little reliefs, this

indicates a good convergence.

There is decrease in the dislocation density after all heat treatments excepting after 200°C
there is an increase of the value of p(p= 23,5705.10'*m™) ,with very big Wilkens
factor(M=1.604181) and the fraction of edge dislocation equal to the unity(fg=1).According to
Leoni et al [25]Extreme values of fg (0 or 1)may suggest that the dislocation model is not
correct(Different slip systems and/ or dislocation types) but might also indicate that the
observed line broadening is incompatible with that produced by line defects. after heat
treatment present values near the unity(M=1.009818),when (M=1) indicates the arrangement
of dislocation is quasi-homogeneous, where the dislocation stops to the aftermost or nearer
dislocation .In this case there is a strong correlation between dislocation, strong screening of

field strain .
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The figure IV.50 shows the graphic results of the WPPM (Whole Powder Pattern
Modeling)in the fusion zone(FZ) after heat treatment for 1h at 200°C,400°C and 600°C. The

table IV.18 resumes the results of the calculus with this method.

The agreement between the experimental profiles (black points) and the modeled one(red
continued line) is very clear on the figures, difference between the experimental and modeled
profiles is marked by gray line. The shape of the gray line is plane with little reliefs, this
indicates a good convergence. These constations are confirmed by the smaller values of WSS
between(4674.37 and 5548.07) with the Gof (Goodness of fit) which is stranded between
1.25264 and 1.36515.

The intensities of the five peaks, decrease with the increase of the heat treatment
temperature, Specially after 400°C and 600°C there is a remarquable decrease, this indicated
that the presence of recristalization phenomenon. There is a decrease of FWHM after heat
treatments of some peaks, this can be explained by the diminution of internal stress which
interpreted by the decrease of the density of dislocation, there is decrease in the dislocation
density after all heat treatments. After heat treatment at 200°C ,400°C and 600°C, the
Wilkens factor(M) is smaller than unity M(M=0,8582155, M=0,9085898 and M=0,853199),
this indicates strong dipole character and strong screening indicates a faster decaying of
the strain field[128,132]. In this case the material was in configuration characterized by total

low energy [121].
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