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PREFACE

Welding is a fascinating subject, involving knowledge from many disci-
plines such as physics, chemistry, metallurgy, electronics, and mechanical
engineering. However, welding is still in many respects regarded as a crafts-
manship, with the welder having a large influence on the final properties of the
welded joint. Thus, the possibility of predicting and controlling the properties
of a welded joint is limited.

The intention of this book is to show that the properties of a weld in steel
can be predicted and controlled through control of the microstructures that
appear. There has been a rapid development in this field during the 1980s,
mainly through the development of models for the microstructure of steels
subjected to welding. These models are quantitative to a certain degree, with
calculations carried out on mainframe computers or PCs. However, it must be
realized that these models are still far from mature and certainly much more
development is needed to say that we can completely control the microstruc-
ture and properties of a welded joint.

The book begins with a chapter on the welding processes and the defects
that are commonly associated with welds, i.e., what is commonly described as
the weldability of steels. The chemistry and processing of the base material is
described in Chapter 2, and the microstructural changes that occur under the
influence of welding are presented in Chapter 3. In Chapter 4 the microstruc-
ture of the fused weld metal is thoroughly reviewed. This complex area is often
treated more superficially in other textbooks. In Chapter 5 the relation between
the properties and the microstructure of the welded joint is described. The book
ends with a chapter in which some specific cases of welding of steels are
discussed.

The book is intended to be used by undergraduate and graduate students
specializing in welding. It is also aimed at practicing welding engineers, who
may find that it improves their understanding of the factors that control the
properties of welds, a subject which I believe occupies much of their time
today.

Lars-Erik Svensson
Gothenburg
February 1993
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LIST OF SYMBOLS

a,, a,, ay: constants

edge size of weld metal austenite grains

crack length

ay: activity of nitrogen

32+ 22

specific heat

d,: plate thickness

d,: critical plate thickness

d,, dy: austenite grain size

d,, d,: primary and secondary arm
spacing of dendrites

natural logarithm base

e;; Wagner interaction parameter

f;: volume fraction of solid material

partition coefficient

carbide thickness

constant

strain rate exponent

n,: exponent for austenite grain growth

Péclet number

Pn: Ditrogen partial pressure

heat input rate

¢ heat input

two-dimensional radial coordinate

r,: distance between isotherms

r,: side plate tip radius

r.: critical side plate tip radius

r: particle radius

ry: initial particle radius

time

thickness of allotriomorphic ferrite

welding speed

coordinate

exponent in Equation 3.12

coordinate

exponent in Equation 3.12

coordinate

a length in CTOD measurement

constant in Equation 3.12

Aq: ductility

Ay initial cross-section area

Ay final cross-section area

Basicity index

constant in Equation 3.12

specimen thickness (CTOD
measurements)

carbon concentration

C,, ...: C constants

C,*: actual concentration

TR

=0

RN

C,: average concentration

C, and C,: constants in Equation 1.18

diffusivity

Young’s modulus

E,,: carbon equivalent

Weibull distribution function

G,: allotriomorphic ferrite growth rate

Gy, side plate growth rate

thermal gradient

Hjs: hydrogen content according to JIS

HYV: hardness according to Vickers

welding current

critical J-integral value

=YP/BW'?

K, fracture toughness

K,( ): modified Bessel function of the
first kind, zero order

K, constant in grain growth

L, austenite grain size, measured on
longitudinal section

Ly: initial gauge length

L; final gauge length

concentration of metallic elements

load

P, carbon equivalent according to Ito
and Bessey

activation energy

three-dimensional radial coordinate

gas constant

solidification rate

R, Roy, Ry yield strength

R,;: ultimate tensile strength

R;: amount of restraint

constant in Equation 4.7

S,: Trivedi function

temperature

T,: preheat/interpass temperature

T, peak temperature

welding voltage

potential energy (J-integral method)

V;: volume fraction

V,: volume fraction

Viean: calculated volume fraction

V,: clip gauge deflection

specimen width

compliance function

integration constant

ferrite

shape parameter
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parabolic rate constant
a ratio

scale parameter
austenite

thermal efficiency
density

integration constant
o, yield stress

o fracture stress
COD value

S-ferrite

&, shift parameter
Poisson’s ratio
thermal conductivity

s cooling time from 800 to 500°C

carbon supersaturation
plastic work energy

surface energy

thermal diffusivity

ratio between SiO, and MnO
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Chapter 1
ARC WELDING PROCESSES
1.1. GENERAL

The purpose of this chapter is to describe the most common arc welding
processes, concentrating mainly on aspects important for metallurgical behav-
ior. Broadly speaking, there are three different groups of arc welding pro-
cesses:

¢ Shielded metal arc welding (SMAW), often also called manual metal arc
welding (MMA)

* Gas-shielded arc welding, including gas-metal arc welding (GMAW) using
both solid and cored wires as well as gas-tungsten arc welding (GTAW)

¢ Submerged arc welding (SAW)

There are a large number of other welding processes not dealt with in this book.
However, for the sake of completeness, these are listed in Table 1.1. Some of
these processes may be of very significant industrial interest, such as spot
welding for the automotive industry, while others have a very limited use, such
as electron beam welding, e.g., for aerospace applications.

The description of the three groups of processes above consists of a brief
review of the engineering aspects followed by an explanation of how
consumables for the various processes are designed. We begin, however, with
a review of the fundamental concepts to set the scene.

1.2. GENERAL CONCEPTS

All arc welding systems have the same general configuration: a power
source, necessary for generating the arc between the electrode and the workpiece.
To protect the molten weld metal from the air, a shielding system is used, which
can vary in complexity and activity.

An arc is created in the gap between the electrode and the workpiece. A
plasma, consisting of ionized atoms and free electrons, is formed by the arc.
The arc is extremely hot, with temperatures around 10,000°C in the core. The
electrode is heated by resistance heating from the current passing through it and
by the arc. The heat generated is carried in the plasma to the workpiece, causing
parts of the workpiece to melt. The forces in the plasma also provide possibili-
ties for melted drops from the electrode to be transported to the workpiece.
Welding must be made in many positions, such as horizontal, vertical, or
overhead, so the plasma forces can even overcome the force of gravity.

A weld pool is thus created, in which molten material from the workpiece
is mixed with the liquid drops from the filler material. The degree of mixing

1



2 Materials Science and Technology

TABLE 1.1
Common Welding Processes

Fusion welding processes Pressure welding processes
Arc welding Resistance welding
Shielded metal arc welding Spot welding
Gas-metal arc welding Seam welding
Gas-tungsten arc welding Projection welding
Plasma arc welding Resistance butt welding
Submerged arc welding Flash welding
Carbon arc welding High-frequency resistance welding
Stud welding Forge Welding
Gas welding Blacksmith welding
Electro-slag welding Hammer welding
Electro-gas welding Roll welding
Electron beam welding Pressure gas welding
Laser welding High-frequency pressure welding
Thermit welding Cold-pressure welding

Friction welding
Explosive welding
Ultrasonic welding
Precussion welding
Diffusion welding
Thermit pressure welding

between the electrode material and the base metal is called dilution. The
electric current flows through the workpiece to earth and back into the power
source, completing the closed circuit. The heat generated is dissipated, both
through radiation to the surrounding air and by heat diffusion through the
workpiece, the latter being the main heat flow path. This general description
does not apply to gas-tungsten arc (GTA) welding because the electrode is
made of tungsten or a tungsten alloy and does not reach its melting point and,
consequently, does not enter the weld pool. GTA welds can, thus, take two
forms:

* Autogenous, in which the weld pool is formed by simply melting a part of
the workpiece
e A weld in which filler material is added separately

A more precise description of the nomenclature is as follows (see Figure
1.1). The electrode is the current-carrying part of the setup. The material added
to the weld pool is called a consumable or a filler metal. The two workpieces
to be joined constitute the base material. After the welding is finished, the two
base materials are in fact so well bonded by the weld metal that they are
regarded as one structural unit. In the zone of the base material closest to the
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Electrode
Reinforcement

L Original joint surface

Heat affected zone

Base material

FIGURE 1.1. Definition of the most common terms for the description of welded joints.

weld metal, the heat from the fusion process can cause transformations. This
zone is of significant importance from metallurgical, mechanical, and corro-
sion properties points of view and it is commonly called the heat-affected zone
(HAZ).

The edge surfaces of the two pieces of material to be joined together are
prepared in a manner suitable for welding. Some common types of joint
preparations for steels are shown in Figure 1.2. Naturally, there is an almost
unlimited number of such preparations and only the principal configurations
are shown. The most common welds are butt welds, where the plates to be
Jjoined are approximately in same plane, and fillet welds, where the surfaces of
the plates are approximately at right angles to each other. However, fillet welds
are usually made without edge preparation, while if plates in T-joints are made
with edge-prepared plates, these are also called butt joints (see Figure 1.2).

The voltages used for these types of arc processes are usually fairly low (13
to 40 V, with the lower voltages typical for self-shielded cored wires). The
currents can vary greatly, typically from 100 A for a small-diameter stick
electrode to approximately 1000 A for a coarse, submerged arc wire. It is
actually better to compare current densities of different processes because the
effect of the size of the electrode is then eliminated.

The product

g =UxD (1.1)

where U is the voltage and I the current is defined as the heat input. The most
common parameter used is the heat input rate, ¢'/v, where v is the welding
speed. As will be seen later, in most equations of heat flow, the quantity g'/v
appears. The heat input rate is given in kilojoules per millimeter (kilojoules
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Butt joints

Square

Single-V

Single-U

Double-V

Double-U

T-joints

Single-bevel
butt weld

Single-]
butt weld

Double-bevel
butt weld

FIGURE 1.2. Common types of joint preparations for steels. (From Lundquist, B., Sundviken
Welding Handbook, Sandvik Steel AB, Sandviken, Sweden, 1977. With permission.)
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FIGURE 1.3. The arc efficiency of different processes. (From Christensen, N., v de Davies, L.,
and Gjermundsen, K., Br. Weld. J., 12, 54, 1965. With permission.)

per inch) and typically varies from 1 kJ/mm (25 kJ/in.) up to 8 kJ/mm
(150 kJ/in.).

Proper treatment of this concept must also, however, take into account the
so-called “thermal efficiency” (n) of each process. This describes the fraction
of the energy generated that actually goes into the weld pool. The rest of the
energy is lost, for example, in radiation or heating of the shielding gas. During
so-called “‘short-arc welding” (which will be explained further later) hardly any
energy is generated during the short-circuiting period of the current. This leads
to a reduction of the total heat input by a few percent. The arc efficiency has
been investigated in detail by Christensen et al.! and their findings have been
supported by later investigations. The data are shown in Figure 1.3. The
thermal efficiency of the submerged arc method is close to unity over a range
of heat inputs, while for GTAW it is much lower (0.2 to 0.5), and for GMAW
and SMAW it is in between (0.7 to 0.9). In practice, the thermal efficiency is
often assumed to be unity, e.g., when the heat input is calculated. When
comparing different processes, it is necessary to include the thermal efficiency.
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The corrected expression for the heat input is then given by

g =m)xUxD (1.2)

Preheating the base material prior to welding is sometimes necessary in order
to reduce the cooling rate and hence avoid cracking after welding. Preheating
is usually carried out by gas burners directed at the workpiece, although
electrical heating is also common. The preheat temperatures are in the range 50
to 200°C for structural steels.

After a welding run has been deposited, the bead cools down to a predeter-
mined interpass temperature before the next bead is deposited. From a more
fundamental viewpoint, the thermal cycle of the weld is the most important
parameter, because this, together with the chemical composition, controls the
microstructure of the weld and by this means the mechanical properties. The
thermal cycle is determined by the heat input, plate thickness, preheat/interpass
temperature, welding process, and weld geometry. This will be treated in more
detail in Section 1.7.

The way the weld is fabricated, i.e., process used, welding conditions
(current, voltage, travel speed, preheat and interpass temperatures, polarity),
number of runs to fill the joint, and sequence of runs, constitutes the welding
procedure specification (WPS). The WPS is an extremely important concept
because it serves as a specification for the whole joint and is a means of
communicating the fabrication process.

As shown in Figure 1.4, the joint can be completed in several ways, e.g., by
the use of one single run (giving one single bead), by two runs, or by a multirun
technique. The particular technique used is dictated by several factors, such as
thickness and constitution of base material, demands of productivity, quality of
the joint, etc. The way the welds are made also affects the dilution of the weld
metal with the base plate. The dilution is expressed as

D= weight of parent material melted % 100 (1.3)

total weight of fused metal

The choice of welding method is dictated by two factors: demands on
productivity and mechanical properties. Of course, there are several boundary
conditions such as the availability of process and applicability (not all methods
can be used in all situations), but the drive for increased productivity controls
much of the development work in this area.

Productivity is commonly measured as the amount of weld metal deposited
per unit time. This would give a zero deposition rate for processes such as laser
and electron beam welding. A better measure may be the length of joint
completed per unit time. High productivity can then be obtained, for example,
by choosing a process in which a narrower joint can be used, reducing weld
metal volume.
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1.3. THE SHIELDED METAL ARC
WELDING PROCESS

The shielded metal arc welding (SMAW) method is also commonly called
manual metal arc welding (MMA), referring to the fact that in the majority of
cases it is carried out by a welder guiding the stick electrode. This method was
the first fusion welding method developed and dominated the welding industry
for many decades. Its usage has gradually decreased in favor of more produc-
tive processes, but it will certainly continue to be a major process due to the
quality, flexibility, and versatility that can be achieved.

The principle of the SMAW process is shown in Figure 1.5. The electrode
consists of a metallic core and a complex coating. The current passes through
the metal rod and the tip of the electrode is heated by resistance heating and
the action of the arc. In the original electric arc welding process, welding was
carried out with a bare steel rod, which not surprisingly gave poor results.
Difficulties occurred with both arc stability and the quality of the weld metal.
The invention of the covered electrode in 1904 by the Swedish engineer Oscar
Kjellberg led to a major breakthrough in the use of electric arc welding. The
coating has several tasks:

« To provide arc stability

e To protect the molten metal from the surrounding air by generation of
shielding gas

¢ To allow addition of alloying elements

» To provide a suitable cover slag

e To increase productivity by the addition of iron powder (increased effi-
ciency)

Efficiency of an electrode is defined as the ratio between the weight of the weld
metal and the weight of the core wire, expressed in percent. If no iron powder
is added to the coating, the efficiency is around 85%. With some iron powder,
normal efficiency electrodes have an efficiency of about 120 to 150%. High-
efficiency electrodes have an efficiency of about 250%.

Many different kinds of coatings exist, each giving the electrode welding
characteristics and mechanical properties typical to the type. The coating types
can be divided into acid, cellulosic, rutile, and basic. The essential components
in different electrode coatings and the role they play are presented in Table 1.2.
There are by no means sharp limits between these different kinds of coatings.
Many hybrids exist, such as the rutile-basic electrode. However, the most
popular coatings are predominantly rutile or basic in character and these will
be described in more detail later. Before discussing these types, a few words
about the other types may be appropriate.

The acidic coatings, having high contents of MnO and SiO,, have almost
become completely redundant, replaced mainly by rutile types, as the latter
have better operating characteristics for positional welding.
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b

FIGURE 1.4. The joint can be completed in several ways: (a) as one single run (giving one
single bead) (plate thickness 10 mm), (b) by two runs from one side (plate thickness 20 mm), (c)
by two runs, one from each side (plate thickness 20 mm), or (d) by a multirun technique (plate
thickness 50 mm).
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FIGURE 1.4.c
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FIGURE 1.4.d
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FIGURE 1.5. (a) The principle of the SMAW process. (b) The components of a covered
electrode and the associated weld. (From Houldcroft, P. and John, R., Welding and Cutting,
Woodhead-Faulkner, Cambridge, U.K., 1988. With permission.)

Some normal efficiency acid electrodes are still on the market, used because
they give a smooth weld in the flat position, with a weld metal of adequate
toughness, normally acceptable at —20°C (—4°F). However, the acid electrodes
are used mostly as high-efficiency electrodes, because high welding speeds can
be achieved.

Another type of coating is one that is rich in cellulose. The cellulose
develops an atmosphere of hydrogen, resulting in a fierce arc, which gives
deeper penetration. The electrodes have very good operating characteristics,
especially when welding downward, due to a fast-freezing slag. Thus, the
welding can be carried out very rapidly and efficiently. The drawbacks of these
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TABLE 1.2A
Typical Composition of the Coating of
Covered Electrodes

Basic Cellulosic
Ca carbonate, 20-50% Rutile, 20-60%
Fluorspar, 20-40% Cellulose, 10-20%
Rutile, 0-10% Quartz, 15-30%
Quartz, 0-5% Carbonates, 0-15%
Ferroalloys 5-10% Ferromanganese, 5-10%
Rutile Acid
Rutile, 40-60% Manganese oxide
Quartz, 15-20% Quartz
Carbonates, 0~15% Carbonates

Ferromanganese, 10-14%
Organic compounds, 0-5%

TABLE 1.2B
Role of Different Compounds in Consumables

Weld metal alloying elements  Gas-shield-forming elements

[ron powder Limestone

Ferrosilicon Magnesite

Ferromanganese Dolomite

Ferroalloys Cellulose
Slag-forming elements Extrusion aids

Rutile Glue, CMC, algenates

Zirconium dioxide Potassium silicates

Quartz Sodium silicates

Feldspar

Caolin

Fluorspar

types of electrodes are that the fume emission and the hydrogen content are
high. The high fume emission generally presents no problem because the
electrodes are used outdoors. The high moisture content (3 to 6%), which
results in the high hydrogen content, is however essential for the running
characteristics of the electrode. They are used mainly during field circumfer-
ential welding of pipelines. For thin-walled, low-strength steel pipes, the
resulting high hydrogen is not enough to cause cracking, and for higher
strength steels, a special welding technique is used to avoid cracking. This
technique involves deposition of subsequent beads before the previous bead
has cooled down to a temperature where there is a risk of cracking. The root
bead is especially sensitive in this respect.

The rutile type of coating consists of approximately 50% rutile (TiO,), a
natural mineral which has the desirable property of being a semiconductor, in
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contrast to most other minerals, which are very poor conductors. The relatively
good electrical properties give rutile-coated electrodes very nice operating
characteristics, with an even detachment of a spray of drops and a “soft” feeling
with very low spatter. The remaining 50% of the coating consists of organic
matter (such as wood flour) and CaCO; (calcium carbonate) to generate a gas
shield, metal oxides (to improve arc stability), and alloying elements such as
FeSi and FeMn (also used as deoxidizing elements). The production of elec-
trodes demands that sodium and potassium silicates are used as binders and
extrusion aids. These will of course also be present in the final electrode. The
CaCoO, dissociates to CaO + CO,. However, CaO is not found in the slag.
Instead, CaF, or CaSi are found and the oxygen then reacts with metallic
elements such as manganese, silicon, aluminum, etc. Calcium can also react
with sulfur, removing it from the melt. However, the most essential function
of the carbonate is the generation of the CO, gas, which, together with the gas
generated from the organic material, provides a protective atmosphere around
the arc. The gas volume generated by rutile coatings is comparatively small.
The weld metals from rutile-coated electrodes thus usually contain relatively
large amounts of oxygen.

The other main group of coating is the basic type. This type has in general
less than 10% TiO,, about 50% CaCO,, and the remainder is usually in the form
of minerals which are classified as basic. By this composition good gas
protection is developed around the arc. The main reason for the high quality of
the weld metal is that the cover slag is of a metallurgically basic type, giving
good deoxidation and cleaning of the melt. The running characteristics of the
electrode during welding are, however, not as good as for rutile-coated elec-
trodes and higher demands on the skill of the welder are required. One particu-
lar thing that happens to an electrode is the “cavity” that develops at the
electrode tip during welding. The cavity arises as drop formation leaves a part
of the coating sticking out in front of the electrode core. If the welding is
interrupted and then started again, restriking the arc must be made on the
coating. Restriking a basic electrode is more difficult than with a rutile elec-
trode due to different semiconducting properties.

Another important function of the coating is the formation of the cover slag.
The cover slag protects the hot metal from the surrounding atmosphere when
the electrode with its gas shield has moved away. It supports the hot weld
metal, for example, in positional welding, and helps to shape the weld metal
surface in order to obtain a nice appearance with a smooth transition to the base
metal. Finally, when the weld has cooled down, the slag should be easy to
remove from the weld metal. The physical requirements this puts on the slag
can be expressed as solidification temperature range, viscosity, and thermal
expansion coefficient. These properties should then be combined with the
chemical characteristics of the slag, which determine how effective the slag is
in removing elements such as oxygen, sulfur, and phosphorus from the weld
metal. The chemical characteristic is usually divided as acid or basic. An acid
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coating gives higher contents of impurity elements left in the melt, while basic
coatings can clean the weld metal considerably.

There is also a difference between the coating types when it comes to
mechanical properties. The impact toughness is especially dependent upon the
oxygen content of the weld metal. Rutile types (having more acid-type coat-
ings) having higher oxygen contents (600 to 1000 ppm by weight) generally
give lower impact toughness. They are usually tested at 0°C (32°F). As a
consequence of the high oxygen content, rutile-type electrodes have quite a low
manganese content (around 0.5 wt%), because this gives a lower strain hard-
ening and thus provides a better possibility for “accepting” a high impurity
content. With variants that are slightly more basic (i.e., rutile-basic), acceptable
impact toughness at —20°C (—4°F) can be achieved. Basic electrodes (oxygen
content around 300 to 400 ppm) usually have good impact toughness at least
down to -40°C (—40°F) and sometimes to even lower temperatures. In these
types higher manganese contents can be used.

The hydrogen content in weld metals from rutile electrodes is usually quite
high, on the order of 20 to 30 ml/100 g weld metal. The high hydrogen content
limits the use of these electrodes to steels with low yield strength. The hydro-
gen content in weld metals from basic electrodes is much lower, around 5 ml/
100 g weld metal. Rapid development of low-hydrogen basic electrodes has
taken place during the last few years and it is now possible to have as low as
3 ml hydrogen per 100 g weld metal in special types. These electrodes are
usually packed in special, diffusion-tight boxes so that the moisture content can
be kept low for a very long time.

The hydrogen in the weld metal is mainly due to the moisture of the
coating. This has two sources. The first one is crystalline water found in some
minerals and the second comes when silicates and other extrusion aids are
added. The coating is extruded onto the core wire and the coating paste must
therefore possess good rheological properties. The moisture can be removed
by drying at elevated temperatures. However, the maximum temperature
admissible is different for different types of coatings. Rutile coatings must be
dried at relatively low temperatures (around 100 to 150°C, 220 to 300°F).
Drying at higher temperatures destroys the organic compounds in the coat-
ing, leading to reduced protection of the molten metal. Basic coatings can be
dried at considerably higher temperatures (400 to 450°C, 750 to 835°F),
leading to less moisture (0.15 to 0.30%, measured at 1000°C, 1800°F) in the
basic coatings. The moisture content can be affected further by choosing
minerals that are nonhygroscopic and by optimizing the binder silicate mix-
ture (see Figure 1.6). By very careful optimization of the coating formulation
and baking procedure, extremely low moisture contents have been achieved,
which in turn produce very low hydrogen concentrations in the weld metal
mentioned above.

A widely used way of classifying electrodes is the AWS (American Weld-
ing Society) system. This gives a simple but imprecise classification. It is built
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FIGURE 1.6. The effect of different ratios of sodium and potassium silicates on the moisture
pickup properties of covered basic electrodes. The curves show the moisture pickup at different
exposure times at a climate of 32°C (90°F) and 70% relative humidity. The baking temperature in
this case was 450°C (835°F). (From Almquist, G., Budgifvars, S., Lindstrém, L., Magnusson, B.,
and Wittung, L., Proc. 2nd Int. Conf. on Offshore Welded Structures, The Welding Institute,
London, 1982, Paper 41. With permission.)

up by four numbers with an “E” in front to indicate that it is an electrode
classification. The first two numbers indicate the tensile strength in 1000 psi
(approximately 6.9 times the first two digits gives the tensile strength in MPa).
The third number is used to identify the recommended welding position and the
fourth digit gives the coating type. Table 1.3 shows some of the more com-
monly used numbers. Examples of well-known designations according to this
system would be E6013 and E7018.

The denomination of electrode sizes is governed by the diameter of the core
wire. For mild steel, the common electrode dimensions range from 1.6 to 6.0
mm (1/16 to 1/4 in.). The size of the coating can vary considerably, depending
on the specific use of the electrode. To describe the thickness of the coating,
a coating factor, defined as the outer diameter of the electrode divided by the
diameter of the core wire, is sometimes given.

The SMAW method is difficult to mechanize. With gravity welding, it is
however possible to obtain a kind of mechanization for fillet welding. In
gravity welding, special 700-mm-long rutile-coated electrodes are used. They
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TABLE 1.3
Meaning of the Numbers in Positions 3 and 4 in the AWS
Denomination System

Position 3 Position 4
“1”  All-positional welding “3”  Rutile type
“2”  Down-hand welding “4”  Rutile type with addition of iron powder
“4”  Suitable for vertical-down welding “6”  Basic type

“8”  Basic type with addition of iron powder

Power
source

I

Weld metal

Work pieces

FIGURE 1.7. The principal layout of the gravity welding process.

are attached to holders, which can be moved along the joint. The tip of the
electrode touches the welding area and an arc is established. The electrode is
gradually moved toward the weld as it melts. The process is shown in Figure
1.7. With this, one welder can handle several welds simultaneously, increasing
productivity.

1.4. GAS-SHIELDED ARC WELDING

Looking at the trends in market development of welding methods, gas-
shielded arc welding is the most widely used welding method in all developed
countries. If only C-Mn types of steels are considered, GMAW using solid
wires accounts for more than 50% of the amount of weld metal deposited in
Europe. Welding with tubular wire (either metal cored or flux cored) is on a
much lower level, but is rapidly increasing in Europe. In the U.S. and Japan,
the use of cored wires is much more frequent than in Europe and accounts for
about 15% of the amount of consumables sold in these countries. GTAW is
used on a much lower level. The main use of this method is found in welding
of other alloys, for example, stainless steels, copper alloys, or aluminum. For
C-Mn steel applications GTAW is used for root passes of pipes or ror welding
of very thin material.
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FIGURE 1.8. The GTAW process, showing both the engineering design and a closeup of the arc
area. (From Lundquist, B., Sandviken Welding Handbook, Sandvik Steel AB, Sandviken, Sweden,
1977. With permission.)

1.4.1. GAS-TUNGSTEN ARC WELDING

This method was invented during the 1930s. The nonmelting electrode,
made from tungsten or tungsten-thorium alloy, usually has a negative polar-
ity versus the workpiece when welding steels. A gas shield from an inert gas
protects the arc and the weld pool. Figure 1.8 shows the principal layout. The
arc is usually initiated by applying a high-frequency field in the gap between
the electrode and the workpiece. In robot applications this may be unsuitable
and the arc can instead be initiated by a slight touch to the weld metal. This
may lead to tungsten inclusions in the weld metal. The arc melts the base
material, so that a fused zone is established. This requires a relatively close
fit of the two parts to be joined. Autogenous welds involving no filler
material are often made. A more conventional joint preparation is possible if
a filler rod is used.

GTAW has a low thermal efficiency (0.2 to 0.5), consistent with high
losses of energy by thermal radiation from the electrode tip. The main factor
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FIGURE 1.9. Mechanized circumferential welding of tubes using GTAW.

contributing to the low thermal efficiency is however that there is no transfer
ot melted drops from the electrode to the weld pool. If it is roughly assumed
that in GMAW 50% of the energy developed is used for melting the base
material and the other 50% for melting the tip of the electrode, then it is easily
seen why GTAW has such a Jow thermal efficiency. The heat generated at the
electrode tip in GTAW must be cooled to avoid overheating the tungsten
electrode.

This method is often called TIG (tungsten-inert gas). The shielding gases
used are mainly argon or helium. With the use of inert gases, the weld metal
becomes very clean and of high quality. The method is usually applied manu-
ally, but is capable of easily lending itself for mechanization. One typical
application in the mechanized form is tube welding (Figure 1.9).

Consumables for the GTA process generally have a composition that matches
the base material to be welded, although with some additional deoxidants
(mainly silicon) to take care of oxygen from surface oxides or from air
entrapment. Often, wires intended for GMAW can be used. For unusual alloys,
where no standard wires are accessible, small strips from the base material can
be used as filler material.
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FIGURE 1.10. The GMAW process. This differs from the GTAW shown in Figure 1.8 in that
a consumable electrode is used. (From Lundquist, B., Sandviken Welding Handbook, Sandvik Steel
AB, Sandviken, Sweden, 1977. With permission.)

1.4.2. GAS-METAL ARC WELDING

This method was first presented in 1948, using argon as the shielding gas.
However, because argon is an expensive gas, extensive exploration was de-
layed until four years later, when it was shown that the much less expensive
CO, gas could also be used for shielding. Figure 1.10 shows the different pieces
of equipment. GMAW has now developed into a well-established technique. It
is used for a broad range of applications, from very simple joining of objects,
where very low demands are put on the welded joint, to joining of medium-
thickness plates and even to some extent for welding of plates of heavier gauge.
The process has the drawback that lack of fusion occurs more easily than with
other techniques due to the lower heat inputs used.

GMAW is usually semi-automatic, with the welder manually steering the
welding gun, while the wire is fed automatically. With the increasing usage of
welding robots, fully automatic GMAW is employed. The introduction of very
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FIGURE 1.11. The oxide layers on a steel wire surface. Ferrous oxides and hydroxides form as
the outermost layer, while manganese oxides form below. These oxides can disturb the current
transfer during welding and can also cause flaking of copper layers. (From Blickwede, D. J., Metal
Prog., 77, 1969. With permission).

large drums with wires, containing about 200 kg, has improved the use of
welding robots with GMAW.

The wires are alloyed so as to approximately match the base materials.
However, they must possess some additional requirements. They must be able
to travel through the feeding unit smoothly, they must give good contact in the
contact tips, and they must provide good deoxidation and weld pool behavior.

The wires are produced by drawing or by a combination of rolling and
drawing of hot rolled wires, often starting from a diameter of about 6 mm
(1/4 in.). The drawing operation leads to an increased hardness and stiffness of
the wire. An annealing operation to reduce the wire hardness is sometimes
necessary, especially when fine-diameter wires are required.

An essential factor for good contact properties is the surface condition of the
wire. Some wires are delivered in “bare” condition, i.e., as drawn and, possibly,
heat treated. There always exists an oxide layer on the steel surface, usually
built up by layers of different oxides (Figure 1.11). Because the oxides are
insulating, they lead to a high resistance against current transfer from the
contact nozzle to the wire. This problem can be counteracted by deposition of
some suitable element on the pickled wire surface. The most common element
is copper, deposited in a thickness of approximately 0.5 um. For some wires,
very thin copper films have been deposited (about 0.1 pm), but this still leads
to a disturbance of the current transfer properties. Other elements that have
been used are tin, nickel, and phosphorus. Measurements of surface resistance
characteristics have shown that the steepest characteristic is obtained with
copper coating, indicating that this provides the least resistance to current
transfer. However, these measurements were made in a very low current and
voltage range, much lower than the values used for actual welding. It can of
course be questioned whether these measurements can be regarded as represen-
tative of a real welding situation. In the current/voltage range used for welding,
it is difficult to make similar measurements. Instead, disturbances in the current
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transfer are noted as irregular arc behavior and bad drop transfer, which are
difficult to quantify.

Finally, the design of the alloy used in the manufacturing of the wire should
provide adequate deoxidation and give suitable viscous properties of the melt,
so that the welder can easily control the weld pool. The most important
elements in this respect are silicon and manganese. Silicon both strongly
deoxidizes the melt and favorably affects the fluidity of the melt. Manganese
mainly contributes to the deoxidation. Excessive spatter may occur with too
high a level of oxygen present in the wire. Oxygen is tied up in slag particles,
often appearing as a band of slag particles in the center of the wire. When these
particles are rapidly heated during drop formation, the particles decompose and
give off the gas, which make the droplet “explode” (see Figure 1.12 from a
high-speed recording sequence).

The shielding gases used for arc welding of steels are pure argon, mixtures
of argon and CO,, mixtures of argon and oxygen, and pure CO,. The role of
the gases is both to protect the drops, the weld pool, and the HAZ from the
surrounding air and to improve the arc behavior. The choice of gas also can
affect the penetration of the arc.

Because no flux is involved in the process, the only possible source of
hydrogen is the wire. If good cleanliness is maintained, with as little feeding
agents as possible on the wire surface, very low hydrogen values (about 1 to
2 ml/100 g weld metal) can in principle be achieved.

To describe the influence of the gas on the loss of elements and on oxygen
content of the weld metal, the concept “oxygen potential” (OP) of a gas is used.
The oxygen potential of CO, has been found to obey the following relation:

opP =K (CO,) (1.4)

where K is a constant. It has been shown that # is often close to 0.5. When
comparing several different gases, being mixtures of argon with both O, and
CO,, arelatively good fit was found between alloy element losses (Figure 1.13)
and weld metal oxygen content (Figure 1.14) with the oxygen potential param-
eter

OP=0, +K,/CO, (1.5)

1.4.3. GAS-METAL ARC WELDING WITH CORED WIRES

Cored wires are made from a metallic tube, filled with metal or flux powder
(Figure 1.15). The metal tube is usually made from a mild steel strip and
alloying is facilitated through the use of powder mixtures. This is a convenient
way to change the composition of GMAW metals. The alternative would be to
change composition through the soiid wire, which is likely to be much more
expensive. The cored wires may have an advantage over solid wires when it
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FIGURE 1.12. High-speed recording of the welding sequence in GMAW, showing a spray of
drops (left) and exploding drops (right). The drops explode from internal gas generation due to the
decomposition of oxide inclusions in the wire. (From Hutt, G. A. and Lucas, W., Res. Rep. 173,
The Welding Institute, London, 1982. With permissicn.)

comes to productivity, penetration, and weld metal quality. Sometimes spatter
may also be less when flux-cored wires are used, but it is mainly a function of
shielding gas and the particle transfer mode.

The better productivity achieved with cored wires, when compared to solid
wires, is intimately connected to the design of the consumable. The current
density is naturally much higher in a cored wire than in a solid wire, because
the current is conducted through a much smaller cross-sectional area. It is also
possible to have a longer distance between the contact nozzle and the plate (a
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FIGURE 1.14, Weld metal oxygen content as a function of the oxygen potential parameter.
(From Runnerstam, O., Rep. GW-88044, Aga AB, Lidingd, Sweden, 1988. With permission.)

longer stick-our). This increases the Joule heating of the wire. With some wires
a slag is deposited, which helps to control the weld pool and allows higher
currents to be used. All these factors contribute to higher melting rates and thus
higher productivity. The deposition rate for two cored wires is shown in Figure
1.16 and is compared to welding with solid wires and SMAW electrodes.
The penetration of the arc is better with a cored wire than a solid wire due
to the higher currents used. A contributing factor to this is that the shape of the
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FIGURE 1.15. (a) The GMAW process, using cored wire. The principle are very similar to solid
wire GMAW. (From Houldcroft, P. and John, R., Welding and Cutting, Woodhead-Faulkner,
Cambridge, U.K., 1988. With permission.) (b) Cross-sections of a cored wire in which the metal
tube and the mineral filling can be identified. The heavy reduction in diameter of the wire during
drawing makes the grains of the filling stick together. They also stick to the metal tube side.
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FIGURE 1.16. The deposition rate as a function of welding current for GMAW with both solid
and cored wires. The wires are not directly comparable because the diameters are different. For
comparison, the deposition rates for two different covered electrodes are also shown. (From
Houldcroft P. and John, R., Welding and Cutting, Woodhead-Faulkner, Cambridge, U K., 1988.
With permission.)

arc is more widespread with cored wires, giving better side wall fusion. The
wires are manufactured by forming a band into a tube, filled with a powder
mix, and drawing the tube to the correct size. After the drawing operation, the
band has reduced in thickness and at the same time the diameter of the wire has
decreased, due to compaction of the powder inside the tube. The particles in the
compacted powder stick together and to the sides of the tube rather well,
preventing the powder mixture from falling out of the tube. The filling in the
core can either be mainly iron powder, with alloying elements and some
deoxidants, giving a mefal cored wire, or minerals similar to those used for the
coating of covered electrodes, giving a flux-cored wire. There are two main
types of flux-cored wires: rutile and basic. They behave much the same as their
equivalent covered electrodes. One important difference is that no silicates are
needed for binding the grains together in the cored wires. Thus, the moisture
content is much less and cored wires usually give very low hydrogen. How-
ever, some minerals are hygroscopic. Hydrogen levels less than 5 ml/100 g
weld metal can thus be expected for basic cored wires and less than 10 ml/100 g
weld metal for rutile types.

Self-shielded wires can be welded without any gas shield. They are either
of rutile type (for high-speed welding of thin plates) or of a type similar to basic
(for heavy plate thickness welding). They contain extra deoxidants (often
aluminum), denitriding elements, and gas-forming compounds. The wires are
used during field fabrication, where drafts may destroy the conventional gas
shield. Self-shielded wires generate much more fume than gas-shielded wires



Arc Welding Processes 25

and are therefore not often used indoors. Despite the unusual weld metal
composition that is achieved with these wires (aluminum contents around 1 wt%
and about 400 ppm nitrogen), acceptable impact toughness values at
—40°C (—40°F) have been reported.

1.5. SUBMERGED ARC WELDING

This process was developed during the 1930s and was a natural conse-
quence of the combination of a better understanding of the manual metal arc
process and the wish to increase the productivity and automation of the
welding process. Essentially, the coating and the core wire of a covered
electrode were separated and fed to the place of welding by two different
feeding systems.

The avoidance of manual handling means that much higher currents can
safely pass through the wire, giving higher melting rates. By using a continuous
wire (either solid or cored), the process can easily be automated. The drawback
of the method is that it can only be used in the flat and horizontal position.

The method is in principle very similar to GMAW, i.e., the wire in the form
of a coil is fed through an appropriate unit toward the workpiece. Current is
transferred in a contact nozzle, and to provide good current transfer the wire
is usually copper coated. The flux is fed separately, as shown in Figure 1.17.
The wire is submerged in a bed of flux and the arc is ignited between the wire
and the workpiece. The arc is not visible and very little fume is generated
during welding, making the method attractive from an environmental point of
view. The arc operates in a “cavity” inside the flux bed, arising due to the arc
melting the flux and the wire. The drops are transferred via a flux wall-guided
mechanism. The molten flux covers the weld metal and protects it from the air
during solidification.

The process has found many applications, both for relatively thin and for
thick plates. A typical application for thin materials is in the spiral welding of
tubes, where very high welding speeds can be attained, or for welding of gas
bottles. For thin materials, smaller wires naturally are used. The size of the
wires used for SAW normally ranges from 2.0 mm (5/65 in.) diameter up to 6.0
mm (1/4 in.) diameter, the most popular being between 2.4 mm (3/32 in.) and
4.0 mm (5/32 in.). For thick materials, the advantages of SAW in terms of
productivity are more obvious. Typical applications here are in shipbuilding,
pressure vessels, and in offshore constructions.

The productivity of the SAW method can be increased in several ways. The
parallel wire method uses two wires, fed through the same contact nozzle and
connected to the same power source. The wires are small in diameter (usually
2.0 or 2.4 mm, 5/65 or 3/32 in.), but due to the higher current density achieved
in each wire, the total melting rate is higher than if a single wire was used.
Tandem welding, where two wires are placed one after another and each wire
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FIGURE 1.17. The principles of the SAW process. (From Houldcroft, P. and John, R., Welding
and Cutting, Woodhead-Faulkner, Cambridge, U.K., 1988. With permission.)
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is connected to a separate power source, is another method to increase produc-
tivity. This can then be expanded to three or four wire systems. Figure 1.18
shows the productivity obtained with different numbers of wires. A further
step, which has found increasing use, is to add iron powder, fed through a
separate unit (Figure 1.19a). The productivity of this method, compared to
some other modes of SAW, is shown in Figure 1.19b.

These methods have slightly different effects and each has its own advan-
tages and disadvantages. The parallel wire technique is fairly simple to operate,
because only one power source has to be adjusted. However, the gain in
productivity is limited, because only smaller diameter wires can be used. With
the multiwire technique, there are several considerations. The wires should all
melt down in the same weld pool (i.e., the weld metal should not solidify in the
distance between the successive wires). The distance between the wires can
have a pronounced effect on penetration and the height of reinforcement. It is
also important to choose the polarity of the voltage correctly, so as to avoid arc
blow effects. Normally, direct current (DC), with the electrode positive, is used
on the first wire and alternating current (AC) is used on the second. When
magnetic arc blow is a pronounced problem, AC is used on both the leading and
the trailing wires.

With iron powder additions, a cold nonmelted material is added to the weld
pool. Some energy is required to heat and melt the iron powder and, thus, the
thermal cycle of the process is changed. This in turn will affect microstructure
and properties of both the weld metal and the HAZ.

The narrow-gap process was developed as an alternative to the use of higher
energies (Figure 1.20). In thick materials this technique has special advan-
tages because the weld metal volume that has to be deposited can be signifi-
cantly reduced, compared with the use of standard V-joint. This is due to the
narrow joints that are used in narrow-gap welding. The heat input is fairly
small (~2 kJ/mm, 50 kJ/in.). Possible problems with the method are lack of
side wall fusion and slag pockets from entrapped slag. However, these prob-
lems seem to have been largely overcome. An example of a weld metal from
a narrow-gap joint is shown in Figure 1.21. The regular buildup of the weld
shows the excellent reproducibility of the process.

There are two main kinds of fluxes: agglomerated and fused. The agglom-
erated fluxes are the most common. They are made by adding silicates to a dry
blend of fine-grained mineral powder. Agglomerates of the powder are then
formed. These are dried by heating to approximately 600 to 900°C (1100 to
1600°F), depending on flux type. The flux grains consist of relatively round
“balls” (Figure 1.22a) and in cross-section (Figure 1.22b) it is possible to see
some of the separate components of the flux. Fused fluxes are made by melting
the powder mix and then cooling rapidly, so that a glassy phase is formed. The
flux is then crushed and ground down to fine particles. The appearance of fused
fluxes is very different from that of agglomerated fluxes (Figure 1.23). The



28 Materials Science and Technology

FIGURE 1.19. (a) The deposition rate in SAW can be increased significantly by separate
feeding of iron powder. The cold iron powder has the further advantage of cooling down the melt
so that a smaller heating of the weld takes place. (b) The deposition rate as a function of the welding
current obtained with single wire, using either AC or DC+, with parallel wire or with metal powder
addition.

fused fluxes have some advantages over agglomerated fluxes. The main advan-
tage is that they are nonhygroscopic, i.e., the moisture content of the flux is
very low, resulting in very low hydrogen values in the weld metal. However,
it should be noted that the modern agglomerated fluxes also have excellent
properties with respect to initial moisture and moisture pickup. The fused
fluxes are also chemically homogenous. The disadvantage is that the fused flux
cannot contain elements that affect the operational characteristics or the deoxi-
dation ability. These elements are destroyed in the production process by the
high temperatures used. Agglomerated fluxes are designed after much the same
principles as the coating of covered electrodes, with one basic difference. For
covered electrodes, much of the coating is used to generate gas protection. In
SAW this is not necessary, because the flux protects the weld area. The mineral
systems used are based on, for example, Si0,-TiO,-Al,0,, which gives a fairly
fluid slag and good welding properties, or CaCO,-Al,0,-MgO, which gives a
high basic flux, with good cleaning of the weld metal but does not have very
good operating characteristics.
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The basicity index concept was developed by Tuliani et al.? to describe the
role of different minerals for weld metal composition. The basicity index is
given by

B = [Ca0 + MgO + BaO + SiO + K,0 + Li,O + CaF,
+ 12(MnO + FeO))/[SiO, + 1/2(Al,05 + TiO, + ZrO,)] (1.6)

where the oxides (and the salt CaF,) in the numerator are of basic type and
those in the denominator are of acid or amphoteric type. Fluxes with B =1 are
called acid, with 1 < B < 1.5 semibasic, 1.5 < B < 2.5 basic, and B > 2.5 highly
basic. A basic flux gives a basic slag, which cleans the weld metal from oxygen
and impurities such as sulfur. Acid fluxes give slags which do not clean the
weld metal. The slag-metal reactions are relatively complicated and will be
dealt with further in a separate chapter.

The hydrogen content of weld metals from SAW is generally at a low level,
around 5 ml/100 g weld metal. This is independent of the slag system in the
flux because all fluxes are dried at a relatively high temperature. However,
there are some older types of fluxes which contain minerals that are avoided
in modern fluxes, and these fluxes tend to give higher hydrogen contents.
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FIGURE 1.20. The narrow-gap equipment. A very narrow joint is used so that less weld metal
is needed. This of course means that the demands on mechanical stability are very high and that
properties such as slag detachability are crucial. The method is most economical for thicker plates
because the difference in weld metal volume between a conventional joint configuration and a
“narrow joint” increases rapidly with plate thickness.

A further way to classify fluxes is to describe the alloying ability. Normally,
three groups are considered:

¢ Neutral fluxes, where no alloying takes place
+ Active fluxes, alloying silicon and manganese
« Alloying fluxes, which alloy more elements, such as chromium

The composition of the flux very significantly affects the arc properties (arc
stability, heat, etc.) as well as the fluid properties of the molten slag. Both these
factors are crucial to the operation of the consumables. The wire seldom has
any particular effect on the welding properties.

1.6. WELDING DEFECTS

There will always be inhomogeneities in a welded joint. If these
inhomogeneities are above a certain size, they cannot be tolerated and are
called defects. There are a number of defects that may arise during welding,
either due to unsuitable materials or due to the way the welding is made. There
are both external defects (i.e., mainly arising in connection with the plate
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FIGURE 1.21. Anexample of a weld metal from a narrow-gap joint. When correctly employed,
a very regular pattern of weld beads is obtained.

surface) and internal defects. Defects are detected using nondestructive exami-
nation methods, such as X-raying, ultrasonic testing, dye penetrants, or mag-
netic particles. Depending on the demands on the weld, some defects can be
accepted during production welding. Defects that can be accepted include
pores, which mainly give a reduction of the load-carrying cross-sectional area.
Significant cracks can never be accepted, because they cause stress concentra-
tions, which ultimately can lead to brittle fracture. In this section the most
common crack types will be described in some detail and then a briefer
description of other defects will be provided.

1.6.1. SOLIDIFICATION CRACKING

Solidification cracking occurs at high temperatures, typically 200 to 300°C
below the solidus temperature. They are easily recognized, because they usu-
ally follow the weld centerline, although in SAW metals, a special kind of
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FIGURE 1.22. The appearance of agglomerated flux grains: (a) surface of grains and (b) cross-
section of grains. (Scanning electron micrographs, with gold evaporated on the grain surfaces.)
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FIGURE 1.23. The appearance of the grains in a fused flux. (Scanning electron micrograph,
with gold evaporated on the grain surfaces.)

solidification crack, called “dove-wings,” can appear. The typical appearance
of solidification cracks is shown in Figure 1.24. The cracks often appear toward
the end of the welds, due to stresses arising from the thermal field. The crack
surfaces can be heavily oxidized if the crack has been exposed to air at high
temperatures, and in a scanning electron microscope, the dendrite tips from the
solidification process are readily seen. Solidification cracks arise due to the
formation of low melting point compounds in between the dendrites (Figure
1.25). When the temperature has fallen sufficiently below the solidus, stresses
start to build up across the weld, due to shrinkage of the weld pool. The
compounds are still molten and cannot take up stresses, and consequently a
crack is formed. The conditions controlling the extent of the formation of these
cracks are the amount of impurities and the shape of the weld.

Solidification cracks in conjunction with low dilution methods such as
SMAW are very rare, while in high dilution methods, such as SAW, solidifi-
cation cracking can be more frequent. In general, the amount of impurities from
the consumables is very low. The main source of impurities is the base plate.
High-quality base material with particularly low sulfur is required to ensure the
avoidance of cracking. The allowable quantities of impurities in many wrought
steel specifications are still too high. Solidification cracking has been noticed
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FIGURE 1.24, Examples of solidification cracks. (a) Typical centerline crack in a two-pass
SAW weld. (b) “Dove-wing” cracking in a SAW weld.
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FIGURE 1.25. Mechanism of solidification crack formation. (After Baker, R. G., in Rosenhain
Centenary Conf. Proc., Baker, R. G. and Kelly, A., Eds., The Royal Society London, 1975, 129.
With permission.)

several times during the manufacture of relatively simple objects, where the
quality of the base material has been low. A further factor that may contribute
to the occurrence of cracks in SAW metals is the larger size of the weld pool,
which creates larger deformations or higher stresses. High welding speeds also
increase the risk of solidification cracking.

Solidification cracks are sometimes found in GMAW, although this process
generally gives lower dilution than SAW. The explanation for this is that the
shape of the weld bead was unsuitable (Figure 1.26a). The weld should solidify
in such a way that the impurities are transported toward the top surface and not
toward the center of the weld. When the depth-to-width ratio is larger than
unity, there is an increased possibility that the dendrites grow toward the center
of the bead, causing solute enrichment in the remaining melt. There are many
examples where such unsuitable solidification microstructures may arise, both
from GMAW (when excessive currents have been used, causing exaggerated
penetration) and from SAW one-sided welding (where the straight joint edges
formed easily promote an unsuitable solidification profile).

A special kind of solidification cracking occurs when solidification is
delayed in a certain area. This happens when there is a lack of material on
which the melt may nucleate, e.g., when there is too wide a gap between the
plates (see Figure 1.26b). This may also happen in one-sided welding if the
backing flux used for some reason does not work efficiently as a nucleating
agent.

Testing of susceptibility to solidification cracking is not easily done. Wilken
and Kleistner? recently reviewed the test methods used. The most common is
the Varestraint test. In this test and the similar Transvarestraint test the specimen
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FIGURE 1.26. Further examples of solidification cracks. (a) Too-high currents ina GMAW has
caused an unsuitable depth-to-width ratio, the weld being deeper than the width. Solidification will
then occur from the sides toward the center of the weld, creating a high risk for the accumulation
of impurity elements there. (b) The gap between the workpieces has been too large. Thus, in the
gap the weld will experience a lack of nucleating agents, leading to delayed solidification in this
area. Once again, this is likely to lead to a concentration of impurity elements in the last solidified
area and consequent cracking.

is subjected to a controlled deformation during cooling. Other tests are the T-
crack test and the circular groove test, which are self-restraint tests. All these
tests rank different materials with respect to solidification cracking susceptibil-
ity, but do not predict whether an actual joint in a construction will crack.
Regression analysis of cracking in Transvarestraint tests led Bailey and
Jones* to develop an equation relating crack susceptibility to chemical compo-
sition in the diluted weld metal, as (all concentrations in weight percent):

UCS = 230C + 190S + 75P + 45Nb — 125i — 5.4Mn - | 1.7

where UCS means Unit of Crack Susceptibility. When UCS is larger than 30,
the risk of cracking is great, and when UCS is lower than 10 the risk is small.
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FIGURE 1.26.b

1.6.2. LIQUATION CRACKING

Liquation cracking occurs in the grain boundaries of the base material or
in underlying beads in the weld metal, adjacent to the fusion line. It is due
to the formation of low melting point compounds, just as for solidification
cracks. However, the origin of segregation is different, in one case as aresult
of different solubilities in the melt and solid material, and in the other case
as a solid-state enrichment at the grain boundaries. The impurity segregation
takes place in the high-temperature parts of the HAZ, where sulfides present
in the material dissolve into the austenite and subsequently migrate to the
grain boundaries. Some additional impurity elements may come from the
remelting of inclusions in the partially melted zone, just beside the fusion
line.

The best way to cure problems with liquation cracking is to change the
material to a higher purity grade. Because rupture of the grain boundaries
occurs under the influence of tensile stresses building up as the weld cools,
welding with small size electrodes that give smaller weld pools may help.
Another way to try and cure the problem is to butter the joint surfaces (i.e., clad
them with one or two layers of weld metal), avoiding tensile stresses across the
melted grain boundaries. When the plates are subsequently joined together, the
zone that has been subjected to high temperatures now lies in the buttered layer,
which is less susceptible to liquation cracking. However, this technique is only
a first attempt to avoid further cracking. Often this procedure does not help,
unfortunately.
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1.6.3. HYDROGEN-INDUCED CRACKING

Hydrogen-induced cracking takes place in the temperature range below
about 200°C (400°F). The cracking is often delayed, i.e., it can occur several
days after welding is finished. Nondestructive examination (NDE) of welds
should for this reason not be made too soon after welding. A common require-
ment is to wait 48 h before making an NDE. Cracks of this type are most
common in the HAZ, close to the fusion line, but can also occur in the weld
metal itself. In the HAZ, cracking can be both intergranular, following the prior
austenite grain boundaries, and transgranular. The cracks often nucleate at
points of high stress intensity, such as the weld toe (the transition between the
weld reinforcement and the base plate) or in the root. Examples of cracks are
shown in Figure 1.27. When occurring in the weld metal, the cracks generally
follow the allotriomorphic ferrite, decorating the prior austenite grain bound-
aries, as shown in Figure 1.28. Macroscopically, the cracks appear in a 45°
angle to the welding direction. This appearance is called Chevron cracking.

There are three requirements that must be fulfilled for cold cracking to
ocCur:

1. Presence of hydrogen
2. Presence of stresses
3. A “susceptible” (brittle) microstructure (martensite)

The stresses are in practice always present as residual stresses, of the order of
the yield stress. However, what might be of critical importance is the stress
concentrations that occur near discontinuities, such as the weld root or at the
transition between the weld bead and the base plate. The average stress levels
also vary, depending, for example, on the restraint of joint and local joint
geometry. However, in a given joint the only variables that can be affected are
the hydrogen content and the microstructure. Both these variables are the focus
of research by manufacturers of consumables and base material.

The exact mechanism as to how hydrogen acts in conjunction with stress in
order to induce cracking is not clear. The original theory suggested that
hydrogen atoms diffuse to sites such as micropores, interfaces between inclu-
sions and matrix, or other discontinuities where they combine to H,. The
molecule cannot diffuse in the lattice and the hydrogen is therefore trapped,
unless the molecule is dissociated at the trap surface. High pressure is built up,
which leads to a local “burst” of the surrounding matrix. Although this theory
does not explain all features of hydrogen-induced cracking, it serves as a good
qualitative model.

Other theories have explained the influence of hydrogen as lowering the
surface energy by adsorption of hydrogen, thereby promoting brittle fracture,
or that hydrogen interacts with dislocations, so that local plastic fractures
appear.

The solubility of hydrogen is much larger in austenite than in ferrite. When
the welded joint is cooled down, the weld metal normally transforms first to
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FIGURE 1.27. Examples of hydrogen-induced cracks in the HAZ. (a) Crack in a fillet weld.
(b) The cracks appear in HAZs that are martensitic and where the hydrogen content has been too high.
They also often appear at points of stress concentrations, such as weld toes or in the root region.
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FIGURE 1.28. (a) Hydrogen cracking in weld metals, showing how the cracks follow the prior
austenite grain boundaries. Weld metal hydrogen cracking differs from HAZ cracking in that weld
metal cracking can occur without martensite being present. (b) Longitudinal section through a weld
metal, showing how the cracks lie at approximately 45° to the welding direction.

ferrite, while the base material is still austenitic due to the differences in
chemical composition. This acts as a driving force for the diffusion of hydro-
gen from the weld metal to the HAZ. However, the main driving force for the
diffusion of hydrogen into the HAZ is the difference in concentration (Figure
1.29).

Hydrogen diffuses relatively rapidly in o-Fe. At temperatures above 200°C
(400°F), the scatter in the published values for the diffusivity is relatively
small, but for lower temperatures the scatter is very large, as shown by Coe.’
The large scatter makes quantitative predictions at the lower temperatures
difficult.

The most common way to avoid cold cracking is to preheat the workpiece
or at least a sufficiently large area around the joint. Preheating has two
functions: it reduces the risk of martensite formation and it speeds up hydrogen
diffusion, so that when the joint finally reaches room temperature, the hydro-
gen level is below that which causes fracture. The preheat temperature is
determined from codes, such as British Standard (BS) 5135:1984. The param-
eters used for determining the preheat temperature are carbon equivalent, plate
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FIGURE 1.28.b

thickness, hydrogen content, and heat input. The carbon equivalent is a hard-
ening index, developed by regression analysis of relationships between chemi-
cal composition and maximum hardness in the HAZ of a welded joint. The
carbon equivalent most commonly used is that developed within the Interna-
tional Institute of Welding (IIW). The preheat necessary to avoid cold cracking
is then experimentally determined for a range of the parameters. The result is
given in graphs, an example of which is shown in Figure 1.30. The applicability
of these graphs is for carbon equivalents from approximately 0.4 to 0.56. It
should be noted that the carbon equivalent formula used

E, =C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/15 (1.8)

(all elements in wt%) was developed for steels having small amounts of
chromium, molybdenum, vanadium, nickel, and copper. The sum of these
elements should not exceed about 1 wt%. When other kinds of steel, with
compositions falling outside this range, require welding, the steel supplier
should be contacted for advice on appropriate preheat conditions.

The other common carbon equivalent formula used is the Ito—Bessey for-
mula, P (all elements in wt%)

ont
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FIGURE 1.29. (a) Flow of hydrogen atoms from the weld metal into the HAZ due to differences
in concentration and solubility. This situation relates to a conventional normalized steel, in which
the transformation from austenite to ferrite takes place at a lower temperature in the steel than in
the weld metal. As the weld metal transforms to ferrite, there is a driving force for hydrogen
diffusion to the austenitic HAZ. (b) In modern TMCP (thermomechanical controlled processing)
steels, the alloying content is lower, giving a higher transformation temperature. Thus, the
hydrogen atoms remain in the austenitic weld metal. When the weld metal subsequently transforms
to ferrite, the driving force to diffuse the hydrogen atoms into the HAZ is relatively small, and the
hydrogen to a large extent remains in the weld metal.

P, =C+ Mn + Cr + Cu)/20 + Si/30 + V/10 + Mo/15 + Ni/60 + 5B (1.9)

Several investigations have suggested that the IIW formula E,, gives a better
correlation with maximum hardness for steels having a carbon content above
0.18 wt%, while the P, formula is better for steels with a lower carbon content,

In Japanese codes, the degree of preheat is determined graphically by
calculating an index, W1, comprised of the carbon equivalent P,,,, the hydrogen
number (determined according to Japanese standard H g, which differs consid-

erably from European and American standards), and the restraint R, as:
WI =P, + R:/40,000 + H4/60 (1.10)

Using Tekken testing (see below), empirical formulas and nomograms have
been developed relating the index WI and the preheating temperature.

The restraint is not specified in BS 5135:1984. The restraint in Japanese
codes is assumed to be proportional to thickness. In the BS code the thickness
is taken into consideration by having different curves in the diagrams for
different values of the combined thickness. However, it should be realized that
the thickness correction is not due to restraint per se, but may equally well be
thought of as influencing the cooling rate of the weld.
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FIGURE 1.30. Schematic graph showing how the preheat necessary to avoid hydrogen cracking
is related to combined thickness and heat input. The line nearest to the left of this point gives the
preheat temperature necessary. The diagram is constructed for normalized steels and may be very
conservative for modern low-carbon steels.

These different preheat formulas are widely used for selection of base
materials and for erecting welding procedure specifications. However, it must
be realized that they are rather coarse, have limitations in terms of applicable
chemical compositions, and are mostly overly conservative, leading to extra
construction costs. To more exactly evaluate a base material for cold cracking
resistance, there are several cold cracking tests. These tests can be divided into
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two groups: self-restrained tests, where the stress is set up by the shrinkage of
the weld as it cools down, and externally loaded tests. Examples of the first
type are the Tekken test, the IRC (instrumented restraint cracking) test, the
CTS (controlled thermal severity) test, and the cruciform cracking test. Ex-
amples of the second type are implant testing and the TRC (tensile restraint
cracking) test.

1.6.4. OTHER CRACKS

Two other crack types will be briefly described: lamellar tearing and reheat
cracking. Lamellar tearing is a kind of cracking that is relatively uncommon
today. It arises when tensile stresses act in the thickness direction of a plate. If
the plate contains slag inclusions, mainly of MnS, which are elongated in the
rolling direction of the plate, these inclusions may serve as initiation sites for
cracks. A characteristic step-like cracking pattern is found. This mode of
cracking was common when heavier thickness plates were first used in off-
shore structures. The occurrence of cracks led to the development of methods
to obtain rounded rather than elongated sulfides, and today most steel suppliers
can produce steel that is not susceptible to lamellar tearing.

Reheat cracking is a cracking mode that is encountered in creep-resistant
steels. These steels draw their creep strength from precipitated carbides inside
the grains. To relax stresses, the creep strain concentrates at the grain bound-
aries, which are less creep resistant than the interior of the grains. This occurs
when the steels are heat treated after welding. Large creep strains eventually
lead to cracking. Reheat cracking is promoted by the presence of impurity
elements and the common way to cure this type of cracking is to select a base
material with a low impurity element content.

1.6.5. OTHER DEFECTS

Although solidification cracks and cold cracks are regarded as the most
important defects in a welded joint, there are a number of other defects that
should be considered and will be briefly described here: pores, undercuts, lack
of fusion, and root defects.

Pores arise due to the presence of dissolved gases. They have either a
spherical shape, where the gas has been completely locked into the weld metal,
or a more elongated shape, often extending to the surface of the weld. The latter
shape is due to pore formation between the growing dendrites during solidifi-
cation. The pores grow with the same speed as the solidification front. They are
often called worm holes (see Figure 1.31). The gases that cause pore formation
are hydrogen, nitrogen, or carbon monoxide. Hydrogen enters the weld pool
from moisture that comes from the consumables or from the joint surfaces. The
moisture content of the consumables in the delivery condition is too low to
cause porosity. However, during exposure to air, the moisture content can
increase. The increase is dependent upon the temperature and relative humidity
of the air. To avoid problems, the consumables should be stored under conditions
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FIGURE 1.31. Cross-section of a SAW weld metal showing a large amount of worm holes
formed by the presence of unescaped gas.

specified by the suppliers and redried at temperatures and times appropriate to
the particular consumable.

Nitrogen can enter the weld metal from the surrounding air, for example if
too long an arc length is used. Welding speeds that are too high can also cause
nitrogen uptake. Carbon dioxide can cause porosity when welding on nonkilled
steels. However, most consumables contain enough silicon to avoid porosity
from this cause. Pores can be observed around the starting area when welding
with basic types of electrodes. This is due to an insufficient gas shield imme-
diately at the start of welding, as it takes some time to develop a complete gas
shield when the arc is ignited. By moving the electrode over the starting area
for a short time these pores will vanish.

In GMAW, pores can arise due to both too high and too low a flow of gas.
Using too low a gas flow will permit the air to enter the weld pool, while too
high a gas flow will cause a turbulent flow of the shielding gas, once again
making room for air to enter. Turbulent gas flow can also be caused by spatter
that has stuck to the gas nozzle. The inclination of the welding gun can be
important. If the inclination is too large, especially in forehand welding, the gas
shield can be blown from the weld metal. One additional factor is worth
mentioning, namely the high nitrogen content present in the joint surfaces
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FIGURE 1.32. Crater crack, arising from stop porosities in the crater.

when air plasma cutting has been used for joint preparation. In a thin layer at
the surfaces, a high nitrogen content can occur due to cutting without any
shielding. It is recommended practice to grind away the layer before welding.
A special kind of defect appears in the crater where the welding is finished. In
the crater, a lack of material can be seen if the welding is finished erroneously.
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FIGURE 1.33. Fatigue crack, propagated from an undercut.
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Small porosities (pipes) arise, which due to stress concentrations can give rise
to crater cracking (see Figure 1.32). Crater cracks can easily be avoided by a

backward motion of the consumable, filling in the pipe.

Undercuts and root defects are probably the most dangerous defects in a
welded joint, because fatigue cracks often develop from such defects when the
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joint is subjected to a dynamic load (see Figure 1.33). Undercuts arise due to
too high of a welding current, too long an arc, or careless movement of the
electrode. A typical case when undercuts appear is when one is trying to get too
large a throat thickness in a fillet weld, using only one bead. In butt welding
it is especially important to completely fill with weld metal to the edges. In
GMAW, undercuts occur as a consequence of improper balance between
voltage and current; too much voltage in relation to the current favors under-
cuts. Undercuts should be removed as much as possible before construction is
begun. This can be accomplished by grinding or remelting the transition area,
using GTAW.

There are three kinds of root defects: nonpenetrating weld (i.e., the back part
of the plate has not been melted), lack of fusion, and slag in the root area. The
cause of this defect is often that a too large a diameter electrode has been used,
so that it cannot be placed deep enough in the joint. Other common problems
are that the root gap is too small or that the unbevelled edge is too large. Too
low a current or too high a welding speed also cause root defects.

Lack of fusion occurs either between the weld metal and the base metal or
between beads. It is due to an inadequate heat supply to melt the underlying
material. Often the welding current is too low or the welding speed is too high.
The inclination of the electrode also has a large influence and it is important
to adjust the inclination so that the arc may melt the base material. Especially
when welding plates of different thicknesses, lack of fusion easily appears in
the thicker material, because this has a higher cooling efficiency. Lack of
fusion can be caused by the presence of molten slag or gas, prohibiting the
fusion of the materials. This appears most often when the melt is flowing in
front of the arc, making penetration of the arc to the base material more
difficult. The risk for this is highest in GMAW, with the welding gun inclined
away from the solidified weld.

Slag inclusions appear when parts of the cover slag have “frozen” into the
metal melt. With high alloyed electrodes, parts of the coating can fall off the
electrode and form nonmelted areas in the weld metal. This is more likely when
the coating contains compounds having high melting temperatures. In ordinary
stee] electrodes the risk is insignificant. To avoid slag inclusions in general,
careful deslagging of the beads is paramount. In difficult cases, even grinding
is necessary. Slag pockets often appear at the transition between beads or
between beads and base material, mostly when exaggerated convex beads are
made. These slag pockets can be covered by subsequent beads and give rise to
stringers of slags, detected by, for example, X-raying. Even in GMAW, where
no slag system is used, surface oxides, lying like “islands” on the weld metal
surfaces, can give rise to slag inclusion problems.

1.7. HEAT FLOW IN WELDING

Heat flow during welding determines the thermal condition to which the
material will be subjected. For the deposited weld metal, there is only a cooling
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phase of the thermal cycle, while for reheated weld metal and the HAZ of the
base metal, both a heating and a cooling phase appear.

Heat generated by the arc is lost both through radiation and convection, in
addition to heat flow through the material. However, the contribution from
radiation and convection is very small and is usually neglected when heat flow
problems are analyzed. Heat flow can be analyzed in two different ways: by
analytical solutions of the heat flow differential equations and by finite element
methods (FEM).

Analytical solutions to the problem of a moving heat source over a solid
material have been presented in the classical works of Rosenthal® and Rykalin,”
who obviously developed the theory independently. To be able to solve the
differential equation, a number of assumptions must be made:

e The base material is isotropic and homogenous at all temperatures and no
phase changes occur on heating.

» The source is either point shaped (for thick plates) or line shaped (for thin
plates).

» Thermal conductivity, specific heat, and density are temperature-indepen-
dent constants.

» Heat flow through the surface is neglected.

* A quasistationary temperature distribution is obtained, i.e., there is no
temperature variation with time for a point with a fixed position relative to
the arc.

» Nonmelting electrodes are used.

Using FEM, the differential equations are solved in a number of nodes in a
mesh, taking appropriate boundary conditions into account. The advantage is
that the physical constants are allowed to vary with temperature. The size of
the mesh can be varied so that in principle very exact solutions can be obtained.
However, due to the high costs of extensive calculations, it is necessary to find
a reasonable balance between accuracy and computational time.

It is customary to divide the solutions into two regimes: thick plate and thin
plate. The solution to the thick plate heat flow problem is

T — T, = ¢/(2nAR) exp(—(v(x + R)/2x)) (L.11)

In this equation 7 is the temperature, T, is the preheat (or interpass) tempera-
ture, ¢ is the supplied power (¢ =m UD, v is the welding speed, A is the thermal
conductivity, p is the density of the alloy, ¢ is the specific heat, x is the thermal
diffusivity (x = A/pc), and R is the radius R = |2 +y? +z* - Typical values
of the physical constants A, p, ¢, and K are given in Table 1.4.

For thin plates the solution is

T — T, = ¢'/2nAd) exp(-—vx/2x)K(vr/2x) (1.12)
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TABLE 1.4
Values of Thermal Diffusivity (x), Specific Heat (¢), Heat
Conductivity (1), and Density (p) for Different Steel Types

Alloy K (mm¥s) ¢ J°Cg A (Wmm (°C)) p (g/mm?)
Ordinary carbon steel 8 6.1 x 107 0.038 7800
C-Mn steel 4.6 7.2 x 107 0.026 7800
Low-alloy steel 3 8.1 x 1077 0.019 7800

where d is the plate thickness, r = \/x* + y* , and K, is the Bessel function of
the first kind, zero order.

The shape of the temperature distribution in space is shown in Figure 1.34.
Note the very steep rise in temperature as the arc is approaching, while the
decrease in temperature is slower. The loci of constant temperatures are called
isotherms. The distance between the isotherms becomes progressively longer
as the temperature decreases.

To simplify the analysis of heat flow on the metallurgical reactions in the
HAZ, limiting cases are usually considered. In most welding situations, the
velocity of the arc is much faster than the rate of the thermal diffusion, meaning
that the heat flow in the direction of travel can be neglected, compared to heat
flow in the perpendicular direction. By substituting ¢ = x/v, the simplified form
of Equation 1.11 then becomes

T - T, = (¢MI21he) exp(—blak?) (1.13)

where b now is y? + 22
Similarly, Equation 1.12 becomes

T — Ty = (¢'/Iv)(d(Arhpct)’?) exp(—yH4xr) (1.14)

The locus of the peak temperature is obtained by letting 7/9¢ = 0. This gives
t = r¥/4x, which gives

r, = (2Ime)"™ [(g"Iv)Ipe(T, — Ty)]'” (thick plates) (1.15)
r, = (1m)"? (¢'Iv)/(2depc(T, — Ty)) (thin plates) (1.16)

where e is the base of the natural logarithms (= 2.718).
Calculation of the cooling time between 800 and 500°C (Atgs), which is one
of the most important concepts, due to the austenite to ferrite transformation
occurring in this temperature regime, is easily done using the simplified

Formulas 1.13 and 1.14:

Atgs = (@ WIQRTM[1/(500 — T,) — 1/(800 — Ty)] (thick plates) (1.17)
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FIGURE 1.34. The shape of the temperature distribution in space around a moving heat source.
The rapid rise in front of the source and the slower drop at the rear can be seen. The isotherms
connect points of equal temperature.

Atys = (g Ivd)?* 1/(AThpc)[1/(500 — Ty)? — 1/(800 — T,)?] (thin plates) (1.18)

It should be noted that by choosing the point y = z = 0, it is in fact the cooling
rate of the weld metal (at the rear of the weld pool) that is calculated.

By equating the equations for the thin and thick plate solutions (1.13 and
1.14), a critical plate thickness d. is found where the applicability of one of the
solutions changes over to the other:

d. = ((gMI2pc)(1/500 — Ty) — 1/(800 ~ T,)]}2 (1.19)

Measurements of the thermal cycle can be made by placing thermocouples in
predrilled holes at various distances from the fusion boundary. Traces from
such measurements are shown in Figure 1.35. In general, the agreement be-
tween measured and calculated values is quite good. The experimental problem
with thermocouples is quite large, as it is difficult to place the hole exactly
relative to the fusion line. The repeatability of the location of the fusion line is
not very good, due to the “workshop” nature of the welding process. The
thermocouple measurements thus are on a much cruder level with respect to the
influence of the position than the predictive power of the equations.

The equations given are not applicable to the fused metal. Measurements of
the cooling behavior, made by harpooning thermocouples into the weld pool,
have shown that the cooling rate can be modeled on the functional form

dTldt = C(T — Ty)*: (1.20)

However, the constants C, and C,, which are mutally dependent, have no
values corresponding to either thin or thick plate solutions, but fall between
these two cases. Values of the constants are given in Table 1.5.
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FIGURE 1.35. Traces from measurements of the thermal cycle in different positions in the HAZ
in a SAW weld. (From Kohno, R. and Jones, S. B., Welding Institute Res. Rep. 81/1978/PE, The
Welding Institute, London, 1978. With permission.)

TABLE 1.5
Constants for Calculation of
Heat Flow in Weld Metals

Process C, C,
SMAW 1325 1.6
FCAW 445 241
FCAW/Ar-CO, 28.54 206
SAW 4359 1.51
SAW, tandem 1.08  2.68

To simplify the evaluation of the thermal cycle, dimensionless parameters
of temperature, coordinates, etc. can be used. By this, data from different
materials can be used. Maps for heat flow analysis can also be conveniently
constructed using this approach. The major heat flow model used to construct
the maps was the medium thickness plate solution, which is more complex than
Equations 1.11 and [.12. The thin and thick plate solutions then are special
limiting cases. The same assumptions as those made for the analytical solutions
apply for the maps. With the help of the maps, the dominant heat flow
mechanism can easily be determined. An example of a heat flow map is shown
in Figure 1.36.
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FIGURE 1.36. An example of a heat flow map, showing the dominant modes of heat flow. The
dimensionless thickness is plotted on the horizontal axis and a dimensionless parameter related to
the temperature on the vertical axis. (Reprinted from Myhr, O. R. and Grong, @., Acta Metall.
Mater., 38(3), 449, 1990. With permission from Pergamon Press Ltd., Oxford, U.K.)
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Chapter 2
METALLURGY OF THE BASE MATERIAL
2.1. INTRODUCTION

The key properties required from structural steels are strength, toughness,
and weldability. From the steelmakers’ point of view, economy is a fourth
requirement, which undoubtedly has stimulated many of the developments in
steel metallurgy that have resulted in modern alloys and their associated
technologies.

The main degrees of freedom in the design of rolled steels can be divided
nto:

» Steel cleanliness

¢ Content of alloying elements

* Rolling schedule

* Cooling conditions

» Heat treatments after the mechanical processing is completed

Of these, the rolling schedule is the most complex, having several interrelated
effects that involve both cooling and deformation.

The physical metallurgy variables, influenced by the parameters listed
above, are

» Inclusion and impurity chemistry and distribution
* Solid solution hardening

* Precipitation hardening

¢ Phase transformations

¢ Grain size

+ Dislocation hardening

The general effect of these variables on the strength and toughness properties
is shown schematically in Figure 2.1. From this it can be seen that a fine ferrite
grain size increases both the strength and toughness and thus easily can be
identified as the key factor. Both alloying and rolling technologies have evolved
on a grand scale over the past 40 years, with the objective of decreasing the
grain size.

The strength levels (measured as yield strength or as a 0.2% proof stress)
attainable with the weldable steels under discussion here range from about 200
MPa (mild steels) to about 1000 MPa (high-strength quenched and tempered
steels). Some alloys can be treated to have yield strengths of the order of 1500
MPa, but these are fully martensitic, with high carbon contents, not designed

55
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FIGURE 2.1. The influence of metallurgical factors on the strength and toughness of steels.
Strengthening mechanisms other than a refined grain size are detrimental to toughness.

for fabrication by welding. Other types of steels are designed for high-tempera-
ture creep-resistant use, alloyed with chromium, molybdenum, and sometimes
vanadium. These steels are not discussed in this book.

For many applications, the mild steel strength levels are quite adequate. For
large structures, there is a clear incentive to use higher strength alloys, to be
able to make slimmer constructions and thus reduce weight and weld metal
volume. For offshore structures and bridges, steels with a yield strength of 350
MPa have been used for many years (Figures 2.2 and 2.3). To a relatively large
extent, use has been made in offshore applications of 420 and 450 MPa yield
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FIGURE 2.2. The substructure of an oil production platform. The substructure consists of a
lattice of tubes that connect three giant storage tanks. The tanks are also a part of the support for
the platform deck. Most of the steel used was conventional carbon-manganese steel. For some
heavy thicknesses, a modified ASTM A533B quench and tempered steel was used. The steels were
welded with shielded metal arc welding, gas-metal arc welding, using flux-cored wires and
submerged arc welding. (Courtesy of Alloy Rods, Inc., Hanover, PA.)

strength steels, mainly in the topside areca. Steels with very high yield strength
(around 700 MPa and above) are used, for example, in transportation vehicles,
cranes, submarines, and buildings (Figure 2.4). An important application, in
which high demands are put on the construction, is pressure vessels. Steels for
pressure vessels normally have yield strengths in the lower range, but also as
much as 690 MPa has been used.

Strength itself is of little use without adequate toughness. Toughness is
most commonly expressed as impact toughness and there are generally some
well-defined leveis of toughness that must be met, especially in quality
control or in ranking tests. Examples of requirements commonly found are 47 J
(35 ft-1b) at —20°C (—4°F) (typical for shipbuilding) or 40 J (30 ft-1b) at —40°C
(—40°F) (typical for offshore constructions). The original requirement of 27
J (20 ft-1b) is now mainly found in the American Welding Society (AWS)
classifications for consumables. The level required is often connected to the
strength of the steel (higher strength demands higher toughness), and the
temperature requirement is often specified as (at least) 30°C lower than the
expected service temperature. Weldability (in terms of freedom of defects) was
briefly discussed in Section 1.6. All construction steels must be weldable, but
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FIGURE 2.3. (a) The “Tjornbridge” on the Swedish west coast. This bridge was designed and
built in 18 months, substituting an older bridge that was destroyed in January 1980, when it was
hit by a ship. The new bridge is constructed in a titanium-vanadium microalloyed steel, with 355-
MPa yield strength and impact requirements at —20°C. Due to a reduced carbon content and the
presence of titanium nitrides, the weldability is very good. (b) Details of a section of the bridge.
(Courtesy of Svenskt Stil AB, Oxelosund, Sweden.)

weldability can conflict with strength requirements because it is impaired by
extensive alloying. The reduced weldability has been met by preheating the
steel prior to welding, but this is a costly operation that fabricators would
want to avoid.

To be able to decrease the alloying content (especially the carbon content)
but still maintain the yield strength, significant developments have been made
in the rolling processing stage, so that yield strength is kept up using deforma-
tion hardening and refined grain size. Also, the toughness can be kept on an
acceptable level and weldability is improved significantly.

The purpose of this chapter is to describe the steps in the steelmaking
process from a metallurgical point of view and the method by which steelmakers
can design alloys of the desired quality. The steps considered are the treatment
of the melted steel, the effect of alloying additions, and the rolling practice. The
chapter concludes with a description of some of the classification systems that
are most frequently used.
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FIGURE 2.3.b

2.2. TREATMENT OF THE MELTED STEEL
AND SOLIDIFICATION

Steels are produced either from minerals extracted from ores or from the
recycling of scrap (Figure 2.5). Production from minerals takes place in a blast
furnace or by a direct reduction process. From a blast furnace the resulting
melt, often called “pig iron,” is then transferred to a steelmaking furnace for
further treatment. The minerals used are either Fe,O, (hematite) or Fe,O,
(magnetite). These minerals are loaded together with coke and limestone in the
blast furnace and hot air (blast) is blown through the heated material. The
oxides are then reduced by reactions such as:

Fe,0; + 3CO & 2Fe + 3CO,

Elements such as manganese, silicon, and phosphorus can be reduced by
similar reactions. When the process is finished, hot metal is trapped at the
bottom of the furnace. This cast iron has a high carbon content, around 3 to
4 wt%.

Many blast furnaces were closed down during the 1980s, partly because of
the implementation of much larger scale furnaces, but also because of the
increased use of scrap as source material.



60 Materials Science and Technology

FIGURE 2.4. “Big Muskie,” one of the largest machines on earth. It is used for removing
overburden such as dirt and rock from atop coal seams at a large surface mine. The machine was
provided with a new base in 1983. The dragline base was made from ASTM A537 Class 1 and
A633 Grades C and D steels, having a thickness of 1 to 11/4 in. (25 to 32 mm), with some heavier
sections being 2 in. (50 mm) and 6 in. (150 mm). Welding was made using FCAW, with a preheat
of 250°F (170°C). (Courtesy of Alloy Rods, Inc., Hanover, PA.)

In direct reduction processes the oxygen is removed from the ore at tem-
peratures between 650°C (1200°F) and 1200°C (2200°F), i.e., below the
melting temperature. The reactions taking place are the same as those found in
the blast furnace.

The most common steelmaking furnaces are electric, either acid or basic,
and the basic oxygen furnace. The difference between acid and basic processes
comes from the nature of the furnace lining and the flux used. A basic character
is usually preferred, because cleaner steels and consequently higher quality can
then be obtained.

Electric furnaces exist in several types, but the most common is the electric-
arc furnace. The heat is generated by high currents flowing between three
carbon electrodes in contact with the metal. The furnace is charged with
various proportions of pig iron, scrap, and ferroalloys. Normally basic linings
are used, but for castings acid linings are common.

The basic oxygen process uses a tiltable vessel, which is charged with
molien pig iron. No further heating is required. The molten metal is blown by
a large amount of oxygen, through an oxygen lance. Oxygen reacts with carbon
and impurities in the steel.
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The next step in steel processing takes place in the ladle, into which the
molten steel has been poured from the previous step. In the ladle the steels are
refined with respect to nonmetallic inclusions, including oxides and sulfides.
Ladle treatment can generally be divided into five categories:

* Synthetic slag systems

¢ Qas stirring or purging

» Direct immersion of reactants, such as rare earth elements
* Lance injection of reactants

* Wire feeding of reactants

Combinations of these processes are often used to obtain synergic effects.

Synthetic slag systems are used to prevent heat losses by radiation from the
molten metal. By choosing a suitable composition of the slag, e.g., based on
calcia-alumina with an addition of fluorspar and reducing elements such as
carbon, aluminum, and calcium silicide, further reduction in sulfur content is
possible. As little slag as possible from the furnace should be allowed to follow
the steel into the ladle, because sulfur then may revert into the steel.

Gas stirring is achieved by bubbling of gases such as nitrogen or argon
through the melt. This helps to separate inclusions from the steel. Local metal
currents are also created, flowing vertically downward, aiding the more effec-
tive mixing of the additions made.

Enhanced desulfurization or control of sulfide shape are the two means to
improve the through thickness properties of steel plates. The desulfurization
process takes place by lance injection of elements such as magnesium or
calcium silicides (CaSi,). Addition of calcium silicide wires is a growing
alternative to lance injection. Better reproducibility is obtained and several
alloying elements can be added simultaneously. Sulfide shape control is achieved
by the addition of rare earth metals or calcium. Lance injection systems can
also be used for the injection of microalloying elements. Reactants for sulfide
level control can also be fed into the ladle in wire form or as a wire core.

After the ladle treatment, the molten steel is poured into a tundish and
subsequently into a mold. To avoid oxygen pickup during pouring, the stream
of metal must be protected by some shrouding system. A further refining step
is promotion of flotation in the tundish and mold.

Vacuum treatment to decrease the amount of soluble gases is a further
refinement of the steel. In principle the same effect can be achieved by very
strict control of the process. In critical applications, there can be demands from
the steel purchaser that vacuum degassing be used.

Utilizing the possibilities outlined above, the impurity levels that can be
achieved routinely are

P < 100 ppm, S < 50 ppm, H < 2 ppm, N < 40 ppm and O < 40 ppm
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FIGURE 2.5. Scheme illustrating the steps in the production of steels, from ore to casting. (From
Pehlke, R. D., Metals Handbook, Desk Edition, Boyer, H. E. and Gall, T. L., Eds., American
Society for Metals, Metals Park, OH, 1985, chap. 22. With permission.)

Steels are cast either into ingots or continuously cast for further processing by
rolling or forging for example. If the steel is cast into its final shape, it is called
a true casting. Ingot casting, long the predominant method, has largely been
replaced by continuous casting. Today, only extremely thick plates and special
high-alloyed steels are ingot cast.

Ingot casts can be divided into four types, depending on the degree of killing
of the steel: fully killed, semikilled, capped, and rimmed. For most applica-
tions, fully killed steels are required and these steels have a relatively low
process yield, due to the cavity formed as a result of shrinkage during solidi-
fication. In the other types of ingot cast steels, pipe formation is compensated
for by gas evolution, which makes blow holes in the cast. These blow holes are
later welded shut during rolling.

The continuous casting process (Figure 2.6) has greater metal yield than
ingot casting, resulting in lower fuel cost and higher productivity. The
equipment is also relatively inexpensive and can be applied in a small-scale
production plant. A further advantage is that special cross-sectional shapes
can be cast, which can be rolled into structural sections. The technological
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FIGURE 2.6. Schematic drawing of a curved continuous casting machine, which is the most
common type. (From Pehlke, R. D., Metals Handbook, Desk Edition, Boyer, H. E. and Gall, T. L.,
Eds., American Society for Metals, Metals Park, OH, 1985, chap. 22. With permission.)

problems with the method are related to surface defects of the slabs,
reduction in the quantity of nonmetallic inclusions, and centerline segrega-
tion. Surface cracking of slabs is related to the reduction of ductility over
a certain temperature range (often 900 to 700°C). Embrittlement is found
to be excessive when niobium is present in the steel, while the presence of
titanium is generally beneficial. Nitrogen content is very important and
there is a complicated interplay between these elements. If the slab is
subjected to stresses from rolling or unbending, for example, cracks may
occur.
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manganese-rich areas, the transformation is delayed, so that the partitioning of carbon from the
ferrite forming in the manganese-depleted region leads to a higher fraction of pearlite.
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Centerline segregation can be very pronounced in continuously cast steels.
The segregation is caused by the combined action of two factors. The solidi-
fication starts from the walls of the slab and progresses toward the center,
giving an enriched melt to solidify last. Due to shrinkage of the metal as it
solidifies, it is necessary to feed in extra liquid at the end of the process to avoid
cavity formation. This gives rise to so-called V-segregation. To avoid V-
segregation, a soft (small mechanical) reduction is employed to squeeze the
solidification fronts together. Electromagnetic stirring has also been used
successfully to widen the segregation zone and thus reduce the negative effects.
Certain elements (manganese, niobium) segregate more than others. By con-
trolling the contents of these elements, the segregation problem can be reduced.
However, the process parameters are the most important factors in reducing
segregation. Segregation of manganese can also occur on a finer scale, leading
to the characteristic banding of steels (Figure 2.7).

2.3. ALLOYING ELEMENTS

The state of individual elements in common low-alloy steels can be catego-
rized as follows, although each element in general can have several different
effects:
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Substitutional Microalloying Carbide
elements elements formers Impurities
Manganese Aluminum Molybdenum Sulfur
Silicon Vanadium Chromium Phosphorus
Nickel Niobium Vanadium Tin
Copper Titanium Niobium Arsenic
Molybdenum Boron Titanium Antimony
Chromium Tungsten Calcium
Zirconium
Rare earth elements
Sulfide shape Nonmetallic
control elements Gases inclusions
Calcium silicates Nitrogen Oxides
Rare earth elements Oxygen Sulfides
Hydrogen Silicates

The presence of carbon is perhaps not necessary to mention, because by
definition a steel is an alloy of iron and carbon. The carbon content of construc-
tion steels is at most 0.25 wt% (0.20 wt% in certain specifications). In many
modern steels (both plates and line pipes) for use in offshore construction the
carbon content is around 0.1 wt%. Steels under development now have ultra-
low carbon contents (about 0.02 wt%) and are alloyed considerably with
manganese, chromium, molybdenum, and nickel to achieve very high strengths
(of the order of 900 MPa). The low carbon content greatly improves the
weldability so that even these very high-strength steels can be welded without
preheating if the weld metal does not need it.

The iron-carbon phase diagram (Figure 2.8) shows the different phases that
appear in plain carbon steels as a function of temperature and carbon content.
At highest temperatures ecither body-centered cubic (BCC) d-ferrite or face-
centered cubic (FCC) austenite appears during equilibrium cooling from the
liquid state. Which phase is formed depends on the carbon content of the steel.
If 8-ferrite forms, it is replaced by austenite as the temperature is lowered. On
further cooling, the austenite transforms into BCC o-ferrite, the BCC phase
being stabilized due to magnetic effects. Although the BCC lattice is less
densely packed than the FCC lattice, it has a smaller solubility for carbon.
Consequently, during the austenite to ferrite transformation, carbon must pre-
cipitate as another phase. Normally, the Fe, C-phase cementite is formed. If the
transformation occurs rather slowly, ferrite and cementite form together to
generate a microstructure called pearlite, which is a eutectoid transformation
product, with a typically lamellar appearance.

The phase diagram only shows the equilibrium phases. However, the trans-
formations quite often proceed so rapidly that nonequilibrium phases are
formed. The kinetics of the phase transformation are described by TTT
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FIGURE 2.8. The iron-carbon phase diagram.

(time-temperature transformation) diagrams or CCT (continuous cooling trans-
formation) diagrams. TTT diagrams are used when transformation takes place
isothermally, while CCT diagrams describe transformations during continuous
cooling from the austenite phase field. The typical appearance of these dia-
grams is shown in Figure 2.9. The TTT diagrams consist essentially of two C-
curves. The upper C-curve describes diffusion-controlled transformations (dif-
fusional transformation) to ferrite and pearlite. The lower C-curve describes
displacement reactions to Widmanstitten ferrite and bainite. At higher tem-
peratures within the lower C-curve, upper bainite is formed where cementite
precipitates are found between the ferrite platelets. At lower temperatures,
lower bainite is formed where cementite precipitates are found within the
bainitic ferrite. If the transformation occurs at temperatures below the lower C-
curve, then the austenite transforms without any diffusion to martensite. A more
detailed description of the phase transformations will be given in Chapter 3.
The TTT diagram is affected by the alloying elements. Ferrite-stabilizing
elements such as silicon and molybdenum move the transformation start tem-
peratures to higher values, so that ferrite and pearlite form more easily. How-
ever, at the same time the curves may be displaced to the right, because the
transformation may be more sluggish, thus delaying the transformation. Aus-
tenite stabilizers such as manganese and nickel both lower the transformation
start temperature and displace the curves to the right. Thus, by alloying
additions, it is possible to prevent the formation of ferrite and pearlite and
instead obtain bainite or martensite. The ability of a steel to form martensite
during quenching is called the hardenability of the steel. Bainite and martensite

Temperature (°F)
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FIGURE 2.10. Transmission electron micrograph of platelets of bainite. These platelets are
separated only by low-angle grain boundaries and the effective unit from the strength and
toughness point of view is a package of many platelets. (Courtesy of H. Bhadeshia, University of
Cambridge, Cambridge, U.K.)

have higher hardness and strength than ferrite, but are often more brittle. Low-
carbon martensite can, however, be relatively ductile, due to the fine grain size
and relatively low hardness of the matrix. This fact is now being exploited in
the design of both wrought alloys and high-strength weld deposits.

It is often desirable to have a fine grain size, because this can increase both
strength and toughness. Although the lower temperature phases may have finer
grains, this can be offset by the higher hardness. Bainite can be especially
brittle because platelets of identical crystallographic orientation grow in pack-
ets, leading to the effective grain size of bainite being almost the same as the
ferrite grain size (see Figure 2.10). The most efficient way to decrease the
effective grain size is to have many nucleation sites where the transformation
can begin. The most effective nucleation sites are grain boundaries, but impu-
rity particles may also act as nucleants, as well as deformation bands. To
achieve a fine ferrite grain size, it is thus necessary to have a fine austenite
grain structure. A deformed austenite grain structure further enhances the
possibilities of obtaining a fine ferrite grain size.
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Other than carbon, manganese is the most common alloying element. It is
present in most steels, with at least 0.5 wt%. For a steel to be called manganese-
alloyed, the manganese content is usually larger than 1 wt%. The manganese
content is seldom above 2 wt%, except for the ultra-low carbon bainitic steels.
Manganese strengthens the steel by solid solution hardening, but it also has a
strong effect on the austenite to ferrite transformation so that a finer ferrite
grain size is achieved.

Nickel works in much the same way as manganese, but has a smaller solid
solution effect. On the other hand, nickel is believed to improve toughness at low
temperatures by influencing the stacking fault energy of the ferrite in such a way
that plastic deformation at low temperatures is facilitated. Depending upon
application, varying amounts of nickel alloying are used. For steels to be used at
moderately low temperatures (below —60°C, e.g., for liquid petrol gas (LPG)
purposes) about 1 wt% nickel is added. For lower temperatures (below -100°C,
e.g., for liquid natural gas (LNG) purposes) 1 to 3 wt% nickel is added, and for
extremely low temperatures (—196°C) 9 wt% nickel steels are used.

Copper influences the microstructure in a manner similar to manganese and
nickel. However, the content of copper is kept fairly low in construction steels
(<0.5 wt%). Higher amounts of copper may lead to precipitation of copper
particles (e-Cu). A special steel containing copper is the so-called “weathering
steel,” used for corrosion and oxidation protection. In these steels, higher
amounts of copper are used.

Silicon has a powerful solid solution hardening effect, but the basic reason
for adding silicon is to kill the steel, i.e., to react with the dissolved oxygen in
order to avoid porosity. For some years aluminum was used instead of silicon
for killing the steel, but this trend has been reversed. For high-quality steels
silicon killing is used more and more. A positive factor with silicon killing is
that lower nitrogen content is achieved.

Microalloying elements (aluminum, niobium, titanium, and vanadium) are
used primarily to control austenite grain size, either during normalizing or
during thermomechanical rolling. Aluminum sometimes has a dual role. It is
used to kill the steel, both in conjunction with and as a replacement for silicon.
Aluminum also reacts with nitrogen to form AIN. This reaction is relatively
sluggish and does not take place during cooling in connection with rolling.
Instead, AIN precipitates during normalizing heat treatment and helps to re-
strict grain growth. The fine austenite grain size thus formed leads to a fine
ferrite grain size.

Vanadium and niobium are used in several types of steels: normalized,
controlled rolled, and quench and tempered. In normalized steels the dispersion
of particles prevents grain growth during the heat treatment. The yield strength
is thus increased by a refined grain size. The particle distribution in itself also
increases the yield strength, although the particles are relatively coarse. For
thermomechanically rolled steels the MX-particle dispersion helps prevent
recrystallization, if rolling is made in the non-recrystallizing temperature re-
gime. Here, M stands for the metal (either vanadium or niobium) and X stands
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for the metalloid (either carbon or nitrogen). The precipitates can also be mixed
carbonitrides. Both vanadium and niobium precipitate further during the aus-
tenite to ferrite transformation and increase the strength by precipitation hard-
ening. In quench and tempered steels, the elements as in the other types of steel
decrease the austenite grain size and increase hardenability. Carbonitrides are
also precipitated during the tempering process.

Titanium is also used for austenite grain size control during hot rolling, but
a more common application is in connection with welding. Titanium reacts
with nitrogen to form TiN, which is stable up to high temperatures and retards
austenite grain growth in the heat-affected zone during welding.

The carbide-forming elements chromium, molybdenum, and tungsten are
mainly used in low-alloyed heat-resisting steels, where the carbides formed
prevent dislocation movement. In these steels the content of molybdenum and
tungsten is around 1 wt%, while the content of chromium varies from 1 up to
12 wt%. These steels have relatively low toughness at room temperature and
below, so that their use at these temperatures is relatively limited. To achieve
some moderate toughness properties the steels must be heat treated (normal-
ized and tempered). Strength advantages are thus lost and the steels do not have
strength levels much above ordinary controlled rolled steels. In small quantities
(<0.5 wt%) these elements are used in ordinary construction steels in order to
increase hardenability. This occurs by shifting the C-curves in the CCT dia-
gram to the right, as for most of the other alloying elements. Molybdeneum is
particularly useful in this sense.

The impurity elements mainly cause decreased toughness. The mechanisms
for this vary, depending on the specific element. Oxygen forms slag particles
together with elements such as silicon and manganese. These may serve as
initiation points for cleavage fracture. The slag particle content also affects the
ductile fracture energy, in that higher amounts lead to decreased toughness.
Manganese also forms sulfides by reacting with sulfur. These inclusions are
often soft and become elongated in the rolling direction. During welding,
cracks may form at the interface between the elongated sulfides and the steel
matrix. This problem can be cured by the addition of calcium silicide. The
sulfides then become much harder and keep their rounded shapes, even after
rolling. Rare earth elements, such as cerium, can also be used for this, but in
offshore applications, for example, this so-called REM treatment is often not
allowed.

Oxygen often coprecipitates with sulfur to form oxysulfides. It is important
to prevent sulfur from combining with iron, to form FeS, because this com-
pound has a low melting point and may wet the grain boundaries, leading to
liquid phase embrittlement.

Hydrogen in large quantities may give rise to porosity. Smaller amounts
may also give rise to problems because it causes low toughness. The exact
mechanism for this is not clear but a popular theory is the accumulation of
hydrogen at interfaces. Hydrogen is an interstitial and diffuses rapidly in the
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iron lattice. Accumulation of hydrogen may occur at interfaces such as
between the matrix and inclusions, where a small crack may initiate due to
the high pressure built up. Any drop in toughness is not noted by impact
toughness testing however, because the hydrogen does not affect the high
strain rate deformation and cracking. Instead, it is more common to find
reduced ductility in tensile testing or as a low toughness in fracture mechan-
ics testing.

The elements phosphorus, antimony, tin, and arsenic decrease toughness by
segregating to the grain boundaries and decrease the bonding between the
atoms there. Preferential segregation occurs to the prior austenite grain bound-
aries and the fracture surface of a specimen embrittled by these elements has
a typical intergranular appearance.

2.4. ROLLING OF THE STEEL

Rolling of steels naturally has the aim of obtaining the correct dimensions
(thickness, width, and length) of the product for a certain application. How-
ever, it has long been realized that rolling is a thermomechanical treatment of
the steels which can be utilized to improve the properties. The rolling tech-
niques have developed since the mid-1960s to ever-higher degrees of sophis-
tication. The different rolling procedures used today are listed below. How-
ever, it should be realized that the rolling procedures used are connected
intimately to the chemistry of the steel.

All plates are hot rolled as a first stage to use the facility of easy rolling to
reduce the thickness of the plates. The slabs that come out from the continuous
casting usually have a thickness of 200 to 250 mm. A considerable reduction
in thickness must be made, because the final thickness of the steel is seldom
more than 100 mm and very often much lower.

Somewhat different production schemes may be used, depending on the
final thickness of the plates. Thin plates are usually defined as being in the
range 2 to 16 mm. They are hot rolled in a continuous hot rolling unit. Some
of the thin plates (e.g., for the automotive industry) are cold rolled, after being
hot rolled down to a thickness of 2 to 6 mm. Cold rolling is carried out in a
continuous cold rolling unit, down to a thickness of around 0.5 to 2 mm. After
the rolling process, the plates are heat treated to achieve properties for
pressability. Such thin plates as mentioned above are seldom used for construc-
tion purposes. The weldability problems are also different from those in the
construction industry. For thin plates the problems are mostly concerned with
surface protective layers, e.g., of zinc or aluminum, which may cause problems
such as porosity during welding.

Thick plates are defined as those in the thickness range above 6 mm. The
hot rolling usually takes place in a reversible rolling unit, followed by further
deformation in some of the above-mentioned schemes. The hot rolling proce-
dures used can be subdivided as:
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» Conventional rolling with high finish rolling temperatures (in the interval
1000 to 1100°C, followed by air cooling)

* Normalizing rolling

¢ Thermomechanical rolling (TM) (also called thermomechanical controlled
processing, TMCP); for some types of steel this can be followed by accel-
erated cooling

* Quenching and tempering (QT) steels or direct quenching and tempering
DQ+T)

Conventional rolling with high finish rolling temperatures requires only
moderate-strength rolling equipment. The steels will get a fairly coarse ferritic
grain size because the austenite grains easily recrystallize and become fairly
coarse, leading to few nucleation points for ferrite during transformation. The
structure of the steels will be ferritic/pearlitic.

To improve the properties of hot rolled steels, a normalizing heat treatment
at around 900°C can be performed. The steels will be reaustenitized but the
austenite grain size will be finer than in the hot rolled condition. This then gives
a finer ferrite grain size. By using AIN, the size of the austenite grains during
the heat treatment can be controlled even further. Niobium additions give steels
with even higher strengths with no deterioration in toughness, because the
austenite grain size is decreased even more than in AlN-treated steels. Also,
these steels have a microstructure consisting of a mixture of ferrite and pearlite.

Thus, hot rolled and normalized steels basically obtain their properties from
the alloying content, by solid solution hardening, and to some extent from grain
size control.

Normalizing rolling can be seen as an alternative to normalizing heat
treatment of hot rolled plates. The purpose is to obtain the same properties as
in normalized steels. Also, the properties should remain even if the steel is
subjected to a heat treatment at temperatures around 900°C. Other steel types,
described below, will lose their mechanical properties if they are subjected to
a high-temperature heat treatment. Final reduction during normalizing rolling
takes place between 900 to 1000°C. The austenite grains are deformed, but the
rolling is made at such a high temperature that the structure can recrystallize
(although not completely) and thus form new austenite grains. However, these
grains are considerably smaller than the original ones, leading also to the
formation of small ferrite grains. The steels can often be microalloyed with
small amounts of the carbide-forming elements such as vanadium and niobium.
Quite often they are also microalloyed with titanium. Microaddition of vana-
dium and/or niobium results in precipitation of V(C,N) or Nb(C,N) during the
austenite to ferrite transformation or in the ferrite. This precipitation further
increases the yield strength of the steel, which otherwise is due to solution
hardening and fine grains.

There is one significant difterence between conventionally normalized steels
and normalizing rolled steels, if the steels are aluminum treated. During furnace
normalizing, aluminum combines with nitrogen to form AIN. However, this
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reaction is sluggish and will not occur during normalizing rolling, meaning that
such steels may contain significant content of free nitrogen. This in turn can lead
to a higher risk for strain aging. Addition of titanium is to some extent used to
tie up the surplus of nitrogen in the form of very fine (<20 nm) “TiN” particles
which inhibit grain growth of austenite during reheating and hot rolling.

Thermomechanical rolling (TM) is used for rolling of niobium or niobium,
vanadium, and titanjum microalloyed steels. Rolling takes place with a strictly
controlled deformation and temperature program and the finish rolling tem-
perature is quite low. Rolling takes place at temperatures where the austenite
can recrystallize (around 950°C), in the nonrecrystallization temperature re-
gion (around 900°C), and in the dual-phase (austenite + ferrite) temperature
region. This type of process requires that microalloying elements are used to
control the grain size of the austenite during rolling by precipitation of
carbonitrides. By rolling just above 900°C, a deformed austenitic structure is
obtained which recrystallizes very slowly. By using microalloying elements,
especially niobium, recrystallization is slowed down even further. The de-
formed austenite grains will have a pancake shape, with many internal defects.
Some recovery may take place, building up low-angle boundaries in the
austenite grains. During transformation, ferrite nucleates on both ordinary
grain boundaries and low-angle boundaries, leading to a small ferrite grain
size. Simultaneously, further precipitation of microalloying carbides during
transformation can occur. The basic structure is still a mixture of ferrite and
pearlite, but with very fine ferrite grains. The rolling in the two-phase region
gives a deformation of the ferrite.

Thus, the mechanisms contributing to the increased strength in this class of
steel are finer grain size and dislocation hardening. Alternatively, the alloying
content (mainly carbon) is reduced and the strength level is kept as for the
normalized steels. However, this process does not always give steels with
acceptable strength and toughness for many applications. Also, weldability is
limited for heavier thickness and higher strength steels because preheat nor-
mally is required. Thus, further refinement of the microstructure is necessary.
This has been achieved by faster cooling through the transformation tempera-
ture regime by water spraying of the steel surface.

If the water spraying is interrupted at a temperature that is between the start
and finish temperatures of the transformation, then the process is called accel-
erated cooling. The start and finish temperatures as well as the cooling rate
during water spraying are process variables that have been studied in detail
during the development of the process. To optimize the properties of the steels,
these variables must be carefully controlled. The microstructure of these steels
is no longer ferrite and pearlite, but a fine-grained bainite, at least for thinner
plates, where the cooling rates have been sufficient. Using this approach it is
possible to further reduce the carbon content, improving weldability signifi-
cantly, and still have high yield strength.

The increased strength is achieved by still finer grain size and by the higher
dislocation content of the lower transformation products (bainite) that may
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appear. The yield strengths that are possible with either of the processes
described above depend to some extent on thickness (larger thickness giving
lower yield strength), but in general 360 MPa yield strength is obtained. With
the TM process 500-MPa yield strength steels are made in thicknesses up to
50 mm. TM steels processed without accelerated cooling can be made with
yield strengths of 420 MPa in thin dimensions. Figure 2.11 shows the rolling
procedures and the resulting microstructures.

QT steels are made by a fundamentally different process than those
described above. The steels are rolled at temperatures above 900°C and
then quenched using water to ambient temperature (Figure 2.12). The
cooling rates employed can vary from a few to around 30°C/s. By keeping
a relatively high alloying content (e.g., of manganese), the austenite trans-
forms to martensite, with a very fine grain size. However, the martensite is
too brittle to be used directly. After quenching, the steels are therefore
tempered at around 600°C. The martensite then decays into very fine-
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FIGURE 2.11. (a) Schematic drawing of the conventional hot rolling process, followed by
normalizing heat treatment. (b) Microstructure of a normalized steel. (¢) The thermomechanical
rolling process, followed either by air cooling or water spraying. The rolling is made at a lower
temperature as compared to hot rolling. If rolling is made above the recrystallization temperature,
an equiaxed austenite is formed, giving an equiaxed ferrite. If rolling takes place below the
recrystallization temperature, the austenite grains will have a pancake shape, with a high defect
content. The ferrite grains can then nucleate at many sites, giving a fine ferrite grain size. (d)
Microstructures of a thermomechanical rolled steel. (€) Microstructure of a steel produced by
thermomechanical rolling followed by accelerated cooling. (b, d, and e from Siwecki, T., Res. Rep.
IM-1582 and IM-2515, Institute of Metals Research, Stockholm, 1990. With permission.)
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grained ferrite and carbides. Weldable QT steels have yield strengths ranging
from 450 to 1000 MPa. Variations in yield strengths are achieved by modifi-
cations of chemical composition. For the lower range of yield strengths, typical

contents of alloying elements are (wt%) 0.10 to

0.15 carbon and 1.0 to 1.7

manganese. A common class of structural steels, for example, for marine
applications, are those having a yield strength of 700 MPa (100,000 psi). The
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(a) Rolling schedule for the QT process. (b) Microstructure of a high-strength QT
steel. (Courtesy of T. Siwecki, Institute of Metals Research, Stockholm.)
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FIGURE 2.13. Diagram illustrating how the strengthening processes are utilized in different
kinds of steel.

higher yield strength is achieved by modifying the composition by addition
of about 0.3 wt% chromium, 0.5 wt% molybdenum, and sometimes 1 wt%
nickel. Further enhancement of the yield strength requires addition of more
alloying elements and sometimes use of elements such as boron in small
quantities.

The DQ process is obtained by applying water spraying in a manner similar
to TM steels, but continuing the spraying down to temperatures much lower
than the austenite to ferrite transformation finish temperature. This can be
regarded as a variant of the QT process. The steels are either rolled with a high
finish rolling temperature, giving a recrystallized austenite, or with a lower
finish rolling temperature, giving a nonrecrystallized austenite.

Figure 2.13 summarizes the different metallurgical mechanisms that are
used to affect the strength of steels.

Table 2.1 summarizes the connection between process and chemical com-
position. It should be noted that the exact composition of a steel is dependent
upon the details of the steelworks equipment, so that deviations from Table 2.1
may occur. The mechanical properties and the weldability obtained from the
different rolling processes are shown in Table 2.2. Once again, these values are
quite general and exceptions may be found.

2.5. CLASSIFICATION, DESIGNATION,
AND SPECIFICATION

The classification and designation of steels usually follow national codes
and thus there is a large variety of steel designations. However, some codes are
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TABLE 2.1
Schematic Presentation of the Chemical
Composition of Steels from Various
Rolling Processes

Chemical composition

Process C Si  Mn \% Nb Ti

Normal rolling, 020 03 05 — — —
high finish rolling —
temperature 1.8

Thermomechanical 0.15 03 1.0 0.05 0.030 0.01
rolling —
1.7

Thermomechanical 0.07 03 1.0 0.05 0.03 0.01
rolling with — —

accelerated cooling  0.15 1.7
Quenched and 007 03 1.0 005 003 0.0t
tempered — — —
0.15 1.7 0.03

Note: Large variations may exist between different steel works and
the values in the table should be regarded only as guidelines.

internationally used more frequently than others, such as the German DIN, the
British BS, and the U.S. ASTM standards. A common standard for most of the
countries in Europe (European Norm, EN) has been in effect since September
1990 and will replace national standards for most of the European countries.
The aim of this section is to briefly describe the designation system of some
of the most frequently used codes and also to briefly introduce the EN system.

2.5.1. CLASSIFICATION AND DESIGNATION

Steels are often classified with respect to four major concepts: intended use,
chemical composition, finishing method (e.g., hot rolled), and product form
(e.g., pipes). Furthermore, a subdivision can be made within these concepts.
Steels are often denoted after the main alloying elements (e.g., carbon steels,
carbon-manganese steels, chromium steels, etc). In U.S. practice these are
often called “grades” of steels, while in EN “grade” denotes the strength level
within the standard. The classification after intended use provides names such
as ship plate, line pipe steels, construction steels, pressure vessel steels, etc.
Quality classification often refers to the Bonhomme system, adopted by the
International Institute of Welding (IIW). The steels are classified in groups A
to E, where group A has the lowest demands. The evaluation of a steel depends
on the level of impurities and on the impact toughness requirements.

The principal basis for the designation of steels (i.e., identification of a
certain steel using numbers and/or letters or other symbols) is chemical com-
position or intended use and strength level. In the U.S., the AISI (American
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TABLE 2.2
Rough Summary of the Properties that Can Be Obtained with
Different Rolling Practices

Process Strength (MPa) Toughness (J) Weldability
Normal rolling, 200-360 27 J/0°C Good-moderate
high finish rolling
temperature
Normalized steels 200-360 27 J/—-40°C Good—moderate
Thermomechanical 300420 27 J/-20°C Good
rolling
Thermomechanical 300-500 40 J/-40°C Very good
rolling with
accelerated cooling
Quenched and 450-1000 40 J/-40°C Very good—-moderate
tempered (dependent on
thickness)

Note: A range of properties for the same rolling practice can be obtained due to
variation in alloying content.

Iron and Steel Institute) designation system is the most well known. This
system is almost identical to that of the SAE (Society of Automotive Engi-
neers). This system uses a four-digit notation to describe the type of steel. For
example, plain carbon steels, with a maximum manganese content of 1.00 wt%,
are designated 10xx. For the “xx” the carbon content, in hundredths of a
percent, is to be inserted. The ASTM (American Society for Testing and
Materials) and the ASME (American Society of Mechanical Engineers) have
a designation system for their specifications, consisting of the letter A (for
ferrous materials), followed by three digits, in serial order. A steel can be
identified by referring to the ASTM specification that it fulfills. However, this
is not always enough to completely specify a steel.

A unified numbering system (UNS) has been developed by ASTM, SAE,
and other bodies. This designation system consists of one letter and five
numerals. The letter indicates the broad class of steels and the numerals define
the specific alloy within the class.

One group of steels commonly referred to are HSLA (high-strength low-
alloy steels). These steels have been developed with special reference to
mechanical properties. The steels can be divided into two groups of composi-
tions:

1. Vanadium and/or niobium steels, with a manganese content generally not
exceeding 1.35 wt%, with the addition of 0.2 wt% copper when specified

2. High-strength intermediate-manganese steels, with a manganese content in
the range of 1.10 to 1.65 wt%, with the addition of a minimum of 0.2 wt%
copper when specified
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The strength levels attainable with HSLA steels match those of the older HY
steels, which were QT steels.

In Germany structural steels are described by a DIN W (Werkstoff) namber,
e.g., 1.0037, which refers to the number of the standard. The steels are often
simply denoted by a symbol name, such as St 37. This approximately describes
the ultimate tensile strength of the steel in kilograms per square millimeter.

In the U.K. weldable structural steels are described in British Standard (BS)
4360; they are denoted as 50D, where 50 stands for the ultimate tensile strength
in kilograms per square millimeter and D stands for the quality level, repre-
sented by the impact toughness requirement.

The European Norms (EN) for the steels under consideration here are EN
10025, 10028, 10113, and 10184. The EN standards are directed toward a
group of applications and a number of steels can then fall within this specifi-
cation. The designation of the steels will be made with an alphanumerical
system. This looks like EN 10025 Fe 510 C, where 510 stands for the minimum
specified tensile strength in MPa and C is the quality designation. This classi-
fication is different from the Bonhomme classification. A comparison between
the Bonhomme system and the EN system is shown in Table 2.3. There may
in certain cases be additional letter combinations following the quality descrip-
tion, which describe the deoxidation method, particular applications, and de-
livery conditions.

An eventual result of the work to harmonize the standards in the European
countries is that national standards will gradually disappear.

2.5.2. SPECIFICATIONS

Specification of steels means a written document describing the attributes
the product must possess in order to be used for a certain application. The
difference between classification and specification should be noted.

There are standard material specifications issued by organizations such as
ASTM, ECISS (European Committee for Iron and Steel Standardization), BSI
(British Standard Institution), DIN, AFNOR (Association Francaise de Nor-
malization), and others. Most constructions are designed with a reference to
international or national materials standards, such as ISO, EN, BSI, DIN, and
ASTM. Likewise, classification societies, such as Det Norske Veritas, Lloyd’s
Register of Shipping, American Bureau of Shipping, ASME, and others, have
their own standard specifications. Many oil companies also have their own
specifications for steels to be used in offshore operations.

The specifications contain information about chemical composition, either
by detailing the allowed quantities or by referring to a standard. Further, there
is a quality description which uses a defined set of quality descriptors to
identify the type of product. The steelmaking process allowed is also given.
This is then followed by quantitative requirements, such as allowable range of
compositions, mechanical properties requirements, etc. The test methods used
to measure the properties are also given. Information about tolerances of
dimensions, surface condition, and general delivery conditions is also found.
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TABLE 2.3
Comparison between the Bonhomme Quality
System and the EN System

Impact testing requirement

Testing temp  Impact toughness

Bonhomme  EN 10025 °C) 4)}
iy - — —
A o . .
B B (+20) 27
C C 0 27
D D =20 27
— DD =20 40
E — —40 27
TABLE 2.4

The American Petroleum Institute Specification for
Weldable Pipe Steels

Specification Product

2B Welded steel plate pipe for construction of offshore drilling
platforms

SA Welded or seamless steel pipe for oil or gas well casing, tubing,
or drill pipe

SAC Welded or seamless steel pipe with restricted yield strength
range for oil or gas well casing or tubing

SAX High-strength seamless steel pipe for oil or gas well casing,
tubing, or drill pipe

5L All-welded or seamless steel line pipe for oil or gas

transmission

For pipes there are two sets of specifications: ASTM and API (American
Petroleum Institute). The API specification system is shown in Table 2.4.

The steels are generally denoted according to their tensile strength, e.g., X65
indicates a steel with 65,000 psi in yield strength. To translate this into SI units,
it should be multiplied approximately by a factor 6.9, so that a X80 steel has
a yield strength of approximately 560 MPa.

Another type of specification is an object norm which includes requirements
for the construction and design stresses. The material standard is included in
the object norm. Examples of such norms are ASME pressure vessel codes,
TUV codes, Eurocode 3, etc. These codes provide the requirements for heat-
affected zone properties, welding procedure specifications, and similar prop-
erties.



Chapter 3
THE HEAT-AFFECTED ZONE
3.1. INTRODUCTION

During welding, parts of the base metal lying adjacent to the fused zone will
be subjected to one or more severe thermal cycles. In this heat-affected zone
(HAZ) significant changes in the microstructure and properties take place due
to the transformations induced by the thermal cycles. In this chapter the
metallurgical processes that take place will be described in detail, while the
consequences to properties will be discussed in Chapter 5.

The HAZ can be divided into several subzones, depending on the peak
temperature that the material has experienced. Closest to the fusion line the
steel reverts first to austenite and then possibly to &-ferrite, if the carbon
content is low. However, this zone, which reaches temperatures in excess of
1500°C (2700°F), is very narrow and is seldom noticed. One effect that can
occur in this zone is that it becomes partially molten only to resolidify without
significant mixing with the rest of the weld metal. There can even be a very thin
layer which is completely molten, but has not mixed with the rest of the weld
pool. An unmixed zone is created, but in most steels considered here, this zone
is of little consequence and will not be dealt with further. The austenite grain
size is often smaller in this zone than in the coarse-grained zone lying next to
it. This is thought to be due to the austenite to d-ferrite transformation, followed
rapidly by a transformation back to austenite.

For regions of the HAZ that achieve peak temperatures between 1100 to
1500°C (2000 to 2700°F), the steels transform to austenite, the grains of which
can grow significantly during the high-temperature part of the thermal cycle.
This part is called the “coarse-grained zone.” The grain growth just described
is one of the main problems in welding metallurgy and a large part of this
chapter is devoted to the examination of the grain growth, its consequences,
and how the problem can be tackled.

Areas that are heated to temperatures in the range 900 to 1100°C (1600 to
2000°F) usually achieve a relatively fine and uniform grain size, as if the steel
has been normalized. This area is called the fine-grained zone and is usually
considered to possess relatively good mechanical properties.

Below the fully reaustenitized regions, where the temperature range is
somewhere between approximately 700 to 900°C (1300 to 1600°F), the steel
transforms only partially to austenite, while some ferrite is retained. In certain
circumstances this can lead to deterioration of the properties. This zone is
called the “intercritically heated zone.” Finally, the steel in the subcritically
heated zone does not transform at all to austenite, but is tempered. The peak
temperature remains below the Ae, temperature, i.e., below ca. 700°C (1300°F).
(For definition of A, and A, temperatures, see the phase diagram in Figure 2.8.)
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There are no phase changes, but several reactions can occur in the ferrite phase.
In the higher temperature range, the ferrite can recover or recrystallize. Car-
bides and nitrides from microalloying elements may precipitate and cause an
increase in hardness. Cementite particles can spherodize or precipitate during
the tempering of martensite. Significant effects are found even in the regions
tempered at temperatures below 200°C (400°F). Strain aging due to the diffu-
sion of the interstitial elements to dislocation cores can make plastic flow more
difficult and hence lead to embrittlement.

In Figure 3.1 a low-magnification micrograph is shown illustrating the
complete HAZ, together with more detailed micrographs of the different zones.
In this case the combination of plate thickness, heat input, preheat, and steel
chemistry has been such that martensite has formed in the coarse-grained zone.
The color micrographs in Plate 1* show the microstructure obtained with very
slow cooling, where a coarse lath type of ferrite is formed.

Of course, the HAZs can also be generated in the weld metal during
multirun welding. Many regions experience multiple thermal cycles of differ-
ing magnitudes. In total, this creates a complicated pattern with a variety of
different zones of varying microstructure, each zone being perhaps only of the
order of a millimeter and bearing its unique mechanical properties.

The details are discussed here in terms of the various ferritic constituents
which grow from the austenite, followed by an examination of the austenite
grain growth behavior. The chapter concludes with a discussion of some
qualities of steel that are especially pertinent to the HAZ.

3.2. PHASE TRANSFORMATIONS

The first phase transformation to consider is that which occurs as the ferrite
is heated into the austenite phase field. The characteristics of such reactions are
not well established. Knowledge about reaustenitization is obviously less
advanced when compared with the transformation of austenite during cooling.
It is worth bearing in mind that there are some fundamental differences
between the two kinds of transformation. For example, whereas the diffusivity
decreases and the driving force increases during cooling of austenite, both
diffusivity and driving force increase during the superheating of ferrite into
regimes where only austenite is stable. Thus, it is well established that the
austenite to ferrite transformation shows “C”-curve behavior in time-tempera-
ture transformation (TTT) diagrams because at high temperatures the driving
force is small but diffusivity is large, while at low temperatures the opposite
is true. In contrast, the rate of reaustenitization must increase indefinitely with
temperature so that the relevant TTT diagrams must show an ever-decreasing
time period to achieve a specified degree of transformation as the superheat is
increased. Recent work by Yang and Bhadeshia' on the reaustenization of weld

*  Plate | appears following page 84.



PLATE 1b.

PLATE 1. The microstructure of the HAZ in a 25-mm welded joint, welded with two-pass
SAW, giving a heat input of about 3 kJ/mm. (a) The weld metal structure. (b) Transition between
weld metal and HAZ. (c) Lath ferrite in the coarse-grained zone. (d) The fine-grained zone. (e)
The intercritically heated zone. (f) The unaffected base metal.



PLATE lc.

PLATE 1d.



PLATE le.

PLATE 1f.



PLATE 2. Color etching, using Klemm'’s reagent to reveal the solidification pattern, showing
segregated particles, mainly phosphides and sulfides, which appear white (arrows). The ferritic
microstructure can be seen simultaneously from pre-etching with a nital-type etchant.

PLATE 3. A plain C-Mn weld metal, in which the austenite loop has been closed by the
addition of aluminum. The 8-ferrite to austenite transformation has thus occurred to a very limited
extent. The nucleation of austenite (white) in the 3-ferrite grain boundaries can be seen (arrows).
This austenite subsequently transformed to martensite.



PLATE 4. Micrograph of a duplex stainless steel weld metal. The microstructure consists of
two phases (austenite and ferrite) in approximately equal amounts. There are some similarities
between this microstructure and the microstructure in Plate 3. The austenite grows from the ferrite
grain boundaries in a side plate manner.

p2opm

PLATE 5. The microstructure of a low-strength weld metal consisting of massive ferrite.



PLATE 6. Graphical output from a computer program, illustrating how a joint is filled with a
number of beads. The different colors represent various degrees of “heat treatments” that the
material has received due to the deposition of subsequent beads. The effect of increasing the
electrode diameter d from 3.25 to 6 mm, but keeping the current constant, is shown. A larger
diameter electrode means that fewer beads need to be deposited to fill the joint. A slight reduction
in the fraction of unreaustenitized (columnar) weld metal is also obtained. (Top left) 3.25 mm
diameter, (top right) 4 mm, (bottom left) 5 mm, (bottom right) 6 mm. (Courtesy of R. Reed,
Imperial College, London, U.K.)
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PLATE 7. The effect of welding current for a constant electrode diameter (3.25 mm). Increas-
ing the current leads to fewer beads deposited. The volume fraction of columnar weld metal
increases with increasing current. (Top left) 100 A, (top right) 150 A, (bottom left) 200 A, (bottom
right) 250 A. (Courtesy of R. Reed, Imperial College, London, U.K.)



PLATE 8. The effect of variations in interpass temperature. The volume fraction of columnar
weld metal is decreased with increasing interpass temperature. (Top) 20°C, (bottom) 250°C.
(Courtesy of R. Reed, Imperial College, London, U.K.)

PLATE 9. The effect of variations in Ac, temperature. (Top) Ac; = 817°C, (middle) Ac3 =
917°C, (bottom) Ac; = 1017°C. A very significant decrease in the volume fraction of columnar
weld metal is obtained with a decreasing Ac, temperature. (Courtesy of R. Reed, Imperial College,
London, U.K.)



PLATE 10. The effect of the feed speed. (Top) 3.60 mm/s, (bottom) 2.06 mm/s. Low feed
speeds give a large volume fraction of reaustenitized material and very little columnar grain
structure. (Courtesy of R. Reed, Imperial College, London, U.K.)
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FIGURE 3.1. The microstructure of the HAZ in a welded joint. The weld was made in a 50-
mm-thick plate. The plate was a 0.17C-1.3Mn (wt%) normalized steel. The welding was made
vertically, with a heat input of approximately 2 kJ/mm, without preheat. (a) Low magnification,
showing the extent of the HAZ. (b) The coarse-grained zone, consisting mainly of martensite.
(c) The lower part of the coarse-grained zone where the peak temperature was approximately
1150°C. (d) The fine-grained zone. (e) The intercritically heated zone, where the pearlite has
dissolved and the carbon-rich austenite has retransformed to martensite.
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metals showed that considerable superheating may be necessary to induce the
transformation to occur. Nucleation of austenite generally takes place at ce-
mentite/ferrite interfaces. If retained austenite is dispersed in the structure, as
in bainitic steels, for example, then the nucleation of austenite is not necessary,
and the transformation may proceed more easily.

Turning now to the transformation of austenite during the cooling part of the
thermal cycle, the microstructures that appear in the HAZ are often
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FIGURE 3.1.e

non-equilibrium products, such as bainite and martensite, due to the rapid
cooling rates. This is in contrast to the unaffected base material. As described
in Chapter 2, many steels have a microstructure which is a mixture of ferrite
and pearlite, both of which are closer to equilibrium.

In the HAZ, the microstructure must obviously vary with the distance from
the fusion line in correspondence with the fact that both the austenite grain size
and the cooling rate are a function of this distance. To be able to understand
which microstructures appear, it is necessary to briefly consider their formation
mechanisms. In areas that have been heated to such high temperatures that
austenite has formed, there will be a transformation back to ferrite on cooling.
The most likely sites to nucleate new products during a phase transformation
are grain corners, grain edges, grain boundaries, and inclusions, in that order
of prominence.

If the cooling rate is low, as would be the case during high heat input
welding or if the plate thickness is small, then allotriomorphic ferrite nucleates
heterogeneously at the austenite grain boundaries. It grows progressively by a
diffusional process during further cooling. As the temperature falls, the growth
rate of allotriomorphic ferrite eventually begins to decreases, and it gives way
to products that are able to grow faster at lower temperatures. First,
Widmanstdtten side plates appear. These plates nucleate either at austenite/
austenite grain boundaries or at austenite/ferrite grain boundaries and grow by
a combination of carbon diffusion and shear of the substitutional lattice. At
even lower temperatures bainite forms. Bainite also nucleates at the grain
boundaries and grows by a shear mechanism. If carbon is rejected rapidly into
the austenite between the growing sheaves of bainite, then upper bainite is
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FIGURE 3.2. Allotriomorphic ferrite, forming a rim of ferrite along the prior austenite grain
boundaries.

formed because this carbon eventually precipitates as carbides from the austen-
ite. If, on the other hand, the carbides have an opportunity to precipitate from
supersaturated ferrite, then lower bainite is formed. The carbon supersaturation
in the ferrite is therefore relieved largely by formation of carbides inside the
bainitic sheaves. Finally, if the transformation is completely diffusionless, then
martensite is said to form. The term “grain boundary ferrite” is commonly used
to denote the allotriomorphic ferrite that forms along the austenite grain
boundaries. However, this is inappropriate, because most of the constituents
described above are nucleated at grain boundaries. To describe what is com-
monly called grain boundary ferrite the term allotriomorphic ferrite will be
used here, in agreement with the classical Dubé classification of ferrite mor-
phologies.

As stated earlier, allotriomorphic ferrite nucleates at various places along
the austenite grain boundaries. Its growth along the boundaries occurs rather
rapidly, so that a fairly uniform rim of ferrite is formed along the grain
boundary (see Figure 3.2). Growth then occurs in a direction perpendicular to
the grain boundary by a diffusion process. The kinetics of the transformation
can be described by a parabolic rate equation, which under isothermal condi-
tions takes the form

u = e 3.1
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where u is the half-thickness of the ferrite layer, B is the parabolic rate constant,
and ¢ is time. The rate constant 8 is dependent upon the alloying content,
diffusion rate, and temperature. Thus under continuous cooling conditions the
following integral must be solved:

u=12[B(T) r'2 dt (3.2)

The equation can be transformed into an integral over temperatures if the
cooling cycle is known. The limits of the integral then become the transforma-
tion start and stop temperatures. The start temperature is determined by the
chemistry of the steel and the rate of cooling below the Ae, temperature. The
austenite grain size has relatively little influence on the transformation start
temperature. The transformation stop temperature is more difficult to define.
Bhadeshia et al.? suggested in their work on weld metals that the transformation
stop temperature could be approximated as the temperature where other phases
become kinetically more favorable, i.e., where the respective C-curves in the
TTT diagrams cross.
The volume fraction (V) of allotriomorphic ferrite is given by

VIV, =1 - exp(-24God) (3.3)

where V,, is the equilibrium volume fraction, ) is the grain boundary surface
area per unit volume, and G, is the growth rate of allotriomorphic ferrite.

Widmanstitten side plates become kinetically favored with decreasing tem-
perature, because the substitutional atom diffusion becomes too slow; the
transformation mechanism changes to one involving displacement rather than
diffusion. Consequently, the shape of the ferrite changes to one consistent with
the minimization of strain energy, i.e., the ferrite adopts a thin plate shape. The
carbon is then rejected to the sides of the growing plates, giving much shorter
diffusion distances. The side plates nucleate either on austenite/austenite grain
boundaries (primary side plates) or on ferrite/austenite boundaries (secondary
side plates) (Figure 3.3). They grow with a Kurdjumov—Sachs-type orientation
relationship between austenite and ferrite, i.e., close-packed planes and close-
packed directions are parallel:

{t11y, // {110},
(110),//(111),

As emphasized earlier, the plate shape arises as a consequence of the displasive
mechanism, in which the shape consistent with minimum strain energy is a thin
plate. In fact, the strain energy is further minimized by the simultaneous growth
of pairs of self-accommodating plates. The strain energy thus amounts to only
50 J/mol. Thus, the side plates can grow with a relatively small undercooling
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FIGURE 3.3. Widmanstitten side plates, nucleating on ferrite/austenite boundaries (secondary
side plates).

below the Ae, temperature. The growth rate of the plates can be calculated by
solving the equation

Qy = (mp)"* exp(p) erfc(p*I[1 + (r/r) S, (3.4

In this equation €, = (x — X¥)/(x*' — x*) is a measure of the supersaturation;
p is the Péclet number = Gr/2D, where G is the growth rate, r is the plate tip
radius, and D is the weighted average diffusivity of carbon in austenite; and S,
is a function of p. x™ and x* are the paraequilibrium carbon contents in the
austenite and ferrite, respectively. The growth rate for Widmanstitten side
plates in steel weld metals, as calculated by Bhadeshia,’ is shown in Figure 3.4.
The strong influence of carbon content on the growth rate can be noted.
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FIGURE 3.4. The calculated growth rate for Widmanstitten side plates in steel weld metals.
(Courtesy of H. K. D. H. Bhadeshia, University of Cambridge, Cambridge, U.K.)

Bainite takes two forms, upper and lower. Bainite forms in the temperature
range between allotriomorphic ferrite and martensite. There is a difficulty in
deducing the growth mechanism of bainite. Both shear and diffusive mecha-
nisms have been suggested. However, most evidence now points toward growth
by a shear mechanism. This is associated with a relatively large strain energy
amounting typically to 400 J/mol.

Bainite starts to grow below a certain temperature, the bainite start tempera-
ture B,. However, the growth process is both temperature and time dependent.
The reaction is not completed even if the steel is held for very long periods of
time below B,. This is called “the incomplete reaction phenomenon.” It arises
because the reaction stops when the carbon concentration in the austenite reaches
the Ti-curve in the phase diagram. The Ti-curve is the locus of all points where
the free energies of austenite and ferrite (with a certain amount of stored energy)
of the same composition are equal. This phenomenon is useful when trying to
characterize the mechanism of a transformation. Upper bainite resembles
Widmanstitten side plates, although the latter have a rather coarser microstruc-
ture. Under an optical microscope, bainite seems to consist of sheaves which are
separated by high-angle grain boundaries (Figure 3.5). With higher resolution,
the sheaves can be seen to consist of subunits separated from each other by low-
angle grain boundaries. The carbon atoms are rejected into the adjacent austenite.
There will then be a layer of carbon-rich phases, such as carbides, martensite, or
retained austenite, between the bainitic ferrite platelets.

Lower bainite has a plate-like morphology, with the plates being much finer
than for upper bainite. Lower bainite more closely resembles a tempered
martensitic transformation. In lower bainite, the carbon is not rejected as
rapidly as in upper bainite because of the reduced transformation temperature.
Thus, small carbides can form inside the bainitic plates. The carbides usually
have an angle of 55 to 60° to the major axes of the bainitic plate (Figure 3.6).



92 Materials Science and Technology

FIGURE 3.5. Optical micrograph, showing the typical sheaves of bainite. These sheaves in turn
consist of smaller units, which are difficult to resolve with optical microscopy. (Courtesy of H. K.
D. H. Bhadeshia, University of Cambridge, Cambridge, U.K.)

It is very difficult to calculate the volume fraction of bainite as a function
of time at a certain transformation temperature. If the steel is held at a certain
temperature for a very long time, then the volume fraction of bainite can be
derived from the Tj temperature.

The austenite which has not decomposed to any of the above transformation
products eventually undergoes partial martensitic transformation at a suffi-
ciently low temperature. Nucleation occurs heterogeneously but is not con-
fined to grain boundaries. Because the transformation occurs without diffusion
and with a highly crystallographic character, the martensite has a typical lath-
like structure in low-alloy steels (Figure 3.7). The reaction starts below a
certain temperature M, the martensite start temperature. M, can be as high as
500°C for steels with a low solute content. When the alloying concentration is
increased, M, decreases. During continuous cooling, the martensite transforma-
tion begins as the temperature reaches M, for the residual austenite. The
reaction ceases at the martensite finish temperature M,, although this is less
well defined because some austenite may be retained at all temperatures. M,
can in some steels be significantly below room temperature and then large
amounts of retained austenite can be found.

Because martensite can contain significant amounts of carbon in solid
solution, its crystal structure can deviate from that of ferrite. The structure is
body-centered tetragonal, the degree of tetragonality increasing with dissolved
carbon content. Martensite is observed in two main variants: laths and
twinned plates. The lath type appears in steels with low carbon content
(below <0.5 wt% carbon) and the twinned type in higher carbon steels. For
construction steels then, only the lath type is of importance. However, the twin
morphology may occur in small amounts when the residual austenite is carbon-
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FIGURE 3.6. The carbides in lower bainite will usually have an angle of 55 to 60° to the major
axes of the bainitic plate. (Courtesy of H. K. D. H. Bhadeshia, University of Cambridge, Cam-
bridge, U.K.)

enriched due to prior transformations. If the M, temperature for this austenite is
above the operating temperature, then twinned plates of martensite can appear.

3.3. AUSTENITE GRAIN GROWTH DURING WELDING

Two kinds of grain growth can be considered in conjunction with welding:
free grain growth (i.e., no particles interacting) and particle-controlled grain
growth. Grain growth during isothermal conditions can be described by the
relation:

dim = dg'm + K, exp(-Q/RT)t 3.5)

where d, is the time-dependent grain size, d,, is the initial grain size, n, is an
exponent, and Q is the activation energy for grain growth. n, is usually on the
order of 0.1 to 0.3 for steels.

During nonisothermal conditions, as in welding, the time-dependent part of
the equation must be integrated over the time spent in the grain growth regime.
The integration can be complicated to be carried out analytically and numerical
procedures are often used. Simplified analytical integration procedures were
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FIGURE 3.7. Typical lath-like structure of martensite in a low-alloy steel. (Courtesy of H. K.
D. H. Bhadeshia, University of Cambridge, Cambridge, U.K.)

developed by Ion.* Assuming that the high-temperature part of the heating and
cooling curve can be described by a parabola (see Figure 3.8), the integral can
be solved as

| exp(~QIRT)dt = ot exp(—Q/RT,) (3.6)

where T, is the peak temperature. o and T are given by (for definition of
symbols, see Section 1.7)

o= 2nRT, /Q (3.7)

T = (g)[2nhe (T, - Ty)] (3.8)

for welding on thick plates and by

a=2[nRT, /O 3.9)

T = (g vd)[4nhpe (T, — To)?] (3.10)

for welding on thin plates.
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FIGURE 3.8. The high-temperature part of the thermal cycle curve can be described by a
parabola. (Reprinted from lon, J. C., Easterling, K. E., and Ashby, M. F., Acta Metall., 32, 1949,
1984. With permission from Pergamon Press, Ltd., Oxford, U.K.)

To achieve these solutions, the limiting case of rapid welding with a high-
energy source, as discussed in Section 1.7, has been used. These expressions
involve approximations and calculations of grain sizes will be accordingly
uncertain. However, the values of the parameters K, O, and #n, are also uncer-
tain and relatively large errors can be expected, so it is normal practice to
calibrate the calculation using a single measurement in the HAZ. The main
variables in the expressions are the peak temperature and the heat input. A two-
dimensional map can thus be constructed, showing the austenite grain size as
a function of the peak temperature and the heat input (Figure 3.9).

The austenite grain growth does not occur completely freely, but is re-
strained by two mechanisms. The first mechanism, occurring more or less in
all steels, is called thermal pinning. This has been found by comparing the
maximum grain size in a real HAZ with that found in simulated samples. In a
real HAZ the grains are normally smaller. The effect is most pronounced in
steels welded with a medium heat input. The exact mechanism is not under-
stood and it is difficult to quantify the effect. It is believed that the smaller
grains, which have not been subjected to a very high peak temperature, pin the
neighboring grains, which experience a high peak temperature. The second
mechanism is due to the influence of particles, which may be deliberately
added. When a dispersion of particles is present in the steel, with a volume
fraction V,, a maximum grain size limited by particles can be defined as shown
in Figure 3.10. According to Zener, the maximum grain size is given by

D, =473V, (3.11)

where # is the radius of the particles. The pinning force of the particles is then
large enough to completely oppose the driving force for grain growth.
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FIGURE 3.9. A two-dimensional map showing the calculated austenite grain size as a function
of the peak temperature and the heat input. It was assumed in the calculations that three-
dimensional cooling occurred. The calculations were made for a niobium microalloyed steel.
(From Easterling, K. E., Introduction to the Physical Metallurgy of Welding, Butterworth-Heinemann
Ltd., Oxford, UK., 1983. With permission.)

From Equation 3.11 it is seen that the optimum particle dispersion needed
to achieve a fine grain size is one with a high volume fraction of very small
particles. The microalloyed steels thus should give the smallest austenite
grains. However, most of the particles formed by the microalloying elements
dissolve at relatively low temperatures and cannot prevent grain growth in the
HAZ. The solubility product for typical microalloying-induced particles, such
as Nb(CN), is given by a relation of the form

log [%eM}[%C]’ = A — BIT (3.12)

where %M is the content of the metallic element and %C is the carbon content
in wt%. A similar relation can be made for nitrides. The exponents x and y
result from the stoichiometry of the reaction

MC,=xM + yC (3.13)
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FIGURE 3.10. Maximum grain size achieved when a dispersion of particles, with a volume
fraction V,, is present in the steel. (From Porter, D. A. and Easterling, K. E., Phase Transformations
in Metals and Alloys, Chapman & Hall, London, 1981. With permission.)

It is assumed that the concentrations of M and C are low so that the activity of
the elements can be substituted with the actual concentration.

The solubility products of some of the most common microalloying element
carbides and nitrides are shown in Figure 3.11 and the dissolution temperatures
are shown in Figure 3.12. As can be seen, titanium nitride is stable up to much
higher temperatures than the other compounds, making it a good candidate for
restricting austenite grain growth.

During welding, where rapid heating takes place, the particles dissolve at
higher temperatures than shown in Figure 3.12, because the dissolution process
is controlled by the diffusion of the elements. If a very rapid thermal cycle is
imposed, there is not enough time to diffuse the elements away and the particle
does not dissolve fully. The size of the particles also influences the rate of
solution, with larger particles dissolving more slowly.

Although titanium nitride will dissolve much more slowly during the high-
temperature cycle, the particles will coarsen and thus be less effective in
preventing grain growth. The particle coarsening (Ostwald ripening) taking
place during isothermal conditions can be expressed by the Wagner equation:

r—ry = (k/T) exp(—Q/RT) (3.14)
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FIGURE 3.11. The solubility products of some of the most common microalloying elements,
carbides and nitrides. As can be seen, it is only titanium nitride that is stable up to the melting
temperature of the steel. (From Easterling, K. E., Introduction to the Physical Metallurgy of
Welding, Butterworth-Heinemann Ltd., Oxford, U.K., 1983. With permission.)

where r, is the original particle radius, £ is an experimentally determined
constant, and Q is the activation energy for particle growth. For a welding
thermal cycle, this expression must be integrated over the time spent in the
high-temperature regime. This can be done in the same way as given above for
the unrestricted grain growth. The result is

P = rg = k (UT,) exp(~QIRT,) (3.15)



The Heat-Affected Zone

T ul
1000 J
%7
23
100 - ER
7
S
:
2’(.
10 ¢
O
7]
£
=
1 -
1071
1072 | l I l
1100 1200 1300 1400 1500 1600 1700 1800
Temperature (K)

FIGURE 3.12. The calculated times for complete dissolution of some carbides and nitrides in
austenite, as a function of temperature. The calculations are based on a model by Ashby and
Easterling. (From Easterling, K. E., Introduction to the Physical Metallurgy of Welding, Butterworth-
Heinemann Ltd., Oxford, U.K., 1983. With permission.)

o, T and T,, have the same meaning as in Equations 3.9 and 3.10. Calculation
of particle coarsening is shown in Figure 3.13.

The Wagner equation assumes that the volume fraction of the particles is
constant. By combining Equations 3.15 (to find the particle size) and 3.11, the
grain size can be found. A grain growth diagram for a titanium microalloyed
steel is shown in Figure 3.14. Comparing this figure to Figure 3.10, it can be
seen that the austenite grain size will be about half that in a steel without any

particle constrained growth.

In weld metals, there is a high-volume fraction of oxides which neither
dissolve nor grow during the thermal cycle. The grain size in heat-affected
weld metals can be calculated from Equation 3.11 to be of the order of 100 pum.
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peak temperature. The points given refer to experimental measurements. (From Easterling, K. E.,
Introduction to the Physical Metallurgy of Welding, Butterworth-Heinemann Ltd., Oxford, UK.,
1983. With permission.)

This has also been confirmed by measurements. For steel subjected to high-
energy welding, oxides should be preferable over nitrides as grain growth
inhibitors, because they are more insensitive to the thermal cycle. Japanese
steels have recently been developed that utilize titanium oxide particles as
grain growth inhibitors. However, the most important function of the particles
is as nucleating agents for intragranular ferrite products. The practical problem
with this type of steel is to achieve a particle dispersion which is fine enough,
because particles that are too coarse will be easy nucleation sites for brittle
fracture. The particles tend to have an average size of 1 to 2 um, which with
a volume fraction of around 3 x 10~ gives an austenite grain size of almost 1
mm. Thus the grain growth for these steels occurs virtually unconstricted.
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FIGURE 3.14. The calculated austenite grain growth in a titanium microalloyed steel. The
calculations were performed using the model in which the particles inhibit grain growth. However,
this model is not straightforward because the volume fraction of particles is difficult to estimate.
In this case it was assumed that at a certain time the Gladman equation d = 0.5 (+/V)) holds, and
from measurements of the grain size and particle radius the volume fraction was estimated. (From
Easterling, K. E., Introduction to the Physical Metallurgy of Welding, Butterworth-Heinemann
Ltd., Oxford, U.K., 1983. With permission.)

3.4. MICROSTRUCTURE DEVELOPMENT IN THE
HEAT-AFFECTED ZONE

The microstructure that develops in the different parts of the HAZ depends
upon the chemical composition (hardenability) of the steel, the thermal cycle,
and the austenite grain size. These variables are to some extent interrelated,
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because the grain size depends upon both the chemical composition and the
thermal cycle. The two zones of main concern are the coarse-grained zone and
the intercritically heated zone. The microstructures that appear are now exam-
ined by looking at variations in the thermal cycle for some different kinds of
steel.

In the coarse-grained zone, grain growth is the main problem. With a low
heat input, the thermal cycle will be such that only a comparatively short time
is spent above the temperature for grain growth. This has two effects. First, the
austenite grain size will not be excessively large. Second, the coarse-grained
growth zone will be narrower, because the peak temperature is reached above
the grain growth temperature only very close to the fusion line. The drawback
associated with a low heat input is that it gives a higher cooling rate during the
austenite to ferrite transformation. With a high hardenability of the steel, the
likelihood of forming bainite or martensite is thus great. However, this ten-
dency is partly counteracted by the small austenite grain size, because the
amount of grain boundary surface area is larger, increasing the chance for
nucleation of allotriomorphic ferrite.

A high heat input gives a wider coarse-grained zone, with a larger mean
grain size, but the cooling rate through the transformation temperatures is
slower. Slow cooling decreases the risk of formation of bainite or martensite,
while the coarse austenite grains will promote the formation of these constitu-
ents. However, martensite formation as a consequence of coarse austenite
grains has not been observed in welded steels. Instead, lath-like structures,
being either upper bainite or Widmanstitten ferrite, are commonly observed.
With increasing heat input, the coarseness of these components increases.

For conventional normalized steels, with a fairly high carbon content (typi-
cally 0.18 wt%), brittle and highly deleterious martensite is formed when rapid
cooling takes place. According to the continuous cooling transformation (CCT)
diagram in Figure 3.15, nothing but martensite is formed when the 800 to
500°C cooling time is shorter than about 10 seconds. Such cooling times are
typically found when using a heat input of 1 kJ/mm when welding plates
thicker than 20 mm. If longer cooling times are used, lath-like structures
appear. Figure 3.16 shows a diagram over microstructures in the coarse-
grained zone as a function of heat input, illustrating the sensitivity to martensite
formation for rapid cooling.®

These relatively short cooling times are difficult to avoid, using shielded
metal arc welding (SMAW) or even gas-metal arc welding (GMAW), espe-
cially when welding large structures. The traditional way to cope with this
problem is to use higher heat inputs or preheat, because this slows down the
cooling rate. Use of preheat is usually connected to avoidance of hydrogen
cracking and not to improvement of mechanical properties. Avoiding cracking
is also partly related to the absence of martensite, but the main effect of
preheating is to reduce the hydrogen content. The most efficient way to control
hardness is by adjusting the heat input.
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FIGURE 3.15. A CCT diagram showing that only martensite is formed when the 800 to S00°C
cooling time is shorter than 10 seconds. Such cooling times are typically found when using a heat
input of ! kJ/mm when welding plates thicker than 20 mm. If longer cooling times are used, lath-
like structures appear. (From Hansson, P., Res. Rep. IM-2388, Institute of Metals Research,
Stockholm, 1988. With permission.)

The newly developed steels have lower carbon concentrations than the older
steels, typically 0.1 wt%. When welded with relatively low heat input (below
1 kJ/mm, 25 kJ/in.), these steels will have an autotempered martensitic struc-
ture in the coarse-grained HAZ. The M temperature will increase with decreas-
ing carbon content, leading to martensite formation starting at a relatively high
temperature. During cooling this martensite is tempered. The grain size of the
martensite is extremely fine, so this autotempered martensite will tend to have
very good toughness. With higher heat inputs, the microstructure will be coarse
bainite or side plates, similar to the microstructure of the higher carbon content
steels, and will therefore be of lower toughness.

As discussed earlier, the growth of the austenite grains is regarded as the
main problem, because this leads to a coarse structure in general. This grain
growth is counteracted by a dispersion of TiN particles. The limitation of the
grain size is most important for medium-heat input welds (about 3 k¥/mm, 73
kJ/in.). For higher heat inputs the TiN also will either coarsen extensively or
even dissolve and thus grain growth will occur unrestricted. It has also been
suggested that it is not the restriction of the austenite grain size that is the most
important role of the TiN particles, but that they serve as nucleants for
intragranular ferrite during the austenite to ferrite transformation, thus giving
a fine grain size for ferrite. However, this subject has not been investigated in
detail.
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The reduction of carbon content is the main factor in improving weldability
and toughness of the coarse-grained HAZ. There are also other important
effects. Microalloyed steels, with either niobium or vanadium, can show a
drastic reduction in toughness in the coarse-grained zone. During the heating
sequence of the thermal cycle the niobium or vanadium carbonitrides dissolve
more or less completely. During cooling they may reprecipitate, preferably
then as an interphase precipitation during the austenite to ferrite transforma-
tion. This is more likely to occur with high heat input (i.e., slower cooling).
With lower heat input these elements remain in solid solution, where the effect
on toughness is not as large. They affect the austenite to ferrite transformation,
but in different ways. Niobium promotes Widmanstitten side plate structures,
while vanadium favors a transformation to fine-grained intragranular ferrite.
Thus, addition of vanadium may even be beneficial for toughness. Even if the
effect on toughness is not that large in the as-welded condition, the toughness
properties usually significantly deteriorate if the structure is subjected to a
stress-relieving heat treatment.

The quench and tempered steels behave much the same as steels of equiva-
lent composition, processed by other routes. The starting structure is of no
importance when the steels are reaustenitized, as in the coarse-grained zone.

The best properties are achieved in the fine-grained zone. Because no
problems are associated with this zone, very few investigations have been
carried out. The fine austenite grains grow in the temperature regime 900 to
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1100°C (1600 to 2000°F) and during cooling transform to fine ferrite grains.
The extent of the fine-grained zone can be larger in microalloyed steels,
because the precipitates can pin the austenite grain boundaries, preventing
grain growth. Otherwise, the same behavior is reported for all types of con-
struction steels.

In the intercritically heated zone, it is common to find that carbon-rich areas
such as pearlite rapidly become austenitic, while ferritic areas can remain as
ferrite, depending on the exact temperature. The parts that become austenitic
are still carbon-rich during the transformation back to ferrite. The risk is
therefore high that martensite can form. A mixture of martensite and retained
austenite, called MA constituent, is usually found. These MA constituents
appear as small islands (Figure 3.17)® and can initiate brittle fracture. The exact
conditions under which MA constituents form are not clear. Steels very similar
in chemical composition, subjected to simulated thermal cycles, have been
shown to give MA constituents for one composition, while very fine pearlitic
structures were found in the other steel.

The above discussion is related to the zones in a single-pass weld. During
multirun welding, reheating of zones in a HAZ can lead to further complica-
tions. What has attracted special interest is the reheating of a formerly coarse-
grained zone into the intercritical temperature regime, thus creating an
intercritically reheated coarse-grained zone (ICGCZ). Local brittle areas can
also be created in this zone.

Toughness can be a problem under certain conditions in the subcritical zone.
The most common embrittling process is strain aging. This occurs if the steel
has been deformed plastically. The amount of strain needed is very low.
Typically 5% plastic strain is quoted, but strain aging can occur at even lower
strains. The new dislocations created are easily mobile for further deformation,
but can be locked by an atmosphere of interstitial atoms (carbon or nitrogen)
at the cores of the dislocations. This of course requires that these elements are
free and not tied up in any second-phase particles. The formation of the
atmosphere takes place at temperatures from ambient up to around 250°C
(500°F). This means that this embrittlement appears fairly far away from the
weld. The usual cure for strain aging is to add aluminum to form AIN. The
formation of AN is relatively sluggish and only takes place during normaliza-
tion of the steel. Thus, strain aging may be a problem with thermomechanically
rolled steels because there is no time to form AIN.

Other processes that take place in the subcritical zone occur at temperatures
just below the A, temperature. In microalloyed steels precipitation of
carbonitrides of, for example, niobium, vanadium, or titanium may occur. This
is especially so in multipass welding, if an area which was a coarse-grained
zone has been subcritically reheated. During the first cycle, the microalloying
carbonitrides dissolve and are then precipitated again during the second ther-
mal cycle. However, this can also have a positive effect, because it may reduce
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FIGURE 3.17. MA constituents appearing as small islands in intercritically reheated zones.
(From Barnes, A., Weld. Inst. Res. Rep. 402, The Welding Institute, Cambridge, U.K., 1989. With
permission.)

the amount of free nitrogen. Free nitrogen is known to severely embrittle
ferritic steels.

Carbide precipitation from a martensitic matrix may of course occur during
subcritical heating of a coarse-grained zone and generally this is positive for
toughness. Similarly, already precipitated grain boundary cementite spherodizes,
which also is beneficial.

The recovery that takes place at temperatures around 600°C (1100°F) can
result in a structure that is softer than the rest of the steel. This is especially so
for quench and tempered steels, where further tempering of the tempered
martensite reduces the strength. These steels must not be welded at too high a
heat input in order to prevent overtempering of the structure. In addition,
thermomechanically rolled steels can suffer from reduced strength in the
subcritical zone, due to the recovery of the deformed ferritic structure, which
is responsible for some of the strength of the steel.
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Chapter 4
THE WELD METAL
4.1. INTRODUCTION

Although there are many similarities between the physical metallurgy pro-
cesses occurring in the heat-affected zone (HAZ) of the base material and in
the fused weld metal, there are also several important differences. The specific
features of the weld metal that will be treated here are

» The drop transfer stage

e The deoxidation of the molten weld pool
¢ (Gas absorption

» Solidification

* Phase transformations

Although these subjects will be discussed separately, it is emphasized that they
interact to generate the final structure of the weld metal. Traces of each of the
processes can be found in the microstructure and often have a direct influence
on the properties of the welded joint. The phase transformations that occur are
to a large extent similar to those in the HAZ. Only the differences in the phase
transformations will be highlighted here.

4.2. DROP TRANSFER

Three important items are described below: the drop transfer mode, the
maximum temperature that the metal reaches, and the formation of fume during
welding. The drop transfer modes differ among the welding processes. In
shielded metal arc welding (SMAW) the drops usually are transferred by
contact between the tip of the electrode and the workpiece (bridging transfer),
while in gas-metal arc welding (GMAW) both bridging transfer and free-flight
transfer can be found. Free-flight transfer is most often used because this
provides better penetration. A higher current is used for this transfer mode,
which could give a higher heat input, but this can be counteracted by a higher
welding speed. Use of pulsed welding may then be beneficial. Irregular drop
transfer may give rise to excessive spatter, which is undesirable. In submerged
arc welding (SAW) free-flight transfer always occurs.

The maximum temperature that the liquid metal reaches is estimated to be
around 2400°C. This is of interest because both the deoxidation reactions that
occur in the molten state and the subsequent cooling of the weld can be
understood better if this temperature is known.

During drop transfer, some elements are evaporated, i.e., fume is created.
The fume is important both from the point of view of health and from the
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TABLE 4.1
ITW Classification of Metal Transfer

Designation of transfer type Welding process (examples)

1 Free-flight transfer

1.1 Globular
1.1.1 Drop Low-current GMAW
1.1.2 Repelled CO,-shielded GMAW
1.2 Spray
1.2.1 Projected Intermediate-current GMAW
1.2.2 Streaming Medium-current GMA
1.2.3 Rotating Rotating high-current GMAW
1.3 Explosive SMA (coated electrodes)
2 Bridging transfer
2.1 Short-circuiting Short-arc GMAW, SMAW

2.2 Bridging without interruption  Welding with filler wire addition
3 Slag-protected transfer

3.1 Flux-wall guided SAW

3.2 Other modes SMAW, cored wire, electro-slag

information it may reveal about the mechanism of elemental loss. It is the latter
aspect that will be discussed here.

4.2.1. DROP TRANSFER MODES

The different kinds of drop transfer modes have been classified by the
International Institute of Welding (IIW), shown in Table 4.1. The main tech-
nique used for studying the mechanisms of drop transfer is high-speed photog-
raphy. For open arc processes this is a powerful technique, but it obviously
cannot be used for SAW. High-speed X-ray recording is used instead. Drop
transfer modes have long been studied. A recent review was presented by
Lancaster.! The first studies in this area were concerned with the SMAW
process and the early work was reviewed by Sparagen and Lengberg in 1943.
Later work on this welding process was reported by Becken in 1969.2 Except
for the work of Becken, most recent research has concentrated on drop transfer
in GMAW, mainly using solid wires. Some work has been carried out on cored
wires as well, and on SAW.

In SMAW the drop is thought to form as a consequence of pressure from
emitted vapor at the cathode spot (the point on the electrode tip where the arc
base is located). The pressure causes a depression of the liquid metal at the
cathode spot, consequently causing a corresponding rise of the metal at some
other point. The cathode point is shifted to this new peak, which will then
become depressed. This wave-like motion eventually builds up a drop large
enough for either a bridging transfer or a detachment of the drop. Bridging
transfer means that an undetached drop touches the weld pool and is forced into
the weld pool by capillarity.
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FIGURE 4.1. Voltage and current variations during dip transfer. (From Houldcroft, P. and John,
R., Welding and Cutting, Woodhead-Faulkner, Cambridge, U.K., 1988. With permission.)

For GMAW the material transport in the arc can occur in two principally
different ways: bridging and free-flight transfer. In bridging transfer, just as in
SMAW, there is a short-circuiting between the electrode and the workpiece,
when the molten drop touches the weld pool (Figure 4.1). This is the most
common mode of operation and occurs at relatively low voltages. If the voltage
is lowered, there will be an irregular arc which occasionally extinguishes. If the
voltage is increased above the value for convenient bridging transfer, the drops
will be pinched off before short-circuiting occurs. If the current is also in-
creased, larger magnetic forces will arise, which will lead to more spatter.

Free-flight transfer can occur as a globular transfer or as a spray of drops.
The spray mode may be further subdivided into projected or streaming transfer.
The transition from one mode to another occurs with increasing levels of the
current at relatively high voltages. The exact value of the current when the
transition takes place is dependent upon the wire diameter. This mode of
operation only occurs in shielding gases that contain significant amounts of
either argon or oxygen. The spray mode has many advantages from the drop
transfer point of view, but can be inconvenient for the welder because it is
hotter to work with. On the other hand, spatter is less and many welders prefer
to work in the spray mode. The spray mode means that a higher heat input is
used. The weld pool then becomes difficult to control in welding positions
other than horizontal.

The different modes are illustrated in Figure 4.2. With very high currents,
instabilities in the drop transfer may occur, such as kink and flute instabilities.
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FIGURE 4.2. Free-flight transfer, either as globular drops or as a spray of drops. (From Houldcroft,
P. and John, R., Welding and Cutting, Woodhead-Faulkner, Cambridge, U.K., 1988. With permis-
sion.)

In these cases, the wire behaves as one (kink) or two (flute) rotating spirals,
creating a rotating transfer mode.

It should also be noted that with solid wires the spray arc can only be
achieved with positive polarity of the electrode. If the electrode has negative
polarity, a repelled transfer mode arises. The resultant forces that develop are
directed upward and sideways and the drops will follow a rotating spiral
trajectory toward the weld pool. Naturally, this transfer mode is unsuitable for
welding, as it gives rise to much spatter.

Other sources of instabilities may arise from exploding drops, due to gas
emission from within the drop. The gas pressure can arise from the dissociation
of oxide inclusions in the metal rod or from the use of gas-forming minerals
in cored gas-shielded wires.

The shielding gas can also affect the transfer properties. For example, pure
CO, creates large, irregular drops that cause splashes as they are propelled into
the weld pool. Pulsed spray welding is a special kind of spray mode, induced
by a pulsed current that is superimposed on a small background current. One
drop is normally detached by each pulse. The advantage of this mode of
operation is that welding in all positions can be made using higher energy
levels than for the short-circuiting transfer mode. Consequently, thinner mate-
rials can be welded than is possible for the normal spray mode because the heat
input is smaller.

Studies of SAW metal transfer show that the tip is conical and the tip of the
cone is moving in a circle around the electrode axis. The drops are either
projected along the arc or move sideways into the molten flux surrounding the
arc.

4.2.2. TEMPERATURE OF THE LIQUID

The temperature that the liquid metal reaches during the transfer stage has
been the subject of many investigations. The problems associated with making
correct measurements are numerous. Pyrometric and calorimetric methods
have been used, but may be subject to considerable errors. With pyrometers,
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only the surface temperature is measured and the results may be influenced by
arc radiation. Calorimetric techniques measure the average temperature of the
drops, but, depending on how far from the point of detachment the drops are
collected, the arc heat may influence the result. Other experiments have in-
volved the collection of drops on cross wires which form a thermocouple, with
the droplets welding the junction of the thermocouple. This method seems to
produce consistent results which are frequently cited in the literature.?

By correcting the recorded temperature for the cooling action of the mass
of the thermocouple, the “true” drop temperature can in principle be calculated.
The important result is that the drops from steel welds can reach temperatures
up to about 2400°C. This value is regarded as the starting value for the cooling
sequence that ultimately leads to the formation of the weld metal.

Calculations of the droplet temperature,* using measured heat per unit
volume at the tip of the electrode, have also been carried out. The heat was
calculated in an indirect manner, by establishing a relationship between the
wire feed rate, the electrode stick-out, and the current density. It was concluded
that the heat content of the melted tip corresponded to an average temperature
of the drop just above the melting temperature, i.e., some 1600°C. The surface
temperature is, however, likely to be much higher. As long as the drop is in
contact with the wire, this may seem a realistic temperature, provided the
convection within the molten drop is sufficient to maintain a uniform tempera-
ture.

Indeed, this result apparently is at variance with the measurements of the
drop temperature using thermocouples. However, there are more facts which
indicate that relatively high temperatures are achieved in the drops. Grong and
Christensen® found that the oxygen content of the weld correlated well with
equilibrium data for the silicon-oxygen and the manganese-oxygen reactions at
temperatures around 1900 to 1800°C, indicating that the drops should have at
least achieved this temperature. One possible way to reconcile these different
results is to assume that the drops are heated by the much hotter arc surrounding
the drops during transfer. Although the drop transfer time is very short (0.01 to
0.1 s), the plasma temperature is somewhere between 6000 to 30,000 K, so it is
feasible for the plasma to heat the drop during its flight to the pool.

4.2.3. FUME FORMATION

An important event that occurs during drop transfer is the formation of
fume. Fume particles are in the micrometer-size range and generally consist of
oxides of the compounds found in the coating of covered electrodes or in cored
wires. SAW fluxes produce insignificant amounts of fume. A large part of the
fume particles consists of FeO. In GMAW, the fumes contain FeO, SiO,, and
MnO. The relative amounts of these compounds depend upon both the shield-
ing gas used and the welding parameters.

The fume is largely generated during the drop transfer stage and only
insignificant amounts originate from the weld pool. The fume arises as the
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vapor pressure increases, because of the rise in temperature, but boiling at the
surface of the drops with elemental evaporation and the formation of gaseous
oxides also occurs. From the metallurgical point of view, the most important
factor in fume generation is the loss of alloying elements it causes. It is an
important function of the mineral system used in slag shielding processes to
compensate for the loss of elements, in order to achieve the desired weld
composition. The risk of loss increases with the tendency of the elements to
form oxides. The elements thus most likely to be lost are manganese, silicon,
and chromium. Loss also occurs when oxides of the elements are formed in the
melt and incorporated into the cover slag.

The composition of the fume particles also may give a hint as to how the
drops are transferred. It is commonly believed that in slag shielded processes,
the drops are transferred with a slag coating. This has generally been assumed
by examination of high-speed film recordings, although the results are not
completely convincing. The existence of large amounts of FeO in the fume
indicates that there is at least a very turbulent situation in the drop during
transfer and fresh metal is frequently exposed at the drop/arc plasma interface.
From this it seems rather unlikely that the drops are completely covered by
slag. High temperature and turbulent internal motion in the drops seem to be
more consistent with a mixing of metal and slag.

4.3. REACTIONS IN THE MOLTEN WELD POOL

During the short time that the weld pool is molten, a separation of the metal
and the slag takes place. The phase separation takes place via the fluid flow.
As the temperature falls, the molten bath becomes more stagnant and the phase
separation process ceases. A certain proportion of the deoxidation products
will then remain in the weld metal. The size, number density, crystallography,
and chemical composition of these particles are important parameters because
they influence the further transformations that occur in the weld metal as it
cools. At the same time they can influence the mechanical properties. This
section describes the reactions that occur and the nature of the particles that
remain in the weld metal.

4.3.1. FORCES

The weld pool is usually created by mixing the metal drops from the
consumable electrode with melted parent material. The size of the weld pool
varies substantially with the welding process and welding parameters. The
smallest pool is formed with GTAW, where no consumable electrode is used,
and the largest pool is formed with the high-energy SAW process.

The weld pool exists in its melted state for some 1 to 10 s, depending on the
size of the pool. Large pools can only be handled in the horizontal position. For
positional welding (e.g., vertical up or overhead) lower current and voltages
must be used, so that the weld pool can be controlled. The heat input, however,
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at least in welding vertical up, can be relatively high, because a weaving
technique is used, resulting in a slower forward motion. To control the weld
pool in positional welding using slag shielding welding techniques, the formu-
lation of the mineral coating is such as to give a quick-freezing slag. This helps
to contain the weld pool.

The molten weld pool is a fluid which is subject to electromagnetic forces,
surface tension, and buoyancy force. The fluid flow field set up by the electro-
magnetic forces, created by the electric current passing through the weld metal
to the base plate, is illustrated in Figure 4.3. This effect is by far the most
dominant of the three mentioned above. Theoretical calculations of the flow
pattern in the cross-section of a weld are shown in Figure 4.4. Apart from the
effects of the flow on weld metal deoxidation (described below), the flow field
also has a considerable effect on the shape of the weld bead. A flow directed
outward will create a wide, shallow pool, while a flow pattern that is directed
downward and then from the edges toward the center will give a deep, narrow
pool.

4.3.2. INCLUSION FORMATION

The presentation made here for the chemical reactions that occur largely
follows the work of Grong and Christensen’ from the early 1980s, later
continued by Grong et al.® Their work was carried out on gas-metal arc (GMA)
welds without considering any slag/metal reactions.

The weld pool is thought to consist of two regions: the “hot” part, close to
the arc root, and the “cold” part, well away from the arc root. The temperature
in the “hot” part is very high, the flow rate of the fluid is also high, and the
possibilities for the formation and transport of deoxidation products are very
good. In the “cold” part of the weld pool, the driving force for formation of
deoxidation products is higher than in the “hot” part, but the flow rate of the
fluid is much smaller, giving insignificant phase separation. This is illustrated
in Figure 4.5.

The basic understanding of the deoxidation process stems from theory
developed for steelmaking. The influence of the combined effect of silicon and
manganese is shown in Figure 4.6. If for a specific temperature, the Mn/Si
combination is below the curve, then molten manganese silicates are formed.
This leads to a low activity of Si0O,, making deoxidation more effective.
However, it should also be noted that the rotal concentration of deoxidizing
elements is of critical importance, not just the Mn/Si ratio.

If the same concept is applied to a weld metal containing only manganese
and silicon as deoxidizing elements, the deoxidation products will be molten
Si0, and MnO in the form of manganese silicate, containing only small
amounts of FeO. This is the simplest system to analyze and can be obtained by
GMA welding a “plain” C-Mn steel using an argon-rich shielding gas. The
melt will invariably contain oxygen and the following reaction between oxy-
gen, manganese, and silicon will take place:
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FIGURE 4.3. Flow field in a SAW weld pool, due to electromagnetic forces. (From Lancaster,
1. F., Metallurgy of Welding, 3rd ed., Chapman & Hall, London, 1980. With permission.)

Si + 2MnO & 2Mn + SiO,

The Mn/Si ratio should be adjusted in accordance with Figure 4.6 so that
nonsaturated manganese silicates are formed, giving the best possible deoxida-
tion. The oxygen content as a function of silicon and manganese contents is
shown in Figure 4.7; and in Figure 4.8, the oxygen content as a function of the
Mn/Si ratio is plotted. A substantial decrease is found with increasing contents
of silicon and manganese and also with an increased Mn/Si ratio. The decrease
in oxygen content in Figure 4.8 seems much lower than that in Figure 4.7 but
this is due to differences in the range of silicon and manganese contents
studied. The two investigations, in fact, give approximately comparable oxy-
gen contents. An increased Mn/Si ratio leads to decreased activity of silica.
This results in better deoxidation, which is in line with Figure 4.6. However,
beyond a certain threshold value there is no further decrease in oxygen content,
so there will always remain a significant amount of oxygen in the weld metal.

The oxygen that remains in the weld pool is assumed to be equal to the
oxygen concentration marking the boundary between the “hot” and the “cold”
parts of the weld pool (Figure 4.5). This boundary temperature can be found
by calculating the temperature for the measured oxygen content in equilibrium
with manganese or silicon. The results of such calculations are shown as solid
lines in Figure 4.7. The boundary temperature is estimated to be around 1800
to 1900°C. It has been shown that for a system using only silicon and manga-
nese for deoxidation the oxygen concentration can be related to the deoxidation
parameter ([Mn][Si])%. This relation is illustrated in Figure 4.9. For compari-
son, data in the literature for SMAW are also included in Figure 4.9. As can
be seen, the equilibrium temperature is lower for SMAW than for GMAW.
Thus, a slag shielded system does not work exactly as a gas shielded system,
but it seems that the same fundamental concepts can be used. This simple
relationship is obtained only when silicon and manganese are used for deoxi-
dation. When other elements such as aluminum are used, no such simple
relationship can be found.

The details of slag/metal reactions are not understood, but some understand-
ing can be gained from reactions that take place during steelmaking. However,
the time scales are very different, so that the reactions in the weld pool probably
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deviate significantly from equilibrium. This deviation is largest for SMAW,
while SAW welds are closer to equilibrium.

The concept of the basicity index was introduced in Equation 1.4. The
basicity index consists of the sum (in mole percent) of the basic components
divided by the sum of the acid and amphoteric components. This concept is in
general only used for submerged arc fluxes, but in principle it works for all slag
shielded processes. The basicity index is a semiquantitative factor, which
correlates reasonably well with the cleanliness of the weld metal. The decrease
in the sulfur content correlates especially well with increased basicity. The
phosphorus content, on the other hand, is more or less insensitive to the basicity
of the slag. ’
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The oxygen content decreases with an increased basicity index and this is
of the utmost importance, because this creates the possibility of improving the
toughness of weld metals. An approximate equation, which at least qualita-
tively shows some of the likely mechanisms that control the oxygen content of
the weld metal, was given by Palm:

Ky, (IMnO)/[Mn]) = Kg; ([Si0,)/[Si])!2 = K, [FeO] 4.1

This is achieved by assuming that there is a balance:
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M,O, + yFe & xM + yFeO

i.e., the oxides (of manganese and silicon) in the melt are in equilibrium with
FeO (in the slag). This ignores the fact that the slag is ionic in character and
that many other oxides are used in the flux to form the slag. With increasing
basicity (i.e., with higher contents of minerals having a “basic” character,
meaning that they can provide oxygen anions, O>), there is a greater chance
that a silicate ion is produced by the reaction

Si0, + 20 < SiO i

This silicate ion does not provide oxygen to the melt and the oxygen content is
decreased. Thus, as basicity increases (e.g., by addition of lime, CaO) the oxygen
content decreases. However, this only occurs up to a certain value of the basicity
index, as shown in Figure 4.10. It is assumed that this value corresponds to all
silica being used and hence no further decrease in oxygen is possible.

A somewhat different view is held by Lancaster. The oxygen content will
be lower with increasing basicity, but that is due to basic oxides not easily
dissociating and giving off oxygen at the weld metal surface, rather than a
better cleaning action of the slag. However, the decrease in sulfur content of
the weld metal is due to the refining action of the slag.

It must be kept in mind that the reactions that occur during slag shielded
welding are highly dynamic, with many reactions taking place near the metal/
slag interface. Reaction products from this interface are stirred into the weld
pool, affecting any further reactions. The models presented above give a very
simplified picture of the physical processes that actually occur.
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The elements that are supplied with the coating and can take part in the
deoxidation process are (apart from silicon and manganese) usually magne-
sium, titanium, zirconium, calcium, and aluminum. The driving force for the
possible reactions can be found from the diagram in Figure 4.11, showing the
free energy change versus temperature. The sequence of deoxidation products
in decreasing strength is CaO, MgO, Al O,, TiO,, Si0,, and MnO. At very high
temperatures, carbon can also act as a deoxidizer, forming CO. The deoxida-
tion process is very efficient. It is estimated that at least 90% of the oxygen in
the melt is removed before the weld solidifies.

4.3.3. INCLUSION GROWTH

The nucleation stage of the oxides is extremely difficult to study. However,
considering the violent streaming of the fluid, formation of clusters should
occur quite frequently. Thus, homogenous nucleation of particles should be the
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dominant process. This discussion will concentrate on inclusions that remain
in the weld pool, i.e., those that grow in the cold zone. However, some
experiments have been carried out that are more representative of inclusion
growth in the hot zone. Here, the inclusions are much coarser than normally
envisaged and the mode of growth is different.

Early work carried out by Lindborg and Torsell” on a steel melt held at a
constant temperature of about 1650°C resulted in a growth model as illustrated
in Figure 4.12, where it should be noted that the time scale extends to more than
1000 s. The major increase in particle size occurred after about 10 s and is
initially due to gradient collision, followed by the Stokes’ collision. “Gradient
collisions” occur due to particles following the fluid flow and hitting each
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other, while Stokes’ collisions occur during the particle rise in the liquid, with
a velocity predicted by Stokes’ law. Larger particles in both cases are assumed
to grow after hitting smaller particles. The fluid velocity assumed for this
model was 10 mm/s. At 1650°C, a weld pool would be almost stagnant and
growth would not be expected to occur due to gradient collision. In the work
of Lindborg and Torsell the bath was agitated artificially, by induction stirring.
The size of the particles is much larger than those remaining in the weld metals,
with maximum sizes ranging up to 25 um. After a long time, the largest
particles will reach the surface of the steel melt and separate out. That the
largest particles separate out is due to the fact that these particles have been
moving for the longest period of time in the melt and have had many oppor-
tunities for collision. The larger the particle size, the higher the velocity due to
Stokes’ law and, thus, it is more likely that the largest particles reach the upper
surface first. This in turn decreases the mean size of the particles that remain
in the melt. Some slow growth of the inclusions was noted and assumed to be
due to “diffusional coalescence” (also called Ostwald ripening).

In contrast to the model of Lindborg and Torsell, Grong et al.® found that
Stokes’ collisions in a weld pool make an insignificant contribution to the
growth of the particles, because the fluid flow rate is much higher than the flow
rate due to Stokes’ law. The fluid flow rate in SAWs is estimated to be between
0.025 to 0.4 m/s, while the velocity of rising particles with a radius below 2 um
is estimated to be less than 2.4 pm/s.

Before discussing the growth of inclusions in the cold zone, some words



The Weld Metal 123

Temperature (°F)

0 800 1600 2400 3200 4000
T ! T I !
220
40 |
- -60 [~
[=
13
2
% -80 -
o
ks
= -100 =
£
~
= 120 -
o
s ©
3 140 B
= ™M
o
B -160
=
g
s -180 |-
g
=
< -200 &
k= a Ny Suggested accuracies
> 2 Xg
&D 220 @ *  1keal
% @ + 3 keal
3 -240 © * 10kl
LE @ + > 10 keal
2260 Change of state Element Oxide
melting point M ™M
-280 boiling point B
300 | 1 | 1 |
0 400 800 1200 1600 2000 2400

Temperature (°C)

FIGURE 4.11. A diagram showing the free energy change as a function of temperature for a
number of deoxidation reactions. (From Milner, D. R., Br. Weld. J., 5, 98, 1958. With permission.)

about the microscopy techniques employed may be appropriate. The methods
used to obtain size distributions for particles growing in the cold zone have
been refined over the years. Optical microscopy has often been used. Later
developments, using scanning electron microscopy (SEM), have enabled large
quantities of data to be obtained at a higher resolution. Automated systems
combining chemical and spatial information were first developed in the mid-
1970s and this development has continued with more refined and more rapid
systems. The size distributions obtained are dependent upon the lower resolution
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FIGURE 4.12. Growth model of oxide particles in an agitated steel melt at 1650°C. (From
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limit of the techniques used. The optical microscope has a resolution limit of
about 0.2 pm, while the limit is ca. 0.05 pm for the SEM. Thus, much smaller
particles can be detected with the SEM. However, if the system uses chemical
information from the energy-dispersive X-ray (EDX) system, often attached to
SEM, then the analysis is the average over a volume of approximately 5 pum?3,
with a spatial resolution of about 1 um. Particles embedded in a steel matrix
will then be difficult to assess using a polished specimen. Recent developments
have instead utilized extraction of particles on carbon replicas for examination
in the SEM. With this method, the chemical analysis of closely spaced particles
becomes feasible. It also becomes possible to measure the three-dimensional
size distribution by tilting the specimen and measuring various dimensions. A
complementary technique that has relatively recently come into use is the
scanning transmission electron microscope (STEM), also commonly equipped
with EDX facilities. With this instrument chemical analyses of very small
particles can be obtained. Extraction replicas are also used to avoid interference
with the matrix. Inclusion size distuributions obtained in some different inves-
tigations are shown in Figure 4.13.

The size distributions obtained by Grong et al. (Figure 4.13a) came from
measurements on experimental GMA welds, using metal cored wires. Their
intention was to study the influence of the Mn/Si ratio on the growth of
inclusions. The data were obtained by transmission electron microscopy (TEM)
of particles extracted onto carbon replicas. A typical picture from such a weld
metal is shown in Figure 4.14. The smallest size class used here was 0.1 pm
and almost all particles have a diameter less than 1 pm. Few particles were
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observed having diameters above 1.2 um. The variation in mean particle size
with changing Mn/Si ratio was relatively small. At first, the mean particle
diameter increased with increasing Mn/Si ratio, but in very high manganese
(low silicon) welds, the distribution contained a dense population of very small
particles, leading to a substantial decrease in average size.

Ahlblom et al.® used one of the first automated systems, particle analyzing
scanning electron microscopy (PASEM), in the mid-1970s to study inclusion
size distributions. They presented their data in the form of a cumulative
distribution, but this has been replotted here as a normal distribution to facili-
tate comparison. They studied weld metals obtained by SAW with different
current levels (Figure 4.13b). The lower detection limit of the particle diameter
was 0.2 pm, so that the smallest particles are not measured. There were only
minor differences in the size distribution between the two lower current levels
(600 and 1000 A). With the highest current, the average size of the particles
increased and the size distribution broadened.

Kluken® studied SAW metals, with systematic variations in the deoxidizing
elements aluminum and titanium. He did not present the full size distribution,
but only gave the mean diameters. The mean diameters were found to be
constant, irrespective of variations in aluminum or titanium contents. However,
he noted that a large aluminum content resulted in an increased number of
coarse particles. Also, the two-dimensional arithmetic mean particle size was
constant with increasing aluminum content. The ratio between the three-
dimensional and two-dimensional diameters was found to be 1.47, relatively
close to 1.57 predicted from the theory for a polydispersed system of spheres.

Thewlis!? used optical microscopy to measure the size distribution of inclu-
sions in SAW metals of the kind used for line-pipe fabrication. The lower
detection limit was given as “better than 0.4 um.” He found that the majority
of particles were 0.2 to 0.4 um. The average diameters were fairly constant,
about 0.45 um when the heat input was 3.3 kJ/mm. The main variables studied
were aluminum, calcium, titanium, and nitrogen contents. Aluminum was
found to reduce the number of particles and increase the size. With increasing
titanium content, the volume fraction of particles was reduced.

The mean particle sizes determined from the investigations discussed above
have been plotted in Figure 4.15 as a function of the Mn/Si ratio. They have
also been divided into groups with respect to heat input and whether other
deoxidizing elements have been used. The overall picture is confusing, with no
clear influence of the variables studied, except perhaps for the heat input. A
rather coarse division of the inclusion sizes can be made:

* Below 0.3 um, obtained with low heat input and strong deoxidation (mainly
aluminum)

* Between 0.3 to 0.5 um, the large majority of particle sizes

* Between 0.5 to 0.6 um, without any seemingly rational explanation
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There does not seem to be any strong influence of the Mn/Si ratio or any
general effect of using aluminum or titanium deoxidation. The single value of
0.2 um was obtained using aluminum deoxidation and low heat input.
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FIGURE 4.14. TEM of particles extracted onto a carbon replica. The particles come from a basic
SMAW weld metal.
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diameter is proportional to the third root of the heat input. It was shown by Kluken that this is
equivalent to a similar dependence on the retention time. (From Kluken, A. O., Ph.D. thesis, NTH,
Trondheim, Norway, 1991. With permission.)

The two growth mechanisms dominating in the hot zone (collision and
diffusion) are discarded when it comes to the cold zone. The collision probabil-
ity should be low, because the melt is virtually stagnant and the particles only
move through buoyancy effects due to Stokes’ law. Diffusional growth should
be completed within a fraction of a second, because the density of nuclei is so
very high (about 10%mm?) and the diffusion rates are so very large. Kluken
found a linear relation between the mean diameter and the third root of the
retention time (see Figure 4.16). This observation supports the assumption that
Ostwald ripening is the dominant growth process in the cold zone. However,
the shape of size distributions deviated somewhat from the requirements of a
distribution obeying a Wagner coarsening equation. Ideally, the size distribu-
tion should be quasistationary and have a stable maximum particle diameter of
about 1.5 times the mean diameter of the system.

4.3.4. INCLUSION COMPOSITION

The composition and crystal structure of the inclusions vary, depending on
the deoxidation element content in relation to oxygen content. A list of the
phases identified is presented in Table 4.2.

Several investigations have shown that the particles are multiphase. The
core usually consists of the main deoxidation elements (i.e., manganese, sili-
con, aluminum, and sometimes titanium). In basic-type weld metals (i.e., with
an oxygen content of the order of 200 to 400 ppm) without aluminum, glassy
MnOSiO, particles are formed, and with high aluminum contents, y-AL,O;
particles are found. In welds with moderate aluminum content, a spinel
MnOAIL,O;, (galaxite) is often formed. Particles have been found to have a very
mixed composition, with manganese, silicon, aluminum, and titanium present
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TABLE 4.2
Phases Identified in Slag Inclusions
Lattice
Chemical  Structure  parameter
Phase formula type (;&)
Galaxite MnOAl,0, Cubic 8.27
Titanium v-TiO Cubic 4.18
monoxide
Titanium TiN Cubic 425
nitride
Titanium TiC Cubic 4.18
carbide
Rhodonite MnOSiO, Glassy
Alumina ¥-ALO, Cubic 7.85
Manganese  o-MnS Cubic 523
sulfide
Digenite 1 Cu, ¢S Cubic 5.70

simultaneously; with diffraction analysis, however, still only the spinel
MnOAIl,O; and y-Al, O, were found. Many particles have surface layers that are
titanium-rich or are different structures of MnS. Surface layers of CuS have
also been reported. Measurements of the composition of some titanium-rich
inclusion surface regions with wavelength-dispersive X-ray analysis have on
occasion revealed high nitrogen concentrations. From diffraction analysis alone,
it is not possible to distinguish between TiN, 8-TiO, or TiC. Moreover, the
formation of 8-TiO would require strongly reducing conditions and it is there-
fore not likely to be an equilibrium product in weld metals. A suggestion of the
buildup of particles is shown in Figure 4.17.

The composition of the particles can be estimated with reasonable accuracy,
using the following set of equations. In these equations [/]; means the concen-
tration in wt% of element / in the inclusion. The total volume fraction of
inclusions (V) is given approximately by Equation 4.2. The inclusions are
assumed to be oxides and sulfides. The solubility of sulfur is assumed to be
0.003 wt% and thus the sulfur content contributing to inclusion formation must
be reduced by a corresponding amount:

V, = 0.05 {[O] + 0.054 ([S] — 0.003)} (4.2)
The aluminum content of the inclusions can be calculated as the difference
between total and soluble aluminum content (AAl), divided by the mass frac-
tion of inclusions. The mass fraction m, is given as

m; =V, pi/ps 4.3)

where p, and p; are the inclusion and steel densities, respectively. They are
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" TiN (secondary reaction prodiict)

Oxide Core (primary reaction product)

MnS (secondary reaction product)

FIGURE 4.17. Schematic drawing, suggesting the buildup of a titanium oxide particle. (From
Kluken, A. O., Ph.D. thesis, NTH, Trondheim, Norway, 1991. With permission.)

approximately 7.8 and 4.2 g/cm’, giving a ratio of 1.86. Thus,
[Al]; = 1.86 [AAI)/V, (4.4)

(with the restriction [AAl] £ 1.13 [O],). The restriction on the aluminum
content comes from the stoichiometry of Al,O,.

The titanium content of the inclusions is calculated in the same manner as
the aluminum content. However, unlike aluminum, titanium also forms nitrides
easily and this must be taken into account. The amount of titanium in the form
of nitrides can be calculated as

[Tily = Ay([N]7 — [N])/mAy 4.5)

where [Ti]y is the titanium content in the nitrides, [N];, is the total nitrogen
content in solution, and A; and Ay are the atomic weights of the respective
elements. The total nitrogen content can be estimated from the solubility
product at a suitable temperature, e.g., just above the melting temperature of
the steel. The titanium content in oxide inclusions [Ti],, can now be estimated
as

[Ti],; = 1.86{[ATil/V, — [Tily — [Til,,} (4.6)

oi

The sulfur tied up in the inclusions is given by

[S]; = 1.86 ([S] — 0.003)/V, 4.7
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The silicon and manganese contents in the inclusions are calculated by correct-
ing for the fact that oxygen first reacts with aluminum, and then titanium,
before combining with either silicon or manganese. An assumption about the
relative proportions of SiO, and MnO must also be made. If

6 = wt% SiO,/wt% MnO (4.8)
and
B = (Ay/Ac + DO/(A/245 + 1) + (Ay /Ao + 1)] 4.9

where A, is the atomic weight of element i, then
[Si); = BAg([O] — m,[O], — m,[Ol)2(m)Ao) (4.10)
[Mn]; = (1 - B)Ay, ([0} = m [0, — m [0/ (mAg) (4.11)

Figure 4.18 shows the correlation between measured and predicted concen-
trations in the oxide inclusions, using the above equations. These calculations
can only be made with a knowledge of the solid solution concentration of
aluminum, titanium, and sulfur. These values are difficult to estimate. Also,
there are a number of assumptions behind the equations which make the
calculations somewhat unreliable. The major weakness is the method for the
partitioning of oxygen between different metallic elements. It is assumed that
the strongest oxide former ties up as much oxygen as is permitted by its
concentration and then the next strongest oxide former starts to combine with
oxygen. However, in weld metals it is often found that manganese and silicon
oxides exist when it might be expected that all of the oxygen should be tied up
with aluminum and titanium.

4.3.5. NITROGEN AND HYDROGEN IN THE WELD METAL

Although the reactions with oxygen are the most important from the aspect
of properties of the weld metal, nitrogen and hydrogen also have significant
effects on the weld metal properties. The dissolution of these gases in the melt
is described by Sievert’s law. For nitrogen the following relation applies:

ay =Cypy, (4.12)

where ay is the activity of nitrogen in liquid steel, C is a temperature-dependent
proportionality constant, and py, is the nitrogen partial pressure. The nitrogen
concentration {N] is related to the activity by the relation

ay = fIN] (4.13)

where fis the activity coefficient given by:
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FIGURE 4.18. Correlation between measured and predicted concentrations of elements in oxide
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log {f} = Z,{Y]e; (4.14)

where [Y] is the concentration of element / in the liquid steel and e, is called
the Wagner interaction parameter between the element concerned and nitrogen
imr dilute solutions.

Assuming that the nitrogen concentration at ambient temperature is related
to its solubility in liquid steels, then the above equations can be used to crudely
assess the effect of weld chemistry on the nitrogen content of the weld metal.
The accuracy of the method is of course limited, because a factor such as arc
length can significantly affect the nitrogen concentration, but this is not taken
into account in the model. Figure 4.19 shows an example of the use of the
method for analyzing the nitrogen content of SAWSs. The absolute values differ
between the measured and predicted concentrations, but the trends are pre-
dicted fairly well.

Weld metals from rutile SMAW electrodes usually have high contents of
both oxygen and nitrogen, with nitrogen levels around 200 ppm. This is
probably due to a comparatively low amount of shielding gas generated by
this type of coating. Basic-type coatings give nitrogen contents of around 50
to 100 ppm. In SAW welds, the nitrogen content is the same as that in the wire.
However, with some highly basic fluxes not containing carbonates, the nitro-
gen content can be influenced by the current type, with AC giving larger
concentrations. Also, for solid wires and cored wires, the nitrogen content is
dictated by what is supplied from the consumable, provided the shielding gas
is not contaminated.

An expression similar to Equation 4.12 is also found for hydrogen. Hydro-
gen comes mainly from the decomposition of moisture in the consumables.
Because it is the partial pressure and not the total available hydrogen that
controls the amount of hydrogen in the weld metal, it is possible to decrease
the hydrogen content by using a “dilution gas” such as CO,. This is utilized in,
for example, SAW fluxes where a small amount of carbonates in the flux
generates CO, gas, giving very low weld metal hydrogen values.

4.4. SOLIDIFICATION

The solidification process influences both the grain size and the grain shape
of the solid formed from the molten material. Further, the extent of segregation,
both on a micro and macro scale, is determined by solidification. The inclu-
sions that form in the molten material will be incorporated into the solid
material during solidification. It has been found that inclusions are preferen-
tially located in the primary grain boundaries, so there is an interaction between
the solidification front and the inclusions.

Knowledge about weld pool solidification is very limited. It is mainly
comprised of an extrapolation of the knowledge of the solidification of castings
and related processes. However, in such cases the thermal gradient is much
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FIGURE 4.19. Correlation of calculated versus experimentally measured nitrogen concentration
in SAW metals for different welding currents. Ny, refers to the nitrogen content of the wire. (From
Bhadeshia, H. K. D. H. and Svensson, L.-E., J. Mater. Sci. Lett., 7, 610, 1988. With permission.)

lower than in welding. On the other hand, advances have recently been made
in solidification theories describing nucleation, growth, and solute redistribu-
tion in castings and ingots. These theories must be investigated in relation to
the welding process in order to test the applicability. What is needed is a
correlation between the solidification parameters (growth rate, temperature
gradient, and undercooling) and the microstructure developed. A recent review
by David and Vitek!! treats the solidification of weld metals in great detail and
provides most of the information for this section.

The weld metals mainly solidify with a cellular or dendritic structure. The
size of the primary grains is related to the grain size of the HAZ on which they
grow. However, the crystallography of the growing grains complicates this
relationship. The size of the grains is further influenced by the heat input.

4.4.1. PRIMARY SOLIDIFICATION MODES

The weld metal starts to solidify at temperatures below about 1500°C. The
weld metal solidifies under conditions of constitutional supercooling. This
means that the driving force for growth of solidified material is due to an



136 Materials Science and Technology

enriched zone of alloying elements in the melt at the solid/liquid interface. The
local liquidus temperature thus is different from that of the alloy as a whole.
If the temperature gradient in the liquid at the solid/liquid interface is lower
than that of the liquidus temperature, the material is said to be constitutionally
supercooled.

The undercooling of a melt can be divided into kinetic undercooling due to
the curvature of the solid/liquid interface, thermal undercooling, and constitu-
tional undercooling. The undercoolings due to kinetic factors and to curvature
are both present only at the solid/liquid interface. The contribution of these
various factors is difficult to determine experimentally. The general opinion is
that the constitutional supercooling effect is by far the largest effect. The
undercooling due to curvature may be significant. It is related to the surface
energy of the curved interface, and because the size of the crystal in welding
is fairly small, surface energy effects can be considerable. Kinetic undercool-
ing is usually less than 1 K for solidifying metals. Thermal undercooling does
not normally occur in welding. This kind of undercooling appears in situations
where there is a significant barrier for nucleation, but this is not the case in
welding. Experimental measurements and theoretical calculations point to
typical undercoolings at around 10 K.

The new grains develop directly from the growth of solid on the grains in
the HAZ at the fusion boundary, i.e., there is no nucleation but epitaxial
growth. This is strictly true only for weld metals having a composition identical
to the base metal. When the weld metal has a composition that is radically
different from that of the base plate, the surface energy between the weld metal
and the base metal differs, and it becomes necessary for nucleation to occur.

It has also been suggested that solidification could occur on the oxides in the
melt, in front of the epitaxially growing solidification front. Inoculated par-
ticles have been used to stimulate such nucleation. The reason for doing so is
to avoid the columnar grain structure commonly found in favor of a more
equiaxed grain structure. Successful results have been reported, but no com-
mercial use for the method has been found.

The solidifying grains grow mainly along the maximum thermal gradient
toward the weld center, resulting in a columnar grain shape. The width of the
columnar grains is related to the size of the grains in the HAZ. However,
because some unfavorably oriented grains will be stifled by those growing
more rapidly, the successful grains will increase in size and are expected to be
wider than the parent grains.

The grains separated by high-energy boundaries are usually referred to as
primary grains. Inside these primary grains, there is a substructure that is
divided by small-angle grain boundaries. This substructure can develop in
different ways, depending on the solute content and the solidification param-
eter G/R, where G is the thermal gradient and R is the velocity of the solidi-
fication front. Usually, four different solidification modes are distinguished
(Figure 4.20): planar front, cellular, cellular dendritic, and dendritic.
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FIGURE 4.20. Diagram showing the solidification structure for different compositions and
solidification parameters. (From Lancaster, J. F., Metallurgy of Welding, 3rd ed., Chapman & Hall,
London, 1980. With permission.)

The planar front involves columnar grains which develop without any
substructure. Growth occurs along the maximum thermal gradient and is not
affected by any crystallographic preferences.

Cellular solidification occurs from the motion of an unstable solidification
front. Also, here it is mainly the heat flow direction and not crystallography
that determines the direction of growth. The cellular mode arises when several
relatively closely spaced cells are growing parallel to each other within a
primary grain.

Dendritic growth is different from the cellular or planar front growth in that
the dendrites follow the easy growth direction along (100) planes, which means
that the axis of a dendrite may deviate from the maximum thermal gradient
direction. The development of dendrites is also due to an unstable growth front.
Branching often occurs on dendrites, but may be more or less well developed.
If the branching is poorly developed, then the structure is fairly similar to a
cellular structure and is called cellular dendritic. With well-developed branch-
ing, the structure is called columnar dendritic. Figure 4.21 shows schematically
the different structures.

The reason for the development of cellular or dendritic patterns is that the
growth front can become unstable under conditions of constitutional super-
cooling. This occurs when solute builds up in front of the solid/liquid interface,
giving a locally higher liquidus temperature. If the temperature gradient in the



138 Materials Science and Technology

FIGURE 4.21. Schematic drawing of the morphology of the solidification structures. (From
Lancaster, J. F., Metallurgy of Welding, 3rd ed., Chapman & Hall, London, 1980. With permis-
sion.)

melt is larger than the gradient due to the segregation, then any perturbation of
the interface will melt back. If, however, the temperature gradient is smaller,
then perturbation will be stable and continue to grow. This is illustrated in
Figure 4.22. This condition is the same as was described for constitutional
supercooling.

The condition under which the different growth modes develop thus de-
pends both on the solute content and solidification parameter G/R. The tem-
perature gradient in the liquid (G,) is more important than the gradient in the
solid for the development of the microstructure. G, has been measured in
several different weld metals and is of the order of 50 to 100 K/mm. The
smaller the solidification parameter and the higher the solute content, the larger
the risk for unstable growth. This means that a small temperature gradient
and/or a high growth rate favor unstable growth.

It has been found experimentally that the dendrite arm spacings (d) can be
related to the thermal gradient and the solidification rate by the following
equations:

d, = a,(G?R)""* (primary arm spacing) (4.15)
d, = a,(GR)™ (secondary arm spacing) 4.16)

where a, and g, are constants which depend on the alloy system. n varies
between 1/3 to 1/2. Strictly speaking, the primary arm spacing cannot be
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FIGURE 4.22. Schematic diagram showing how a positive thermal gradient in the melt will give
a stable, planar front type of growth (left). When the thermal gradient in the melt is negative,
unstable growth (as dendrites) will occur. (From Matsuda, F., Hashimoto, T., and Senda, T., Trans.
Nat. Inst. Res. Metall. (Japan), 11(1), 43, 1969. With permission.)

characterized by the solidification parameter, because the dependence on G
and R has different exponents.

Dependence of secondary arm spacing on heat input (g¢’) has also been
found. The relation is

d, = ay(q'1V)'? 4.17)

where V is the unit volume of the weld.
The growth rate R of the solidification front is related to the rate of motion
of the heat source v by

R =v cos® (4.18)

where © is the angle between the normal to the surface and the welding
direction (Figure 4.23). The shape of the weld pool is influenced by the
welding rate. At low and moderate rates, the weld pool as viewed from above
will be elliptical in shape. With high welding speeds, it becomes increasingly
difficult to dissipate the heat generated at the rear of the weld pool. The thermal
gradient is smallest at the rear and largest at the sides of the weld pool. To
minimize the area at the rear, the pool assumes a teardrop shape so that the heat
can be more easily dissipated. However, this leads to a lower solidification
growth rate, because the angle @ will be greater than zero (Figure 4.24). A
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FIGURE 4.23. Illustration of the relation between crystal growth rate and welding speed. The
crystal growth rate (R) is largest when growth occurs parallel with the welding direction and is
smallest when 90° to the welding direction. (From Easterling, K. E., Introduction to the Physical
Metallurgy of Welding, Butterworth-Heinemann Ltd., London, 1983. With permission.)

consequence of the variations in thermal gradient and growth rate with position
is that different solidification modes can be found at various locations, as
shown in Figure 4.25. Near the fusion line, the thermal gradient is large and the
growth rate is small, giving a large solidification parameter. According to
Figure 4.20 this favors a planar front growth mode. Near the weld centerline
the thermal gradient is low but the growth rate is high, favoring a dendritic
mode of growth. In between these modes a cellular growth mechanism can be
expected.

It is difficult experimentally to observe the different growth modes in low-
alloyed steels, because the solidification structure is masked by subsequent
solid-state transformations. Studies of solidification structures have instead
been on nontransforming alloys, such as aluminum and stainless steels. Many
fundamental studies have also been carried out on single-crystal systems and
metals such as iridium and niobium. Planar fronts are easily observed near the
fusion line in stainless steel weld metals (Figure 4.26). Figure 4.27 shows an
example of how the top of a bead has solidified in a dendritic mode, while the
next bead deposited starts to solidify in a cellular mode. In this particular case
no planar front growth was found.

4.4.2. ELEMENT SEGREGATION AND RELATED PHENOMENA
An important result of the solidification process is solute segregation. When
solidification occurs at a plane front, solute redistribution only occurs during
the initial and final transient stages. Thus, the segregation patterns in this case
can be neglected. However, in most cases, the extent of the planar front growth
mode is very limited and the major part of the weld solidifies either in the
columnar or dendritic mode. In those cases, a much more complicated picture
prevails. Due to the undercooling (resulting from constitutional undercooling
or curvature effects), the dendrite tips may grow with a composition different
from the equilibrium composition. The extent of deviation from equilibrium is
a function of the temperature at the tip. However, this temperature is very
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FIGURE 4.24. The relation between weld pool shape and welding speed. For very large welding
speeds, the weld pool (when viewed from above) will assume a teardrop shape. The crystal growth
rate will become slower because this growth must occur at an angle to the welding direction. (From
Savage, W. F., Weld. World, 18, 89, 1980. With permission.)

difficult to calculate and even more difficult to determine experimentally.
Measurements of the chemical composition in the case of the dendrites may
give a hint of the undercooling at the dendrite tip, but the results of these
measurements are not yet conclusive.

The solute redistribution that occurs between the dendrite arms is more
easily analyzed. In these areas, the liquid and the solid coexist. This growth
mode is similar to plane front growth. Two different cases can be assumed to
occur. In one case, it is assumed that no diffusion in the liquid takes place in
front of the growing solid. This leads to a composition profile as shown in
Figure 4.28 (top). If, on the other hand, complete diffusion in the liquid is
assumed, then as a second case the composition profile as shown in Figure 4.28
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FIGURE 4.25. Different growth modes are dominant at different locations relative to the fusion
line, due to variations in growth rate and thermal gradient. (From Matsuda, F., Hashimoto, T., and
Senda, T., Trans. Nat. Inst. Res. Metall. (Japan), 11(1), 43, 1969. With permission.)

FIGURE 4.26. Planar front in stainless steel weld metal near the fusion line. The epitaxial
growth of weld metal crystal from grains in the HAZ can also be seen. (From Honeycombe, J. and
Gooch, T. G., Weld. Inst. Res. Rep., 13/1976/IM, May 1976. With permission.)
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FIGURE 4.27. SEM showing how dendritic solidification has occurred near the top of a weld bead
and how cellular solidification begins at the dendrite tips (from an austenitic stainless weld metal).

(bottom) is obtained. Experimental measurements of composition profiles lend
support to both models in different alloy systems. More work is clearly needed
to resolve this question.

For the second model, an analytical expression, known as the Scheil
equation, has been developed to describe the variation of composition with
distance

C* = kCy(1 - f)! (4.19)
where C* = solid composition at a particular value of f,, C, = initial alloy

composition, f, = volume fraction solid (related to the distance), and k =
partition coefficient (defined as k = C/Cy).
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FIGURE 4.28. Schematic diagram showing the composition profiles for a volume element in a
growing dendrite. (Top) Assuming no diffusion in the liquid; (bottom) assuming complete diffu-
sion in the liquid. (From David, S. A. and Vitek, J. M., Int. Met. Rev., 34(5), 213, 1989. With
permission.)

The final melt to solidify will have an infinite composition, unless there is a
limit on the solid solubility, such as a eutectic composition.

Another feature related to the solidification process is “banding,” which is
a macrosegregation phenomenon, i.e., the segregated area is much larger than
the size of the dendrites. Banding is easily observed at low magnifications
using optical microscopy (it can sometimes even be observed with the naked
eye). There are different theories on the origin of banding. It may be due to a
transition in the growth mode, from planar to dendrite. During planar growth,
a solute layer is built up in front of the moving boundary. When the growth
mode changes to a more rapid mode, this solute layer is “left behind” the
growth front.
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FIGURE 4.29. Incorporation of particles at advancing solidification front. (From Sugden, A. A.
and Bhadeshia, H. K. D. H., Metall. Trans. A, 19A(March), 669, 1988. With permission.)

In certain cases, the banding is visible as continuous bands over the whole
cross-section, while in other cases it has the appearance of local stringers. The
banding is often situated close to the fusion line. The location of the banding
makes it likely that it is a result of a change in growth mode, because the planar
growth mode is known to operate for only a short period in the beginning of
the solidification process. However, there are also other possibilities for the
appearance of banding. During solidification there always exists a “mushy”
zone, where liquid and solid coexist. Changes in the convective flow, which
may result from local variation in the heat flow, can change the size of the
mushy zone. The solute content of the mushy zone may then change, leading
to banding.

The amount of banding seems to some extent to be process related. In
SMAW, banding is observed occasionally, depending on coating type. With
flux-cored wires banding occurs more frequently (mainly if the voltage is too
high), while it is rarely found with SMAW. In plain C-Mn weld metals,
chemical microanalysis with EDX systems usually does not show any signifi-
cantly enhanced levels of elements detectable. Presumably, the absolute level
of solute concentration is too low to be quantitatively measured with this
technique, but it obviously is enough to change the appearance of the micro-
structure. However, in more alloyed weld metals, elements such as chromium
and molybdenum can be found to be segregated in these areas.
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The incorporation of the particles in the solid matrix has also been the
subject of several investigations. As shown by Sugden and Bhadeshia,!” par-
ticles were preferentially found in primary grain boundaries. They assumed
that the particles were transported to these areas (i.e., pushed by the advancing
solid interface) and then passively incorporated (see Figure 4.29).

In summary, the solidification process may give rise to several important
structural effects that influence later development of the microstructure and
also mechanical properties. To control the solidification process, a deep knowl-
edge of two factors is essential: the influence of the welding procedure on the
thermal gradient and the influence of chemistry on the solidification growth
rate. In both these fields, our knowledge is still rather limited. Consequently,
our ability to control the solidification process during welding is also limited.
Factors that, at least to some extent, can be treated, such as the influence of
particles on the solidification process and micro- and macrosegregation, cer-
tainly have an effect on the behavior of the weld metal. Up until now it is these
factors that have been controlled, rather than the overall solidification process.
There still appears to be room for further improvements in this field.

4.4.3. ETCHING TECHNIQUES TO REVEAL SOLIDIFICATION
STRUCTURES
It is difficult to study the solidification structure in low-alloy steels, because
the structure can be masked by subsequent transformations. However, there are
some techniques whereby information about the solidification structure can be
obtained. Etching on normalized samples using Stead’s solution is the classical
method. Stead’s solution contains copper chloride, magnesium chloride, and
hydrochloric acid. The etching reveals the phosphorus segregation pattern.
Figure 4.30 illustrates the effects. It is possible to see how the solidification
dendrites have grown without renucleation to accommodate the change in
direction of the maximum thermal gradient. The ferrite microstructure is also
shown by a subsequent etch with nital. The major axis of the prior austenite
grains deviates significantly from the direction of the solidification pattern.
Another way to reveal the solidification pattern, simultaneously with the
general microstructure, is to use Klemm’s reagent, which gives an interference
layer on the specimen. Different colors result from different microstructural
features. Particles between the dendrites appear white (see Plate 2),* and thus
it is possible to see the connection between the solidification pattern and the
general microstructure.

4.5. SOLID-STATE TRANSFORMATIONS

Carbon-manganese weld metals can solidify either as d-ferrite or austenite.
In most cases d-ferrite appears. Two solid-state transformations will then occur

*  Plate 2 appears following page 84.
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FIGURE 4.30. Use of Stead etching to reveal the solidification structure. The austenite grain
structure was etched with a nital-type solution.

during cooling to room temperature. At high temperatures, the 8-ferrite trans-
forms into austenite. This austenite then transforms back into o-ferrite as the
temperature falls below the Ae; temperature (which might typically be around
800°C). In this section the first of these transformations will be described in
more detail. The main importance of this transformation is the resulting size of
the austenite grains, because this has a great influence on further transforma-
tion. First, however, the conditions for ferritic or austenitic solidification will
be discussed.

The iron-carbon phase diagram shows that ferrite is the stable phase for
carbon contents less than 0.18 wt%, and above this solidification occurs as
austenite. Thus the common C-Mn weld metals used for joining should solidify
as ferrite, because the carbon contents usually are less than 0.10 wt%. Alloying
with manganese in concentrations typical for these weld metals (0.5 to 2 wt%)
does not change the solidification mode. In some very highly alloyed weld
metals with high concentrations of both manganese and nickel, austenite might
form.

The occurrence of different solidification modes has been studied using
differential scanning calorimetry (DSC), showing that both modes are possible
(Figure 4.31). The solidification rate can influence the type of solidification,
with higher cooling rates favoring austenite. However, this is more likely to be
of significance in processes such as laser welding.
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FIGURE 4.31. DSC study on solidification mode, showing the existence of both mixed auste-
nitic/ferritic (a) and primary ferritic (b) solidification. (From Howden, D. G. and Park, S. M.,
Edison Weld. Inst. Rep. MP8818, November 1988. With permission.)
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FIGURE 4.32. Schematic sketch showing primary ferrite solidification accompanied by the
formation of austenite in a peritectic reaction.

4.5.1. THE 8-FERRITE TO AUSTENITE TRANSFORMATION

Because most weld metals solidify as &-ferrite, the remainder of this section
will focus on the d-ferrite to austenite transformation. The d-ferrite grains
developed during solidification have the typical elongated or columnar struc-
ture. From the iron-carbon phase diagram, it is found that d-ferrite begins to
transform to austenite at around 1400 to 1500°C, depending on the alloy
content. The austenite grains nucleate at the 6-8 grain boundaries. It is often
envisaged that austenite forms as a peritectic reaction between the melt and the
S-ferrite in the regions between the d-ferrite grains (Figure 4.32). The growth
mechanism for the austenite is not clear because of the later austenite to
a-ferrite transformation. Usually, it is only possible to see a trace of the prior
austenite grain boundaries in fully transformed microstructures. In higher alloy
steels, this latter transformation may be retarded, thus making it possible to
follow the &-ferrite to austenite change. However, there may of course be
differences in the transformation reactions between low-alloyed and high-
alloyed steels, so it is difficult to draw firm conclusions about the mechanisms
of transformation.

Plate 3* shows the microstructure in a weld metal which was alloyed with about
2 wt% aluminum. This closes the austenite loop in the phase diagram and the
majority of the weld metal then stays as o-ferrite down to ambient temperature,
with only a very small part transforming to austenite. This austenite transforms to
martensite during subsequent cooling to room temperature. It is clearly seen how
the austenite nucleates at the grain boundaries in the o-ferrite. The growth mecha-
nism is difficult to deduce from this micrograph, but in a few places small side
plates of austenite are visible in addition to allotriomorphic austenite.

An alloy system that contains large amounts of both ferrite and austenite is
the duplex grades of stainless steels. Keeping in mind the reservations stated

*  Plates 3 and 4 appear following page 84.
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above concerning different alloy systems, the similarities between Plates 3 and
4* are quite striking. In duplex steels, the austenite also nucleates along the
O-ferrite grain boundaries. A thin rim of austenite is formed, but the major part
of the transformation occurs by the formation of side plates. Some austenite is
also formed by nucleation at intragranular sites, leading to the development of
fine, needle-shaped grains of austenite.

The austenite grains in both low-alloyed and high-alloyed weld metals
develop very rapidly in the temperature range 1400 to 1500°C. The time spent
in this temperature range for the weld metal during cooling is typically of the
order of 1 s, almost independent of heat input.

The major axes of the austenite grains often deviate from those of the
o-ferrite. The deviation between the solidification structure and the austenite
grain structure is often attributed to the fact that the heat source is moving and
thus the temperature gradients shift directions as the heat source moves along
and the temperature decreases. However, this is still puzzling, because nucle-
ation seems to take place along the primary grains of the d-ferrite. Unlike the
solidification process, where atoms are added onto a solidification front, growth
of austenite occurs from side to side, across the d-ferrite grains. The first fully
formed austenite naturally appears at the fusion line, because that is where the
temperature first reaches the transformation start temperature. Because the
austenite grains cross the original d-ferrite grain boundaries, there must be a
transformation front of austenite moving along the direction of maximum heat
flow. The austenite grain size strongly influences further transformation to
o-ferrite and is thus an extremely important parameter. However, because the
details of austenite growth are not known, it is not currently possible to predict
its grain size from first principles. The correlation between grain size and
chemistry has been extensively studied and it has often been claimed that
increasing amounts of nonmetallic inclusions lead to a smaller austenite grain
size. Also, boronitrides have been seen to reduce the austenite grain size. This
is thought to be due to a kind of Zener pinning mechanism, as in the HAZ.
However, the driving force for the transformation from &-ferrite to austenite in
fact increases indefinitely as the temperature decreases and is in principle able
to overcome any pinning effect. That particles can influence the grain size in
this stage is very unlikely. However, when thickening of the grains occurs after
the transformation is completed, it is possible that particles influence the
austenite grain size. Thus, this is not a result of the d-ferrite to austenite
transformation, but a more general grain coarsening phenomenon. This growth
occurs with a relatively low driving force, similar to grain growth under
reheating conditions.

The most common way to study the metallography of weld metals is by
making cross-sections. The austenite grains are seldom confined to this section,
but deviate along the welding direction. Thus, to study the full appearance of
the austenite grains, several nonparallel sections must be made. Figure 4.33
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shows the grains in three sections: transverse, longitudinal, and a 45° section.
This particular weld is made with SAW and the details may deviate if weld
metals from other processes are studied, mainly due to differences in welding
speed. The grains can be modeled approximately as space-filling arrays of
hexagonal-shaped prisms, which are curved upward and along the direction of
the moving heat source. The prisms can be characterized by the length ¢ and
the cross-sectional side length a. Normally it can be assumed that ¢ == a
(typical value for a is 100 wm and for ¢ several millimeters). The mean lineal
intercept L, measured at random on a longitudinal section (showing equiaxed
austenite grains), is given by

L, = ma cos [30°]/2 (4.20)

On transverse sections, which are the most common, the size of the austenite
grains is measured by measuring the width of the grains perpendicular to the
major axis (L,,). If it is assumed that the c-axes of the grains lie in the plane of
the transverse section, then L, is identical to L,

To be able to make quantitative predictions, it is necessary to have correla-
tion among austenite grain size, alloy content, and the welding parameters. The
following regression equation has been obtained:

L, (um) = 64.5 — 445.8[C] + 139[Si] — 7.6[Mn] + 16 (heat input, kJ/mm) (4.21)
where [I] indicates the concentration in wt% of element L

4.5.2. THE AUSTENITE TO FERRITE TRANSFORMATION

The austenite to o-ferrite transformation follows in general the same pattern
as described in Chapter 3 for transformation in the HAZ. However, there are
some important differences between weld metals and plate material, making
the resulting microstructures quite different. The main additional factors influ-
encing the microstructure of the weld are the high content of slag particles and
the columnar shape of the austenite grains. For weld metals of C-Mn, C-Mn-
Ni, or C-Mn-Mo types, three ferritic constituents mainly appear, namely,
allotriomorphic ferrite, Widmanstitten side plates, and acicular ferrite. Small
amounts of so-called microphases (ferrite/carbide aggregates, bainite, marten-
site, or retained austenite) may also be found. For higher alloyed weld metals,
such as C-1.5Mn-2Ni-0.5Mo-0.5Cr, the microstructure consists of a mixture
of acicular ferrite and martensite. Because acicular ferrite is typical for weld
metals and is very important for achieving good toughness, this constituent will
be discussed in some detail. The formation of allotriomorphic ferrite and
Widmanstitten ferrite occurs in the same manner as described for the HAZ.
The principal development of microstructure in a weld metal is shown in
Figure 4.34. If a lean alloy weld metal is assumed, a large fraction of the
austenite will transform to allotriomorphic ferrite. The growth rate of the
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FIGURE 4.33. Sections of a weld metal showing the appearance of the austenite grains:
(a) transverse, (b) longitudinal, and (c) 45°. (From Bhadeshia, H. K. D. H., Svensson, L.-
E., and Grefoft, B., J. Mater. Sci., 21, 1947, 1986. With permission.)

Widmanstitten side plates will also be high, and thus these two constituents
will dominate the microstructure. With higher alloying content, as shown in the
lower part of Figure 4.34, the growth rate of both allotriomorphic ferrite and
side plates will be lower, leaving room for transformation to acicular ferrite. It
should be noted that in this figure, the effect of composition on the austenite
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FIGURE 4.34. Sketch showing how the alloying content affects the microstructure in a weld
metal. The austenite grains are assumed to have a hexagonal cross-sectional shape. With low
alloying content, the microstructure is predominantly allotriomorphic ferrite and side plates. With
higher alloying content, acicular ferrite can nucleate intragranularly and occupy a large fraction of
the prior austenite grain. (From Bhadeshia, H. K. D. H., Svensson, L.-E., and Gretoft, B., Acta
Metall,, 33(7), 1278, 1985. With permission.)

grain size has been neglected. It should also be noted that although
allotriomorphic and Widmanstitten ferrite usually nucleate at prior austenite
grain boundaries, they also can be nucleated intragranularly, e.g., at inclusions.

The nature and formation of acicular ferrite has been the subject of many
investigations. The phase has been called acicular, because of the needle-
shaped appearance in two-dimensional sections. It is generally recognized that
in three dimensions, acicular ferrite has the morphology of thin, lenticular
plates. The typical dimensions in metallographic sections are 5 to 10 pm long
and about 1 um wide. The acicular ferrite plates nucleate on inclusions inside
the austenite grains. After initial nucleation, further plates may nucleate auto-
catalytically, so it is not expected to find a one-to-one correspondence between
the number of inclusions and the number of acicular ferrite plates.

The mechanism by which acicular ferrite forms and grows is beginning to
be understood. It appears that acicular ferrite is an intragranularly nucleated
bainite. The evidence for this can be listed as follows:

+ The shape change accompanying the transformation is (qualitatively) char-
acterized as an invariant-plane strain with a large shear component, similar
to that of bainite.

» The stored energy of transformation has been estimated to be around 400 J/mol,
i.e., about the same as for bainite formation, while the formation of Widmanstitten
side plates only involves a stored energy of about 50 J/mol.
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* Microanalysis experiments indicate that there is no bulk partitioning of
substitutional alloying elements during the transformation of austenite to
acicular ferrite.

* The orientation relationship between the acicular ferrite grains and the
austenite is always such that a close-packed plane of the austenite is parallel
or almost parallel to a close-packed plane of acicular ferrite, and corre-
sponding close-packed directions within these planes are within a few
degrees from each other.

* The acicular ferrite transformation obeys the “incomplete-reaction phenom-
enon,” the degree of reaction tending toward zero as the transformation
temperature rises towards the bainite start (B,) temperature.

The difference between acicular ferrite and classical bainite is that the
acicular ferrite nucleates intragranularly as isolated plates radiating from the
point nucleation site (i.e., the inclusion), instead of the sheaf morphology
characteristic of bainite, which nucleates from austenite grain surfaces. The
absence of sheaves of acicular ferrite is believed to be due to the stifling of
growth by hard impingement between plates nucleated independently at adja-
cent sites. Bainite nucleates at the austenite/austenite grain surfaces and propa-
gates by the repeated formation of subunits. Experiments by Yang and
Bhadeshia!? have shown that conventional bainite and acicular ferrite can be
obtained in the same weld, simply by changing the prior austenite grain size.
By decreasing the grain size, nucleation at grain boundaries dominates and the
subsequent growth of bainitic sheaves completely overcomes the entire interior
of the austenite grain, preventing the formation of acicular ferrite (see Figure
4.35).

In steel welds with relatively large concentrations of chromium (>1.5 wt%)
or molybdenum (>0.5 wt%), bainite forms instead of acicular ferrite as the
alloy concentration is increased. This is attributed to the absence of
allotriomorphic ferrite at the grain boundaries in these alloys, making the grain
boundaries available for the nucleation of bainite. In other alloy systems with
relatively high concentrations of manganese and nickel, similar effects are also
observed.

After the formation of acicular ferrite is complete, there may be some areas
of austenite between the acicular ferrite grains, enriched in carbon, which have
still not transformed. These areas generally are small regions, of the order of
1 um in extent, which either are retained austenite or transform to a mixture of
ferrite and carbides or to martensite. They are called “microphases” because
the volume fraction is very low, often below 0.05. The microphases can also
be associated with the Widmanstitten side plates, where it is found between the
plates in an aligned manner. Microphases can also be found as a vein along the
allotriomorphic ferrite grains. The microphases are illustrated in Figure 4.36.

A scheme has been developed within the International Institute of Welding
(IIW) to enable a common description of the microstructure of weld metals.
The scheme is shown in Figure 4.37. The microstructures are classified according
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FIGURE 4.35. Formation of acicular ferrite and bainite in the same weld metal, depending upon
the prior austenite grain size. (a) Formation of acicular ferrite after reheating to 1200°C, giving a
coarse austenite grain size. (b) Bainite formed after reheating to 900°C, giving a small austenite
grain size. (Courtesy of Yang, J.-R., National Taiwan University, Republic of China.)
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FIGURE 4.36. Dark field TEM of microphases (in this case retained austenite) in a C-Mn weld
metal.

to their appearance under the optical microscope. However, ignoring details,
there is a straightforward translation between this scheme and the Dubé clas-
sification.

4.5.3. ACICULAR FERRITE AND NONMETALLIC INCLUSIONS

An area that has attracted much interest during the 1980s is the role of
nonmetallic inclusions on the formation of acicular ferrite. It was shown by
Ricks et al.'* that the inclusions are less effective as nucleants for ferrite when
compared with austenite grain surfaces. This is of course consistent with the
observation that ferrite first forms at the boundaries. There are basically three
theories for the potency of particles in nucleating acicular ferrite:

l. A low lattice mismatch between the ferrite and the particles makes the
inclusions a more potent nucleus.

2. Thermal strains around the particles (due to differences in the thermal
expansion coefficients of the particle relative to the matrix) stimulate
nucleation at inclusions.

3.  Depletion of austenite stabilizing elements (particularly manganese)
around the particles leads to easy nucleation there.

It is also possible that chemical reactions may occur between the particles and
the matrix.
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FIGURE 4.37. International Institute of Welding scheme for the classification of microstruc-
tures in C-Mn weld metals. (From IIW Doc. IX-1533-88, International Institute of Welding,
London, 1988. With permission.}

The theory of low lattice mismatch is the most popular. The difficulty with
this theory is that it assumes some kind of orientation relationship between the
particle and the plate of acicular ferrite, while at the same time there is a
Kurdjumov—Sachs orientation relationship between the austenite and the acic-
ular ferrite plates. This implies that there also is a relationship between the
particles and the austenite. However, this is quite unlikely, because the par-
ticles form in the melt with no obvious relationship to the solidifying structure.
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One possible explanation would be that the 3-ferrite nucleates on the particles,
but this would lead to equiaxed grains rather than the elongated grains ob-
served.

The theory of thermal strains is difficult to verify and it is not established
that inclusions with the largest thermal expansion difference relative to the
matrix are the most efficient.

The theory of manganese depletion around inclusions has not been possible
to verify using X-ray microanalysis in TEM. The spatial resolution of the
technique may not be small enough to identify compositional changes in the
vicinity of the particle/matrix interface; therefore, from the experiments carried
out this theory is neither confirmed nor dismissed.

The particles that are most likely to nucleate acicular ferrite have often been
considered to be various kinds of titanium oxide and nitrides. Both TiO and
TiN have been suggested as the most likely nucleant. However, to form TiO
requires strongly reducing conditions, circumstances which are quite unlikely.
From thermodynamic data, titanium oxides should form at much higher tem-
peratures than TiN. It has even been observed that TiN forms at the outside of
oxide particles. Other suggestions for possible nucleants include Ti,O;, which
is more likely to form from a thermodynamic point of view.

Aluminum is often present in the weld metal, either added from dilution of
the weld by the base material or added deliberately as a deoxidizer. Aluminum
has a much higher affinity to oxygen than does titanium, and therefore alumi-
num oxides are often found in the weld metal. These oxides are found to be
very much less effective in nucleating acicular ferrite. One interesting obser-
vation was reported by Kluken,” who found that the amount of acicular ferrite
increased with increasing amounts of aluminum in the weld metal. However,
when all of the available oxygen was tied up by aluminum to form y-alumina
(when the AlL:O ratio was 1:13), there was an abrupt decrease in the acicular
ferrite content. This behavior probably occurs because at low aluminum con-
centrations, the aluminum oxide is in the form of galaxite (MnOAl,O;) rather
than y-alumina, the former being very effective as a nucleant according to
lattice matching theory. On the other hand, it was observed that the inclusions
often contained titanium-rich surface layers. The behavior can then be inter-
preted as titanium oxides forming an outer shell on the aluminum oxides as
long as there was any oxygen left to form titanium oxides. With increasing
aluminum content the amount of particles increased, raising the probability of
nucleation of acicular ferrite. However, when the aluminum concentration
became so large that all available oxygen was tied up in aluminum oxides, the
nucleation probability was significantly reduced because titanium oxide shells
could no longer form on the inclusion surfaces.

The importance of the presence of titanium oxides seems to be well founded.
It has been reported by Bonnet and Charpentier’* that if the titanium content
was less than 0.004 to 0.005 wt%, no acicular ferrite was formed. However,
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there are some compticating observations. First, Thewlis et al.'® reported that
the “active” particle can be a galaxite MnOAI,O; rather than titanium oxides.
Second, surface layers on the particles have been found and these may well be
the actual nucleating agent. Kluken reported TiN and MnS on the surface of the
particles and Devillers et al.!” found CuS on the particle surfaces. In the latter
case, CuS hampered acicular ferrite formation, while Kluken attributed the
nucleating potency to the presence of the TiN. The experimental difficulties in
determining the crystal structure of the “substrate particle,” the surrounding
matrix, and any possible surface layers are very significant, because the scale
of the components makes the use of a single microscopy technique almost
impossible.

Thewlis'® made a thorough investigation of the relation between auste-
nite grain size, number density and size of particles, particle composition,
and microstructure using thermal cycling in a dilatometer. The weld metals
he studied were of Ti-B type, with different amounts and kinds of particles.
He found a complex relation between the parameters studied and the
transformation temperatures and resulting microstructures. He concluded
that the transformation temperature and microstructure could not be de-
scribed just by the alloying content, but that the inclusion characteristics
were of vital importance to microstructural development. He also found
that, depending on the type of inclusion, there was a certain austenite grain
size above which the ferrite nucleation site shifted from the austenite grain
boundaries to inclusions. In some cases this austenite grain size was as
small as 20 wm and this was connected to the presence of inclusions with
a very low energy barrier to nucleation. At the same time, it must be pointed
out that the inclusions are also present at the grain boundaries and may aid
nucleation there. Understanding the role of inclusions in affecting the
nucleation of acicular ferrite is still far from complete. As will be shown in
Chapter 6, the microstructure of weld metals of C-Mn type can be predicted
relatively well, using a model that takes only the thermodynamic and
kinetic influences of alloying elements into account and neglects the influ-
ence of particles. This indicates that in most commercial welds, there are
sufficient particles of the right kind, capable of nucleating acicular ferrite
to the full extent. The observations of Terashima and Hart! on the effect
of small variations of aluminum on impact toughness in SAW metals are
however an indication that there is a practical problem associated with
obtaining the correct type of particles. However, Thewlis'® also studied the
effect of aluminum and attributed much of the negative effects to soluble
aluminum rather than y-alumina, which is a poor nucleant for acicular
ferrite. As will be discussed in more detail in Chapter 5, particles can be
negative because they can induce fracture, but at the same time they are
necessary to create a fracture-resistant microstructure with a high propor-
tion of acicular ferrite.
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0.2 um

FIGURE 4.38. Dark field TEM of twinned martensite in the intercritically reheated zone of the
weld metal.

4.5.4. TRANSFORMATIONS IN UNDERLYING BEADS

Most joints are completed using several beads. Adjacent beads then receive
a heat treatment whenever a new bead is deposited, giving HAZs similar to
those found for the base material. In the coarse-grained zone, the base material
transforms to a bainitic or martensitic structure, while in the weld metal
allotriomorphic ferrite, Widmanstitten ferrite, and acicular ferrite are found.
The weld metal thus transforms back to basically the same structure as in the
as-deposited region, but with a different shape and size of the austenite grains.
The proportions between the various phases are different, due to the differences
in austenite grain size and shape. The similarity between the as-deposited
regions and the coarse-grained zones is expected, because the hardenability of
the weld metal is low due to the low carbon content.

The normalized zone consists of a fine-grained equiaxed ferrite. In the
partly transformed zone the microphases have transformed to austenite, while
the ferrite is to a large extent untransformed. The austenitic areas can transform
back to twinned martensite (see Figure 4.38) or other types of microphases. In
both the normalized and the partly transformed zones segregations of carbon-
rich phases can be found, especially in weld metals with higher alloying
contents (Figure 4.39).

The transformed areas often have better mechanical properties than the as-
deposited regions and it is therefore of interest to control the welding procedure
in order to maximize the amount of transformed microstructures. This, however,
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FIGURE 4.39. The black dots in this micrograph are segregated areas (having increased amounts
of nickel) in a C-Mn 2 wt% nickel weld metal. These dots are seen in the reheated regions. In these
areas the transformation from austenite to ferrite has been delayed, which has led to an increased
carbon content. The black dots thus contain a greater carbide phase.

is not easily done, because if a large heat input is required to enable the
temperature to rise to say Ae, at the fusion line of the underlying bead, this
usually means that a large volume of weld metal is deposited. This makes
refinement from the next bead difficult. As a rule of thumb, about 50% of the
area of a bead is transformed as a consequence of the deposition of another
adjacent bead. However, large variations surround this value and a complete
transformation of the underlying beads can take place, especially when small
beads are deposited using small-diameter electrodes. In Chapter 6, a method
for controlling the degree of transformation of the beads will be described.
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Chapter 5

RELATION BETWEEN MICROSTRUCTURE AND
MECHANICAL PROPERTIES

5.1. INTRODUCTION

The safe use of an engineering structure relies on each of its components
possessing the necessary mechanical properties, the most important of these
properties usually being strength and toughness. The main points described in
this chapter are how these properties are measured and how they can be
influenced by changes in the microstructure. Tensile testing alone is not
enough to characterize the properties of the steel because the tendency for
brittleness, which occurs at lower temperatures, also must be accounted for.
Toughness testing is thus necessary. Impact toughness testing is often used, but
a fracture mechanics approach is frequently necessary. In the heat-affected
zone (HAZ), brittle behavior can be found in several zones, such as the coarse-
grained zone, the intercritically heated zone, and the subcritical zone. A special
problem relates to the so-called local brittle zones (LBZs) that appear in the
intercritically heated zone or in the intercritically reheated coarse-grained
regions. In the weld metal, the same fundamental correlation between micro-
structure and properties exists as in the HAZ. However, additional complica-
tions may arise due to the relatively high content of nonmetallic inclusions.
Also, the fact that the weld metal is a cast structure that leads to pronounced
chemical segregation can affect the mechanical properties, especially tough-
ness.

5.2. TEST METHODS

The two most common testing methods are tensile and impact toughness
testing. Other tests include bend testing and fracture mechanics. Uniaxial
tensile tests use round, smooth tensile bars. Four different values are measured:
yield strength, ultimate tensile strength, fracture elongation, and cross-
sectional area reduction at fracture. The strength values can be found from the
stress-strain curve (Figure 5.1). The yield point is reached after approximately
0.1 to 0.5% plastic strain. For many steels there is an upper (R,;) and a lower
(R,;) yield point. There can be a difference of 20 to 40 MPa between R,;; and
R,, for an ordinary mild steel. For higher alloyed steels and for heat-treated
samples, the stress-strain curve does not show a clearly defined yield point, but
a smooth transition from an elastic to a plastic deformation. In such cases, the
yield stress is defined as the stress at which 0.2% plastic stress has occurred,
R, To measure this, a more accurate record of the stress-strain curve is

P
necessary.
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FIGURE 5.1. A typical stress-strain curve, with strain on the horizontal axis and stress on the
vertical axis. The initial deformation is elastic, up to the upper yield point (R,;). In most steels, a
lower yield point (R,;) is found. The plastic deformation starts with a Liiders strain immediately
following the lower yield point. When the steel strain hardens, increasing stress is needed to
continue the plastic deformation. After maximum stress is reached, local contraction takes place
until the final failure.

Elongation and reduction in cross-sectional area are measures of the ductil-
ity of the material. They are usually determined manually. The elongation at
fracture is measured by marking a gauge length (L,) by slight scratches on the
specimen prior to testing. The gauge length is usually five times the diameter
of the tensile bar and the corresponding fracture elongation is denoted A;. After
fracture the two halves are fitted together and the distance between the scratches
is measured again (Ly). The fracture elongation is then given by

As =100 (L, — Lo)/L, 5.1

Naturally, there is a degree of scatter in fracture elongation, depending on the
material, but in general values of 20 to 25% are found for common steels and
weld metals.

The area reduction at fracture is found by recording the diameter of the bar before
and after testing (A, and Ay). The area reduction at fracture (Z) is then given by

Z =100 (A, — Ag)/A, (5.2)

This also shows some scatter, but typical values are around 60 to 70%.
Minimum values or a range of values are specified for strength, while mini-
mum values of ductility are specified in mandatory requirements.

For a welded joint, transverse tensile testing with the axis of the sample
normal to the welding direction is common. This is done to ensure that the
weldment has a higher strength than the base material, i.e., that the weld metal
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FIGURE 5.2. Typical test pieces used for mechanical testing. The test pieces shown are (1) flat
transverse tensile test specimen, (2) bend test specimen, (3) round tensile specimen for longitudinal
testing (for measuring R, ,), (4) round tensile specimen for longitudinal testing, and (5) impact test
specimen.

is overmatching, by stipulating that fracture must take place in the base
material. The specimens in this case are of a flat type. Generally only the
ultimate tensile strength is determined. Another common test is bend testing,
where the weld is bent over a die with a certain radius. Both side bend tests,
where the axis of the specimen is perpendicular to the welding direction, and
longitudinal bend tests are made. In both cases either the face or the root of the
weld can be stretched. This test mainly reveals the presence of defects, and it
also gives some indication of the ductility of the material. Typical test pieces
used for mechanical testing are illustrated in Figure 5.2.

The ductility measured by tensile testing of a smooth tensile bar does not
correlate with the toughness of ferritic steels, because they can show brittle
behavior, with little or no plastic deformation at low temperatures or high strain
rates. There are several ways of measuring toughness. The most common is by
impact testing, in which a large hammer hits a small notched sample. The
quantity measured by impact toughness testing is the energy absorbed during
fracture. By recording this at a variety of temperatures, a curve such as the one
shown in Figure 5.3 is obtained for most ferritic steels. Examples of impact
specimens and their fracture surfaces when tested at different temperatures are
shown in Figure 5.4. The ductile/brittle transition temperature, where the
fracture mode changes from one involving gross plastic deformation to brittle
cleavage, is usually the most interesting property to monitor. This transition
takes place over a certain temperature interval and it is customary to define the
transition temperature with respect to a reasonable impact energy level. A
common choice is 27 J (20 ft-1b), but other levels, such as 40 J (30 ft-1b), are
also often used. The particular choice is dictated by several factors, the most
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FIGURE 5.3.
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FIGURE 5.4. Examples of impact specimens and their fracture surfaces from specimens tested

at different temperatures.

important being the strength of the steel. Higher strength steels require higher
impact toughness.

Another measure of the transition temperature is FATT, the fracture appear-

ance transition temperature. FATT is determined by inspection of the fracture



Relation Between Microstructure and Mechanical Properties 167

surfaces and defined as the temperature at which 50% of the surface is covered
by ductile fracture and the rest by brittle fracture. This is perhaps a more
physically sound way of determining the transition temperature, but the method
is used only to a limited extent. It is of course more time consuming and it can
also in some cases be difficult to estimate the area fraction of the different kinds
of fracture. Brittle and ductile fracture can be mixed over a large part of the
fracture surface, although to the naked eye it might seem that one or another
fracture mode is dominant.

The impact toughness data are notorious for their scatter, particularly in the
transition temperature range where the fracture mode changes from ductile to
brittle. Most codes require that three specimens are tested at each temperature.
The average values are then compared to the requirements. Apart from the
average considerations, limits are also placed on the lowest values to be
accepted. Usually, no single value lower than 70% of the average value is
allowed.

Impact testing is an inexpensive and simple method for measuring tough-
ness. The drawbacks of the method are the small size of the sample (the method
thus may not be representative of service) and the high strain rate during
testing, which is not necessarily encountered in practice. The notch is also
smooth and blunt. The measured toughness may not be used for design pur-
poses. The test is nevertheless useful in quality control and as a ranking
procedure for the comparison of different materials. It should however be stressed
that impact testing is not an engineering design method. If 40 J (30 ft-1b) has been
achieved at —40°C (—40°F) for a certain material, it does not mean that the
material can be safely used at -40°C; it only means that the material has a better
toughness than another material giving 40 J at —20°C (—4°F).

Hence, impact toughness testing is mainly a ranking technique (although it
may not always give the same ranking order as fracture mechanics testing).
However, in many cases methods are needed that can give data which are
useful in an engineering analysis of a construction. One example of such a case
is in the design of a structure where a weld can be assumed to contain a defect
(e.g., an undercut) of a certain size. The tolerable stresses must be calculated.
Another example may be in the assessment of the repair of a component in
which a defect of a certain size (e.g., a crack) has been found. In both of these
cases, it is necessary to obtain quantitative data on the material fracture
toughness. There are three well-established methods: linear elastic fracture
mechanics (LEFM), crack-tip opening displacement (CTOD), and J-integral
measurements. An in-depth treatment of the application of fracture mechanics
has been given by Knott.!

In LEFM the material property K, (the critical stress intensity) is deter-
mined. K, is measured under a plane strain condition, i.e., one dimension of the
test piece is so much larger than the other dimensions that the strain is
concentrated in a plane. Three modes of loading have been defined (J, I, and
1), illustrated in Figure 5.5. The most common loading mode is I. The fracture
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FIGURE 5.5. The three different modes of loading.

toughness 1s then denoted K. There are two requirements for K. measure-
ments. First, the section of the test piece must be thick enough so that any
contribution from the shear lips to the measurements is minimized. Second, the
fracture should take place under quasielastic conditions, i.e., there should not
be any gross plastic deformation preceding fracture, except for a very small
zone adjacent to the crack tip. Further, this zone must be much smaller than the
cross-section of the specimen. To be able to characterize the fracture process
with a single variable (K).), the “process region” at the front of the crack tip
must be much smaller than the crack length.

K, tests can be conducted using different geometries of specimens. Figure
5.6 shows a single-edge-notched specimen. These can be loaded in three-point
bending or in “compact tension” testing.

Some examples of K, measurements are shown in Figure 5.7. The tests were
made on both austenitic and ferritic steels. As can be seen, for the alloys tested,
K, decreases with increasing strength. Typical K, values for steels are similar
to those in Figure 5.7. There is also a transition in fracture toughness with test
temperature, which is analogous to that found during impact toughness experi-
ments (Figure 5.8). The difficulty with K;. measurements is keeping the plastic
zone small enough relative to specimen cross-section. As an example, Knott
mentions a 500-MPa (70,000-psi) yield strength steel, where testing at room
temperature would require a specimen thickness of 225 mm (9 in.). Decreasing
the test temperature to —100°C (—145°F) allows valid testing of 17-mm (0.67-in.)
thick specimens.

K, testing is not feasible in practice for many of the common steels or steel
weld metals, because they have so much ductility that excessively large speci-
men thicknesses are required. To cope with situations where gross plastic
yielding accompanies fracture, two different more practical tests have been
suggested: the opening of the crack tip before the crack propagates (CTOD) or
the strain energy release rate (/,.). The advantage of using these methods is that
much smaller test pieces can be used.
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FIGURE 5.7. K, measurements from three different steel types, showing that the yield strength
has a great influence on the fracture toughness. (From Knott, J. F., Fundamentals of Fracture
Mechanics, Butterworth-Heinemann Ltd., London, 1973. With permission.)

Measurement of CTOD is made on single-edge-notched specimens, loaded
in three-point bending. Following the British standard BS 7448:1992, the
opening of the crack tip is found by measuring the opening of the notch at the
specimen surface and then calculating the CTOD value using the following
equation:
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testing. (From Knott, J. F., Fundamentals of Fracture Mechanics, Butterworth-Heinemann Ltd.,
London, 1973. With permission.)

§ = K¥(1 - 0)/26,E + 0.4W — a)V,/(0.4W + 0.6a + 2) (5.3)

Here, & is the value of the CTOD, K is the stress intensity factor (calculated
from the critical values of the applied load), v is Poisson’s ratio, 0, is the yield
stress, E is Young’s modulus, V, is the plastic component of clip gauge
displacement, W is the specimen width, a is the crack length, and z is the
distance of the clip gauge location from the test piece surface. The stress
intensity, K, is calculated as

K = YP/BW'”2 (5.4)

where B is the specimen thickness and Y is a compliance function which
depends on the ratio a/W. The values of the function are tabulated by the above
BS standard.

Typical load-displacement curves are shown in Figure 5.9. Several possible
events may take place. If fracture occurs before general yield, this is called a
critical event, denoted by P, and V., giving a critical CTOD value §,. If fracture
occurs after general yield has started but before a maximum load has been
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FIGURE 5.9. Typical load-displacement curves from CTOD testing. The curves illustrate criti-
cal fracture (fracture without any evidence of slow crack growth) (left curve), as above, with pop-
in (middle curve), and fracture at maximum load (right curve).

reached, then this is denoted by the index u on the load, displacement, and
CTOD parameters, for unstable. Finally, if fracture occurs at maximum load,
the index will be m. In the middle curve in Figure 5.9 a so-called “pop-in” has
occurred, 1.e., there has been a small, unstable propagation of the crack that has
stopped and thus the loading can continue in the normal manner. Pop-ins are
treated as the onset of unstable crack growth and the CTOD value is calculated
on the basis of the pop-in value.
The CTOD value § can be related to K, by the equation

K, =K ~./1.50 Ed (5.5)

Here, 6, is the yield stress of the material.

The J-integral method is an alternative to CTOD testing. It determines the
fracture toughness of a material breaking outside the linear elastic range. In the
J-integral method, the change in potential energy during crack advance is
measured. A load-displacement diagram is recorded for several values of the
crack length. Three specimens with different crack lengths are commonly used.
The potential energy U is calculated as

Ula) = |,AP(a)dA (5.6)

Calculation of the potential energy for different crack lengths makes differen-
tiation with respect to crack length possible and the J-integral is obtained as

J =-1/B AU/Aa 5.7
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where B is the specimen width. The critical value of the J-integral, when
unstable crack propagation takes place, J,, is related to the fracture toughness
by

K =JIE (5.8)

[ <

It has long been debated whether impact toughness data can be converted
to fracture mechanics toughness data. A general method to transform impact
toughness data to fracture toughness does not exist. The best correlation has
been found between the transition temperatures of the respective tests. How-
ever, when local brittle zones appear in fracture mechanics testing, the corre-
lation is not valid.

Fracture toughness testing is made in plate thickness from 15 mm (0.59 in.)
and thicker. In connection with offshore it is usually carried out on plates
thicker than 50 mm (2 in.) and the test temperature is set to the design
temperature. For offshore instalfations in the North Sea, the design temperature
is —10°C (14°F) and this has so far been the common test temperature. A
thickness of & = 0.25 mm (0.01 in.) is most often required in offshore. With
offshore installations in colder regions, test temperatures of —15°C (5°F) are
used. The drawback to fracture toughness testing is mainly cost, especially
when testing is made on welded components. The welding of a thick plate by
shielded metal arc welding (SMAW) may well take over 12 hours. The test
specimens are then machined, including careful notching in the correct posi-
tion, within close tolerances. The specimens are then subjected to fatigue
loading, to obtain a sharp crack as a starting point for the crack propagation.
Creating the fatigue crack is often the most critical step. The crack front must
be straight, with only small deviations, in order to fulfill the requirements of
the codes. The straightness of the fatigue crack can be improved by reducing
the residual stresses from welding. This can be done either through compres-
sion of the sides of the specimen in front of the notch or by backbending the
specimen prior to fatigue.

A simple and rapid way to obtain important information is by hardness
testing. To find the high hardnesses that may arise in regions of the HAZ, a
method that samples relatively small volumes is used. The Vickers hardness
test is popular with a 10-kg load (HV10). The hardness measurement is made
from the base plate, through the HAZ across the weld metal to the other base
plate (as illustrated in Figure 5.10). The distance between the indentions is
dependent upon the size of the indents. The center-to-center distance between
two indents should be at least 3 times the size of each indent. If the material
is so soft that the distance will be too large, then a smaller load can be used,
although smaller loads give larger scatter in hardness data. Other hardness
methods are also sometimes specified, such as Rockwell or Brinell tests.
However, the indention sizes of these methods are relatively large and do not
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exclusively sample the HAZ region. It is therefore not advisable to use these
methods for assessing HAZ properties through correlation studies.

5.3. MECHANICAL PROPERTIES OF THE
HEAT-AFFECTED ZONE

5.3.1. STRENGTH

In an ordinary weld, the size of the HAZ is too small to allow the determi-
nation of the strength and ductility by extracting tensile specimens. Some
measure of the strength can be obtained from hardness data. The other possi-
bility is to use simulation techniques, by which a certain part of the HAZ can
be studied. A specimen is subjected to the same thermal cycle that the area of
the HAZ in question would undergo. Although this method gives valuable
information, there is always the drawback that the influence of neighboring
areas cannot be accounted for. Simulation techniques have been used mainly
for the assessment of toughness.

A thorough investigation of the strength and ductility of the HAZ was
conducted by Akselsen et al.2? using specimens that had been subjected to weld
simulation as well as real welds. This investigation revealed several important
aspects about the connection between microstructure, strength, and hardness
and will therefore be discussed in some detail. Several different steels were
used in that investigation:

¢ Two medium-strength steels, one with 0.17 wt% carbon and the other with
0.10 wt% carbon, the latter being microalloyed

¢ One 430 MPa (60,000 psi) yield strength steel with 0.09 wt% carbon, made
with accelerated cooling

» Two high-strength quench and tempered steels with yield strengths around
600 MPa (90,000 psi), with carbon contents of about 0.14 wt%

The investigation concentrated mainly on the coarse-grained region of the
HAZ. With simulated specimens, the relation between cooling time from 800
to 500°C and the martensite content could be found for each steel (Figure 5.11).
The tensile properties were also measured on simulated specimens. Hardness
measurements on real welds and on simulated specimens showed good corre-
lation (Figure 5.12), and the hardness could also be calculated using Suzuki’s
BL 70 formula (see Table 5.1). From the hardness values, the yield stress, the
ultimate tensile strength, and the ductility can be calculated using the following
equations:

Ry, =3.1HV, (0.1y - 80 (MPa) (5.9)

where n is the work hardening exponent, given as:
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FIGURE 5.11. The amount of martensite as a function of the cooling time from 800 to 500°C.
(From Akselsen, O. M., Rgrvik, G., Onsgien, M. 1., and Grong, @., Weld. Res. Suppl., September,
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TABLE 5.1
Hardness Formulas for Calculating Maximum Hardness of the HAZ?
(All Concentrations in wt%)

Modified NSC-SM (P_ ) formula

em

H,, (HV10) = (189 + 67C + 507 P,,) ~ (101 + 711C — 461P, ) arctan X

om om

X = (log 7ys + (0.501 + 7.90C = 11.01P,,))/(0.543 + 0.55C ~ 0.76P,),)

P, =C + 8i/30 + (Mn + Cu + Cr)/20 Ni/60 + Mo/15 + V/10 + 5B

BL 70 formula

H,.. (HV10) = H_ + K/(1 + exp (oY - Y)))

Y = log tys (in seconds)

H,=884C + 287 - K

K =269 + 454C - 36Si ~ 79Mn — 57Cu - 12Ni - 53Cr — 122Mo ~ 169Nb - 7089B
oK =478 + 3364C — 25681 + 66Ni — 408Mo — 1321V — 1559Nb

Y, =-0.085 + 2.070C + 0.459Mn + 0.655Cu + 0.122Ni + 0.222Cr + 0.788Mo + 30B

BL 70 S formula
H,., (HV10) = H_ + K/(1 + exp (a(Y - Y.)))
Y = log tgs (in seconds)

H, =884C +287 - K

K =237 + 1633C — 1157P,,

oK =566 + 5532C — 2280P,

cm

Y5 0 -0.0300 - 6.00C + 7.77P,

om

MW formula-100% Martensite
HV,, (HV10) = 802C + 305

MW formula-100% Bainite
HV, =350 (C + Si/11 + Mn/8 + Cu/9 + Cr/5 + Ni/17 + Mo/6 + V/3) + 101

MW formula 0 < % Martensite < 100
HV,=2019 [(C(1 — 0.5 log g} + 0.3 (S¥/11 + Mn/8 + Cu/9 + Cr/5 + Ni/l17 + Mo/6 + V/3)] +
66 (1 — 0.8 log t5,5)

MW general formula

A = (100% Martensite)/100 = (HV,, — HV)I(HV,, — HVp); 0 <A< ;A<0 =2 A=0,4A> 1 =
A=1

HV, =802C — 452C A + 350A (Si/11 + Mn/8 + Cu/9 + Cr/5 + NV17 + Mo/6 + V/3) + 305
(1 -0.674)

1= 0.065 (Atgs)*" (5.10)
The strain hardening exponent is independent of the chemical composition, but
depends on the cooling time. This is due to a difference in strain hardening

exponent between martensitic and side plate microstructures.

R,=3.5HV, (1 -n)[12.5/(1 —n)]"—~92  (MPa) (5.11)
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A=575% 104 [R, ]S (%) (5.12)

The agreement between measured and predicted values is shown in Figure
5.13. The yield strength can in general be predicted from hardness measure-
ments to lie within a scatterband of +50 MPa.

The strength values are closely related to the volume fraction of martensite
in the microstructure. In Figure 5.14 the variation in strength over the complete
HAZ is shown for a medium-strength steel with low carbon content (left side)
and a high-strength steel (right side) for various welding conditions. For low
heat inputs (1 to 2 kJ/mm, 25 to 50 kJ/in.), high strengths were obtained in the
coarse-grained zone for both steels due to the formation of bainite and marten-
site. With higher heat inputs, the yield strength was still higher than in the base
material for the medium-strength steel, but not at all as high as with low heat
input. Naturally, this is due to less martensite formation. The high-strength
steels were actually softer in the HAZ than in the base material. This kind of



178 Materials Science and Technology

Medium strength steels RpO.Z R High strength steels
350 MPa < Rp0'2< 450 MPa (MPa) Rp().z > 450 MPa
] ' 1 ' ' 1200 ' 1 1 ] 1
¥ ] ] [ v ] 1 1 ¥ 1
1 ) 1 ¥ 1 1 ] ] ] v
1 3 [ l,..l. [ 1 [ ¥
t
N S T AT I AU
VB S ¢ Ny ] ]
v EE Pl 1 t
358 \ kb
E: é l%'ggl’ + 800 ) [N 1
' 15 LI S A, N
%1 ,_.: 1 Yy I : : \l I____I_{m
SIS L\
=
AN L6001 4 i Rpo.2
R 1 { Q 1y F--= - |E 1 [ 8
m____ . — -4 lé l% 15 g » 20
S 2 s
' 15 BE 8 L4000 o§ 0 2 5. F
1w Ele 1 ol gl gt =1 g
02 o :G &5 g’? 5 Ao-%_gg‘o- g s
VS Eh T B By
! ! [CRCICRACR RO

Low heat input welding - E ~' 1 -2 k}J/mm

FIGURE 5.14. The variation in yield strength across a welded joint. The left side of the weld
relates to a medium-strength steel and the right side to a high-strength steel. (a) The situation for
low heat input (1 kJ/mm). (b) High heat input (>4 kJ/mm). For the medium-strength steel, an
overmatching weld metal was used. The influence of heat input in reducing the yield strength (and
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permission.)

“soft zone” is often noticed in high-strength steels because they are sensitive
to tempering.

The main factor influencing strength is thus the amount of martensite. Other
factors that can influence strength are elements in solid solution, grain size, and
precipitation of particles. The strength of martensite is a combination of fine
grain size and carbon in solid solution. Solid solution elements otherwise have
a fairly small influence on strength. The other constituents in the HAZ (laths
and allotriomorphic ferrite) have a relatively large effective grain size and a
lower dislocation density, which explains a large part of the difference between
a martensitic HAZ and a HAZ without martensite.

In the coarse-grained zone, most particles from microalloying elements
(except for possibly TiN) are dissolved. Reprecipitation during the austenite to
ferrite transformation as the metal cools may occur. The particles then usually
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precipitate as an interphase reaction, which leads to a considerable increase in
strength. In the grain refined zone (i.e., where the maximum temperature has
been lower than ca. 1100°C, 2000°F) the particles do not fully dissolve, but
probably coarsen. Consequently, a lower contribution to strength from the
precipitates can be expected there.

As shown by the example above, hardness can be used as a good alternative
to tensile testing for the determination of strength. There are quite a number of
models which try to predict the maximum hardness in the HAZ from a
knowledge of steel chemistry and welding condition. A summary of the most
recent formulas is given in Table 5.1.4

5.3.2. TOUGHNESS

Toughness is considered to be a much more critical property of the HAZ
than strength. As shown above, the strength of the HAZ is in general higher
than that of the base material. Thus the design of a structure from the point of
view of strength is not problematic. The toughness of the material, which is
linked more closely with the ability to withstand cracking and fracture, is more
difficult to design against. There are two zones in the HAZ which are of prime
concern, namely the coarse-grained zone and the intercritically heated zone.
Under some circumstances, the subcritically heated zone can also show low
toughness. The majority of this section will deal with the coarse-grained zone.
A further complication is that most welds are built up by many passes, so that
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the HAZ consists of a complicated pattern of zones that have been reheated
again to various degrees. To assess the effect of metallurgical changes on the
HAZ properties toughness, testing is therefore sometimes made on a single-
pass bead in groove samples, where there has been no further reheating of the
HAZ. To study the toughness of an individual zone, the thermal cycle corre-
sponding to that zone is obtained in a thermal simulator. The size of each zone
is so small that in a real welded joint a notch will always sample several
microstructures.

The theory of the connection between microstructure and toughness has
been described by Knott and co-workers.">® Their work will be reviewed
briefly here. Low toughness in ferritic steels is usually connected with
fracture occurring by a cleavage mechanism. The condition for the nucleation
and propagation of a cleavage crack must therefore be investigated. From the
analysis of Griffith, in a material containing a defect of length 24, the crack
will propagate if the total energy of the system decreases during propagation.
As the crack grows, the stored energy will decrease, but instead the surface
energy per unit area (y) will increase. The condition for crack propagation
can be given as

op = [2Eyma(l - v)]">  (MPa) (5.13)

where G is the fracture stress, E is Young’s modulus, and v is Poisson’s ratio.
This equation is applicable to plane strain conditions.

For ductile materials much of the energy is used for plastic flow around the
crack tip and this energy term, ,, is considerably larger than the surface energy
per unit area. For these materials, which are the most common in engineering
practice, the fracture stress can be written

o = [EQy +y)ma(l = v)]"  (MPa) (5.14)

It has been found that cleavage fracture is controlled by tensile stress rather
than by shear stress, implying that the nucleation of a cleavage crack is an “easy
event,” while propagation is the controlling step. It is assumed that a small
crack nucleates in, for example, a grain boundary carbide of thickness I The
critical event is the propagation of this crack into the surrounding ferritic
matrix. The expression for the fracture stress is then given by

o = [4Ey/m(1 — v)]” (5.15)

It can be noted that the fracture stress is independent of grain size, which is
surprising because grain size is known to be the strongest factor in preventing
cleavage fracture. This is explained by the fact that a smaller grain size gives
more grain boundary area, which in turn reduces the size of the carbides which
initiate fracture. Thus, there is an indirect influence of grain size.
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FIGURE 5.15. A schematic diagram explaining the relation among yield strength, fracture
stress, and mode of fracture. When the temperature is lowered the yield stress increases, while the
fracture stress is independent of temperature. Thus, when the yield stress becomes higher than the
fracture stress, fracture occurs without any plastic deformation, i.e., it is brittle. If the yield strength
is increased, then brittle fracture will take place at a higher temperature. The same effect arises if
the deformation rate is increased.

The fracture will be brittle when the yield stress is higher than the fracture
stress, while if the yield stress is lower than the fracture stress, the fracture will
be ductile, as illustrated in Figure 5.15. This implies that increased strength
leads to decreased toughness. This is usually true, but not always. Smaller grain
size increases both the yield and fracture stress so that an improved toughness
can be found. Other mechanisms to increase strength, such as solid solution
hardening or precipitation, will lead to decreased toughness.

The role of various alloying elements must thus be judged with respect to
their influence on the microstructure and by what mechanism they influence
strength. Elements that act to refine the grain size have a positive influence on
toughness. In general, manganese, molybdenum, copper, nickel, vanadium,
and chromium, when added in carefully controlled quantities, can influence the
austenite to ferrite transformation so that a fine-grained structure is achieved.

Reduction of carbon almost always has a positive effect on toughness at
constant strength, because of the reduction in the content of brittle carbides and
microphases. A martensitic microstructure with low carbon content has appre-
ciable toughness, whereas high carbon martensite is brittle. Due to the high M,
temperature, this low carbon martensite will be autotempered during cooling,
improving toughness. The reduction in the carbon content of steels that has
taken place during the 1980s probably has been the largest single factor
responsible for improvement in toughness in the HAZ. However, the relation
is not entirely straightforward. As shown by Harrison and Hart,” low heat input
welding (1 kJ/mm, 25 kJ/in.) gives better toughness in steels with higher
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FIGURE 5.16. The 35-J transition temperature in the coarse-grained zone as a function of the
hardenability of the steels, expressed as P, (P, is given in Equation 1.7). (a) The relation for a
low heat input (1 kJ/mm FCAW). (b) The relation for 5 kJ/mm SAW. (From Harrison, P. L. and
Hart, P. H. M, in Proc. 8th Int. Conf. Offshore Mechanics and Arctic Engineering, The Welding
Institute, London, 1989. With permission.)
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FIGURE 5.17. An explanation for the toughness-hardenability results shown in Figure 5.16.
Steels with high hardenability will have an autotempered martensite when welded with low heat
input (because the bainite nose is moved to the left and the M, temperature is relatively high), as
can be deduced from the schematic CCT diagram. The low hardenability steels will have a bainitic
structure. Cross-over point A corresponds to such low heat input that in the low hardenability steels
autotempered martensite is also formed. The critical value of heat input is below 1 kJ/mm. Point
B corresponds to the point where the microstructures of all steels are bainitic and the steels with
lower hardenability will then be softer, which should give them a better toughness. (From Harrison,
P. L. and Hart, P. H. M., in Proc. 8th Int. Conf. Offshore Mechanics and Arctic Engineering, The
Welding Institute, London, 1989. With permission.)
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hardenability, while high heat inputs (5 kJ/mm, 125 kJ/in.) give the opposite
result (Figure 5.16). This is explained by the schematic diagram in Figure 5.17,
where at high heat inputs steels with lower hardenability in general are softer
and thus have better toughness. At low heat inputs, steels with a higher
hardenability will have an autotempered martensitic microstructure, while
those with lower hardenability will be bainitic. It is not until the heat input is
lowered even further that the low hardenability steels will become martensitic
and then develop better toughness. Thus there will be two crossover points in
the schematic diagram.

Boron can be added to the steels to suppress the formation of ferrite at the
austenite grain boundaries. There is a specific product of boron concentration
and austenite grain size [B] X d, that produces a fully martensitic microstruc-
ture, where optimum toughness is achieved. If /B] is given in parts per million
and d, in millimeters, then the product should be around 10. For lower values,
insufficient hardenability arises and for higher values, borocarbides precipi-
tate. Because the austenite grain size is dependent on the heat input, the boron
content should be individually tuned for each application, making the concept
difficult to adopt.

Microalloying elements mainly have a detrimental effect on toughness,
probably due to precipitation hardening. The microalloying carbides dissolve
during the high-temperature cycle and then reprecipitate in more unfavorable
shapes. The interphase type of precipitation is likely to give more brittie
behavior than a more random dispersion of precipitates. However, as discussed
in Chapter 3, vanadium can promote intragranular fine-grained ferrite and thus
be beneficial. Titanium, which is used to restrict austenite grain growth by TiN
precipitates, also has a positive influence on toughness, for two reasons. First,
the amount of nitrogen in solid solution is decreased, and second, less marten-
site or bainite is formed because of the smaller austenite grain size. Instead,
Widmanstitten ferrite side plates are formed which have better cleavage resis-
tance than martensite or bainite, at least for ordinary carbon contents (around
0.18 wt%).

However, not even the side plates have enough cleavage resistance for the
most demanding applications. Experiments have been conducted to further
decrease the grain size in the HAZ by using T1,0, particles as nucleants to form
acicular ferrite in the austenite grain interiors, rather than bainite., The disper-
sion of the particles must not be too dense to restrict grain growth, because
nucleation of acicular ferrite i1s favored by large austenite grains. However,
toughness is also related to the presence of nonmetallic inclusions, as will be
discussed in more detail for the properties of weld metals. The size distribution
of the particles must therefore be carefully controlled.

Low fracture toughness values may sometimes occur due to impurities such
as nitrogen, sulfur, and phosphorus. Nitrogen contents are controlled by the
casting practice and also by using titanium to tie up free nitrogen. With calcium
treatment of the steels, a significant improvement in transition temperature has
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FIGURE 5.18. Reduction of the phosphorus level also improves fracture toughness. (From
Harrison, P. L. and Hart, P. H. M., in Proc. 8th Int. Conf. Offshore Mechanics and Arctic
Engineering, The Welding Institute, London, 1989. With permission.)

been found, due to lower sulfur content. Reduction of the phosphorus level also
results in a significant improvement in fracture toughness (Figure 5.18). Phos-
phorus probably segregates to the ferrite/carbide interface and decreases the
cohesion, which increases the risk of nucleation of cleavage cracks.

The concept of local brittle zones (ILBZs) is frequently used to explain
unexpected drops in fracture toughness. The concept has been given different
meanings in different investigations. It has sometimes been used to describe the
whole of a brittle coarse-grained zone, but also small islands of martensite or
bainite that can be found in intercritically reheated coarse-grained zones.

The discovery of LBZs largely coincided with the development of steels and
testing procedures for the offshore industry. However, investigations on older
steels have also revealed LBZs. In practice, very few incidents of cracking have
been reported that can be connected to LBZs. The reason for this is still open
to speculation, but it may well be that the much larger constraints found in
fracture toughness testing (especially in CTOD testing) than in a real fabrica-
tion can explain this. It has also been shown that low toughness due to LBZ
appears when the steel has been subjected to two subsequent thermal cycles,
but when a third thermal cycle is used, toughness increases again.

In the subcritical zone, low toughness can be found due to several reasons.
If the peak temperature has been just below the Ae, temperature, formation of
alloy carbides can take place. This is perhaps most common in microalloyed
steels, which have first been reheated into the coarse-grained region, with
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concomitant dissolution of the carbides. If reprecipitation does not take place,
a second thermal cycle will cause precipitation. If the peak temperature has
been somewhat lower (e.g., 400°C, 750°F), coarsening of grain boundary
cementite can result in decreased toughness, in accordance with Knott’s theory
above. Finally, when reheated to around 200°C (400°F), strain aging can occur,
especially in steels with a relatively high nitrogen content without titanium
additions. Alloying with titanium ties up the nitrogen. Also, aluminum ties up
the nitrogen, but AIN dissolves during high-temperature reheating, meaning
that a coarse-grained zone being reheated to about 200°C (400°F) can show
reduced toughness due to strain aging.

5.4. MECHANICAL PROPERTIES OF THE
WELD METAL

5.4.1. STRENGTH

The tensile strength of the weld metal is usually set to be higher than for the
corresponding base material. The strength in the as-deposited weld metal
naturally is built up by the same components as in the base metal or the HAZ.
The most important components for the weld metal are

« A fine grain size (acicular ferrite)
* Solid solution hardening elements, e.g., manganese and nickel
» Dislocation hardening (acicular ferrite is essentially a bainitic structure)

The content of microalloying elements is usually kept very low so there is
hardly any contribution from precipitation hardening. One possible candidate
for precipitation hardening is molybdenum, which is frequently used in con-
centrations around 0.2 to 0.5 wt%. However, the main effect of molybdenum
is to shift the curves in the continuous cooling transformation (CCT) diagrams
to the right in order to increase hardenability. Precipitates of molybdenum
carbides have not been found in as-deposited weld metals. The oxide inclusions
are too large to have any hardening effect.

In multirun weld metals, the situation is somewhat more complex. The
various HAZs all have their own strength profiles. Investigations similar to
those done on base material HAZ by Akselsen et al. have not been done on
weld metals. However, using hardness traces across the different zones and
converting this to yield strength by application of Equation 5.6 provides a
guideline about the yield strength variation. By calculating the volume frac-
tions of each zone, an estimate of the total yield strength can be obtained. This
method has been tested on data presented by Evans®3 and the correspondence
between measured and predicted values is fairly good (Figure 5.19). Of course,
there are several error sources in this method, e.g., the equation given by
Akselsen et al. has a certain scatter and the calculation of the volume fractions
of different zones is very approximative.
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FIGURE 5.19. Hardness data by Evans®-1 converted to yield strength by using Equations 5.10
and 5.11, assuming that the primary microstructure occupies about 50% of the structure, the
coarse-grained zone 20%, and the intercritically and subcritically reheated zones together occupy
30%.

In many investigations, strength has been related to the chemistry of the
weld metal by regression analysis. A summary of these regression equa-
tions is given in Table 5.2. Using these equations, a rapid estimate of the
yield strength can be found. However, the equations can only be used
within the limits of the chemical compositions for which they were devel-
oped and for the welding conditions used (mostly a heat input of 1 kJ/mm,
25 kJ/in.).

Of some interest is the lowest strength level that can be achieved in a weld
metal. One SMAW electrode with a very low carbon content and reduced
manganese and silicon concentrations (for deoxidation) has been developed. The
microstructure of the weld metal consists of massive ferrite (Plate 5*) and the
strength of a multirun all-weld metal sample is around 350 MPa (50,000 psi).
This can be regarded as the minimum yield strength level that can be obtained
in a weld metal.

*  Plate 5 appears following page 84.
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TABLE 5.2
Summary of Different Regression Equations, Relating Yield (c,) and
Ultimate Tensile (G;) Strength to Weld Metal Chemical Composition
(Strength in MPa and Concentration of Elements in wt%)

Yield and tensile strength

As-welded condition Stress-relieved condition

G, = 335 + 439C + 60Mn + 361C - Mn o, = 288 + 91Mn + 95Si - 10Si?

Gp = 379 + 754C + 63Mn + 337C - Mn G = 344 + 89Mn + 212Si - 79Si?

(0.04 < C < 0.15, 0.6 < Mn < 1.8) (Ref. 8) (C0.06-0.07,06 <Mn< 1.8,02<Si

o, =293 + 91Ma + 228Si - 1225i* < 0.9) (Ref. 9)

Gp = 365 + 89Mn + 169Si — 44Si2 G, =287 + 113Mn + 193Mo + 29Mn - Mo

(C0.06 -0.07,06 <Mn<18,02<Si Gp =373 + 113Mn + 167Mo + 37Mn - Mo
< 0.9) (Ref. 9) (C0.04,06<Mn<18 0<Mo<ll)

G, =305 + 121Mn + 137Mo + 8Mn - Mo (Ref. 10)

Gp =383 + 116Mn + 150Mo + 8Mn - Mo o, =312 + 100Mn + 58Cr + 22Mn - Cr

(C0.04,06<Mn<18 0<Mo<ll) G, =393 + 106Mn + 66Cr + 10Mn - Cr
(Ref. 10) (C0.04,06<Mn<18,0<Cr<24)

o, = 320 + 113Mn + 64Cr + 42Mn - Cr (Ref. 11)

o'R =395 + 107Mn + 63Cr + 36Mn - Cr G, =319 + 85Mn + 17Ni + 21Mn - Ni

(C0.04,06<Mn<18,0<Cr<24) dR =393 + 95Mn + 17Ni + 19Mn - Ni
(Ref. 11) (C0.04,0.6 <Mn < 1.8,0<Ni<3.5)

G, = 332 + 99Mn + ONi + 21Mn - Ni (Ref. 12)

Gp = 401 + 102Mn + 16Ni + 15Mn - Ni

(C0.04,06 <Mn< 1.8, 0<Ni<35)
(Ref. 12)

o, =484 + 57Cu

Op = 561 + 59Cu

(C0.07, Mn 1.5, 0 < Cu < [.4) (Ref. 13)

5.4.2. TOUGHNESS

The toughness of weld metals is influenced by a number of metallurgical
factors. The position of the notch relative to the different zones in a multirun
weld is also an influence. First, a description of the fracture toughness of a
single as-deposited bead in terms of metallurgical factors will be given, fol-
lowed by a description of the effect of multipass welding.

Examination of impact toughness test specimens from weld metals having
high impact toughness (i.e., situated at the upper shelf level of the impact
curve) shows that the fracture takes place by ductile void coalescence (Figure
5.20). The voids nucleate on inclusions, mainly the oxide particles. Naturally,
this leads to higher upper shelf values for weld metals from a basic-type
consumable than from a rutile type, because the oxygen content of the rutile
weld metals is much higher.

Specimens extracted from the transition region show ductile fracture close
to the notch, but at some distance away from the notch a brittle cleavage
fracture instead appears (Figure 5.21). Ductile fracture is also found in the
shear lips at the sides of the specimen. In the lower shelf region of the impact
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FIGURE 5.21. Typical appearance of the fracture from a brittle specimen. Large areas of
cleavage fracture can be seen, together with small parts of ductile fracture. Scanning electron
micrograph.
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FIGURE 5.22. Cleavage cracks following the coarse-grained allotriomorphic ferrite.

toughness curve almost all of the fracture takes place by cleavage. To extend
the useful temperature range of a weld metal, brittle fracture must be avoided
as much as possible.

The conditions that favor cleavage cracks are the presence of ferrite phases
that nucleate on prior austenite grain boundaries (i.e., allotriomorphic ferrite
and Widmanstitten side plates), inclusions, and segregated microphases. The
cleavage cracks follow a more or less continuous path of the allotriomorphic
ferrite (Figure 5.22) and propagate relatively easily in the side plate microstruc-
ture, because the plates are separated only by low angle boundaries, making the
effective grain size much larger than the packet size. Acicular ferrite has the
best resistance to cleavage fracture through its fine grain size and myriad of
crystallographic orientations.

The impact toughness (measured as a transition temperature) improves
steadily with decreasing oxygen content, until a certain oxygen concentration,
where the toughness drops again. The exact oxygen concentration where the
toughness starts to fall again is dependent on several factors. In high-current
GMAW the transition takes place at around 120 to 150 ppm oxygen, and this
value has often been quoted as a general transition value. The improvement in
toughness with lower oxygen is related to the smaller quantity of oxide par-
ticles. Both the upper shelf energy and the transition temperature are positively
influenced by a lower oxygen content. The drop in toughness at very low
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FIGURE 5.23. Cleavage cracks initiation at inclusion. (After McRobie, D. E. and Knott, J. F.,
Mater. Sci. Technol., 1(May), 357, 1985. With permission.)

oxygen concentrations is related to the decrease in acicular ferrite content,
which takes place when there are either too few particles to nucleate acicular
ferrite or the particles have a composition that makes them poor nuclei. In the
latter case, the oxygen content at which the transition occurs is affected by the
concentration of oxide formers, such as aluminum and titanium. If the alumi-
num content is adjusted when the oxygen content is reduced, the condition for
acicular ferrite nucleation may still be fulfilled, and consequently, the tough-
ness remains at a high level. On the other hand, if the possibility to nucleate
acicular ferrite for some reason is significantly reduced, then bainite which has
a lower cleavage resistance, will form instead, and then the toughness falls.
The influence of inclusions (and hence oxygen content) on toughness has
thoroughly been studied by Knott and co-workers®'* using small CTOD test
bars, which were subjected to simulated thermal cycles. Cleavage cracks were
found to initiate in inclusions (Figure 5.23), explaining the dependence on
oxygen content. For the base plates it was suggested® that the cleavage cracks
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nucleated in grain boundary carbides. The general lower toughness of weld
metals compared to base metal can probably partly be explained by the oxides
being on average larger than the carbides. Although the particles were found
to have a fairly stable average size (see Section 4.3.2), it is the maximum size
that is most important for the fracture properties. It is especially the inclusions
situated in soft components, such as allotriomorphic ferrite, that crack most
easily, because strain concentrates around these inclusions and causes them to
crack.®

Obviously, a delicate balance is needed to obtain the highest possible
toughness in weld metals, because the particles are needed for the nucleation
of acicular ferrite, which hinders cleavage fracture; at the same time however
the particles induce cleavage. To explain the beneficial effect of fine grains, it
is assumed that the carbides become thinner with smaller grains. This argument
is not applicable to weld metals. Instead, a high content of fine grains means
that there are less coarse grains in which the cleavage cracks can nucleate.
However, this should mean that brittle fracture in weld metals is nucleation
controlled rather than propagation controlled, as for the base metal.

With this model, it is predicted that a weld metal with high oxygen content
should have lower fracture toughness, both in the upper shelf region and in a
higher transition temperature. Figure 5.24 shows an example of SAW metals,
made with fluxes that have various degrees of basicity. Two types of weld
metals have been used, one with high hardenability and one with lower
hardenability (giving different yield strengths). By changing the basicity of the
fluxes, the oxygen content was varied. Simultaneously, the aluminum and
titanium (but no other elements) contents varied; thus the hardenability within
the same type of weld metal was essentially constant. As can be seen, the
impact toughness varied with both strength level and oxygen content. The
upper shelf level was significantly affected, but the transition temperature was
also influenced by the oxygen content.

Thus, the general microstructure and the inclusions are the two basic factors
determining fracture toughness. As with the base metal HAZ, there are some
additional factors that cause embrittlement of the weld metal: segregated
microphases, nitrogen, and impurity elements. Segregated bands of microphases
appear in weld metals with too high a manganese content. The last liquid to
solidify may contain so much manganese that these areas form microphases in
the final microstructure. The microphases can be bainite, martensite, or re-
tained austenite. All promote low fracture toughness, even the retained austen-
ite, which can transform to untempered martensite during testing. The high
strain rates can induce this transformation, especially during impact testing.
The more or less continuous paths of brittle material thus formed can lead to
a decreasing fracture toughness, although the amount of acicular ferrite may
increase (Figure 5.25).

Another well-known element that can cause embrittlement is nitrogen.
Nitrogen can be picked up from the surrounding air due to poor protection of
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FIGURE 5.25. Variation of impact toughness with acicular ferrite content. The initial improve-
ment of toughness is turned to a decrease of around 70% acicular ferrite due to the formation of
continuous layers of microphases. (From Svensson, L.-E. and Gretoft, B., Weld. Res. Suppl.,
December, 454-s, 1990. With permission.)

the arc and the weld pool, but also from the base metal if it is alloyed with
nitrogen, through dilution. The exact mechanism by which nitrogen embrittles
weld metals is not clear. A rule of thumb is that for basic types of weld metals,
intended to have good impact properties at —40°C (—40°F), more than 100 ppm
nitrogen cannot be accepted. For every 10-ppm increase in nitrogen, the
transition temperature increases 2 to 3°C.

Impurity elements naturally decrease toughness, just as for the base mate-
rial. Sulfur and phosphorus are the most common impurities. In weld metals for
critical applications, the concentration of these elements is now in general kept
below 0.010 wt%. However, the improvement in toughness from reduction of
these elements has not been quantified at these low levels. Other impurity
elements that can significantly decrease the toughness are antimony, tin, and
arsenic. The effect of antimony on the impact toughness is shown in Figure
5.26, where the large effect on toughness of very small additions can be seen.

Another problem associated with impurity elements is the occurrence of
intergranular fracture, which can be found after postweld heat treatment (e.g.,
stress relieving). It is most common when the heat treatment has been made at
relatively low temperatures, between 500 to 600°C (900 to 1100°F). It happens
because impurity elements segregate to the grain boundaries, decreasing the
cohesion and promoting easy fracture there. The natural way to avoid this type
of embrittlement is to decrease the impurity element content. The maximum
permissible content depends on the alloying content of the weld metal. In
general phosphorus and sulfur contents below 0.010 wt% are sufficient, pro-
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FIGURE 5.26. The effect of antimony on the impact toughness. (From Almquist, G., Gretoft, B.,
Svensson, L.-E., and Wittung, L., Proc. Int. Conf. Effects of Residual, Impurity and Microalloying
Elements on Weldability and Weld Properties, The Welding Institute, London, 1983, paper 21.
With permission.)

vided that arsenic, tin, and antimony are kept below 0.020 wt%. However, in
certain Ti-B-alloyed weld metals, as well as in Cr-Mo-Ni- alloyed weld metals,
the phosphorus content in particular should be decreased even further.

This type of embrittlement is called reversible temper embrittlement, be-
cause good toughness can be restored by an additional heat treatment at around
600 to 650°C (1100 to 1200°F), whereby the impurity elements diffuse away
from the grain boundaries. It is also possible to prevent segregation by adding
elements that have positive interaction energy with the impurities, preventing
them from segregating. Molybdenum is often used for this purpose. Also,
carbon has a positive effect on phosphorus segregation.

The segregation of impurity elements to the grain boundaries is studied
using surface-sensitive analytical instruments such as Auger electron spectros-
copy or ESCA (electron spectroscopy for chemical analysis). With these
methods a monolayer of atoms on a fracture surface, for example, can be
detected. However, for nonalloy and low-alloy steels, it is usually necessary to
fracture the specimen in a vacuum chamber in order to avoid oxidation of the
surfaces. Thus, for investigation of fracture surfaces from mechanical test
pieces or from cracked components, these methods generally are of little help.

Just as for the base metal, various zones in the weld metal HAZ have
different toughness properties. The fine-grained zone is considered to have the
highest toughness, due to its fine grain size, and the as-deposited structure the
lowest toughness. Contrary to the HAZ in the base metal, the partially trans-
formed zone is usually not particularly susceptible to low toughness, nor is the
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coarse-grained zone. Simulation experiments by Chen et al.!3 indicated that the
lowest toughness actually was found for specimens reheated to ca. 700°C
(1300°F), but the metallurgical reason for this is not known. Thus, to have a
high toughness, the welding procedure should be designed so that as little as-
deposited structure as possible is found in the weld metal. The influence of the
as-deposited regions on the toughness can be illustrated by the following
example.

Weld metals having a low alloying content generally show a larger differ-
ence in toughness between the as-deposited and the reheated weld metal than
weld metals with, say, 1.5 wt% manganese. Impact toughness is mainly deter-
mined by the type of microstructure that appears in the central part of the
specimen. This is due to the fact that the triaxial state of stress is highest in the
central part of the bar, and thus with a susceptible microstructure, brittle
fracture easily starts there. This is illustrated in Figure 5.27. The top part of the
figure shows a weld metal with a relatively lean chemical analysis. The left part
of the figure shows drawings of impact bars, where the streaked areas represent
as-deposited regions. The vertical line indicates the position of the notch. The
impact bars have been selected from welds made with SAW, with three
different current levels: 450, 550, and 650 A. To the right, the resuit of the
impact testing is shown. As can be seen, the impact toughness is very sensitive
to the presence of as-deposited regions in the central part of the impact bars,
resulting in the weld metal made with 450 A having a lower transition tempera-
ture. With higher alloying contents (shown in the lower part of the figure) the
difference in toughness between the as-deposited and the reheated areas dimin-
ishes, and thus, the influence of the notch position relative to as-deposited
regions is less.

Nevertheless, scatter in impact toughness data can be related to variations
in the position of the notch relative to the various zones on the weld metal. The
scatter in toughness over time during a project, using the same products, has
often been a concern o fabricators. It can often be related to the placement of
the notch and not to any embrittlement of the weld metal. As long as the
toughness values stay within acceptable limits, this scatter in toughness should
not be considered alarming. This reason for scatter is naturally much more
common in manually made welds.

In one special case, there is a negative influence of multipass welding and
this relates to the presence of carbide-forming elements. Most of the alloying
elements in a weld metal are added to increase hardenability, i.e., to decrease
the amount of allotriomorphic ferrite and increase the amount of acicular
ferrite. Molybdenum (and in some odd cases chromium) is the only element
deliberately added, having the dual role of promoting acicular ferrite and also
being a carbide former. In multipass welding, the amount of carbides (or
carbonitrides) is so low that it has no significant effect on the toughness.
However, in two-pass welding, it was found that the impact toughness de-
creased as a result of precipitation.'® In this case, molybdenum was added
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FIGURE 5.27. The effect of notch position relative to the as-deposited microstructure. For lean
alloyed weld metals, the appearance of an as-deposited zone in the center of the impact bar can
have a relatively large effect on the toughness, while with a somewhat higher alloyed material, the
sensitivity to notch position is much less.

through the consumable and chromium and niobium were added through
dilution with the base material. The combined effect of all three carbide-
forming elements led to the precipitation of so many particles that the tough-
ness was affected. The composition of the particles were determined using
field-ion microscopy and atom probe microanalysis. They were found to be of
M,X type, where M = Cr, Mo, Nb and X = C, N. The microalloying elements
niobium and vanadium are in general regarded as harmful with respect to
toughness, although Dolby,!"® when reviewing the literature, found indica-
tions that low levels of either vanadium or niobium could favor acicular ferrite
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formation during cooling. Carbonitrides are not formed in the as-deposited
weld metal if only small concentrations of the carbide-forming elements are
added. However, with high concentrations (of the order of 0.1 wt%) interphase
precipitation of niobium carbides, but not vanadium carbides, has been found.
Even if no or very little precipitation occurs during multipass welding, heat
treatments such as stress relieving will certainly enhance the precipitation and
lead to embrittlement.

The discussion so far has mainly dealt with fracture toughness as measured
by impact testing. Metallurgically, the same factors are of importance during
fracture mechanics testing. As discussed earlier, it is difficult to make a direct
comparison between impact and fracture mechanics tests. This is because
factors that do not easily show up in impact toughness specimens can influence
the CTOD properties. Some factors that have been found to influence the
CTOD properties are discussed below.

When welding, it is of utmost importance to grind out the first root beads
because severe embrittlement can occur there. Nitrogen pickup due to the use
of thin electrodes and the associated inferior gas protection has sometimes been
observed. The welder may also be tempted to use too long an arc, increasing
the risk of air entrapment. Distortion of the plates during welding always
occurs, although strongbacks are welded to minimize movement. The distor-
tion causes deformation of the weld metal. Deformation together with nitrogen
can cause strain aging embrittlement and it is therefore necessary to carefully
remove the root bead.

For K-joints, where the root area is close to the center of the plate, the effect
of dilution is more pronounced than in V-joints. As with impact toughness
testing, the highest triaxial stress occurs in the plate center and any embrittlement
in this area immediately results in low toughness. Embrittlement that may arise
from dilution effects is due to increased carbon content, increased amounts of
microalloying elements, and increasing amounts of aluminum. Excessive car-
bon manifests itself in high levels of microphases, while microalloying ele-
ments give rise to precipitation. Excessive aluminum, finally, can change the
type and size distribution of particles, thereby reducing the amount of acicular
ferrite. It has also been found that in continuously cast steels a segregation band
exists in the center of the plate, containing larger amounts of impurities. High
dilution of the base plate into the weld pool gives increased risk for low
toughness.

In a recent study'® it was shown that the CTOD test results from a 700 MPa
(100,000 psi) yield strength welded steel could be described by a Weibull
distribution with three parameters:

F(8) = 1 - exp[-{(8 - 8,)/B}*] (5.16)

where o is called a shape parameter, [3 is a scale parameter, and 9, is a shift
parameter corresponding to the lowest CTOD value. By letting z = 8 — 8, and
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FIGURE 5.28. Plot of the Weibull distribution against the CTOD test results in a welded
700-MPa steel. The results fall into two regimes, each described by a set of values of parameters
o, B, and §,. The transition point from one regime to the other is & = 0.34 mm. The asymptotic
lowest CTOD value is 0.05 mm. (From Zhou Zhiliang, Lic thesis, The Royal Institute of Technol-
ogy, Stockholm, Sweden. With permission.)

taking the logarithm of the equation, a straight line between Inln 1/(1 — F(z))
and ofln z — In PB) is obtained. A plot of this kind, with experimental values, is
shown in Figure 5.28. As can be seen, the results fall into two groups, each
having its own parameter values. The scale parameter, B, is fairly similar
between the two groups, while the shape parameter differs significantly. The
results were explained by the higher values being due to a ductile mechanism
both for initiation and crack propagation, while the lower values were found
when the crack propagated in a brittle manner.
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Chapter 6
CONTROL OF MICROSTRUCTURE AND PROPERTIES
6.1. INTRODUCTION

The theory presented in the previous chapters will now be used to more
closely examine some welded joints in an attempt to deduce the microstruc-
tures and properties that are likely to appear. This is done by looking at some
specific examples and analyzing the thermal cycles and the choice of base
material and consumables. The risks of cracking will also be assessed. We
begin by focusing on the thermal cycle.

6.2. PREDICTIONS FROM THE THERMAL CYCLE

Two typical welding processes are considered to illustrate the problem. The
first represents the use of relatively high heat input welding for thin plates,
while the second relates to low heat input welding in relatively thick plates. The
relevant equations were presented in Section 1.7.

The joint configurations used are shown in Figure 6.1. In the first case the
plate thickness is 12.5 mm, and the welding process is single-wire submerged
arc welding (SAW). The configuration shown in Figure 6.1, an I-joint, is used
when the mechanical properties demands are moderate. If better mechanical
properties are required, different variants of Y-joints are used. In the second
case gas-metal arc welding (GMAW) is used for joining a 35-mm-thick plate.
Here, a V-joint is assumed. This joint type is used when the welding can only
be made from one side. Otherwise, it is common to use X-joints. However, for
the analysis made here, the exact choice of joint geometry is irrelevant. A first
question may be how accurately the positions of the isotherms can be found,
due to differences in the values of the physical constants between different
materials. This will now be examined by looking at three different steels.

It is necessary to determine whether the welding conditions will lead to two-
or three-dimensional cooling conditions. As pointed out in Section 1.7, the heat
flow equations can be simplified considerably if it is assumed that the welding
speed is so high that the heat flow in the direction of welding can be neglected.
This means that the heat flow will be either one-dimensional (in thin plates,
where heat is only flowing sideways) or two-dimensional (in thick plates,
where the heat flow is directed both downward and sideways).

To quickly determine which heat flow mode operates, the diagram of Myhr
and Grong, shown in Figure 1.39 and reproduced in Figure 6.2, is used. The
dimensionless parameters are 8 = vd/2x and 6,/n. Here, 6, is the normalized
peak temperature (T, — T)/(T,, — Ty), T, is the peak temperature, T, is the
melting temperature, T}, is the preheat temperature, and n = (gv)/(4nk*pc(T,, —
T,).
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FIGURE 6.1. The joint configurations used for the two case studies. An I-joint is often used in
SAW of relatively thin plates, when the demands on mechanical properties (especially toughness)
are moderate. The second joint configuration is a 60° V-joint, which is relatively common when
welding thicker plates.
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FIGURE 6.2. Heat flow map, showing the dominant modes of heat flow. The points indicated
show the calculated values for SAW and GMAW of the three different kind of steels. The dominant
mode is the thick-plate solution, two-dimensional heat flow.
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" TABLE 6.1
Values of the Physical Constants
Alloy x (mm?¥s) ¢(JrCg A (Wmm) (°C) p (g/mm?)
Ordinary carbon steel 8 6.1 x 107 0.038 7800
C-Mn steel 4.6 7.2 x 107 0.026 7800
Low-alloy steel 3 8.1 x 107 0.019 7800
TABLE 6.2

Welding Conditions for Two Cases

Welding Preheat
Process Joint Voltage (V) Current (A) speed (mm/s) temp (°C)
SAW I 30 600 6.8 25
GMAW v 24 180 4.5 150
(root bead)
GMAW \Y% 30 300 4.5 150
(fill beads)

The three different steels considered are a plain carbon steel, a C-Mn steel,
and one low-alloyed steel. The values of the relevant physical constants are
given in Table 6.1. The welding conditions are summarized in Table 6.2.

Figure 6.2 gives the results of the calculations for the three steels and the
two welding conditions, for a peak temperature of 1300°C (2350°F). As can be
seen, all points fall in the area of thick-plate solution, two-dimensional heat
flow. The equation used to calculate the positions of the isotherms of different
peak temperatures is then the same as Equation 1.13:

r, = (2me)' [(g'W)(pe(T, - Ty)]'™ (6.1)

The calculated positions of the isotherms for the SAW in an ordinary carbon
steel are shown in Figure 6.3. It is assumed that the isotherms are semicircular
in shape. This is a good approximation for the isotherms corresponding to
temperatures some distance away from the fusion line. However, the fusion
line itself often deviates from the ideal shape near the top side of the plate. A
more common shape of the fusion line is indicated in Figure 6.3a.

Figure 6.3b shows the isotherms corresponding to three temperatures (1500,
1100, and 700°C; 2700, 2000, and 1300°F) for the three different steels. As can
be seen, the differences are relatively minor (1 to 2 mm), but the limitations on
how accurately the isotherms can be calculated must always be noted. The
exact position of the isotherms is further affected by the temperature depen-
dence of the physical constants.
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FIGURE 6.3. (a) The calculated isotherms (using Equation 6.1) for the SAW weld in an
ordinary carbon steel. In this type of weld, the fusion line usually deviates from the circular shape
near the top of the weld. The dotted lines indicate the undisturbed traces of the isotherms. (b) The
isotherms corresponding to three temperatures (1500, 1100, and 700°C) (2700, 2000, and 1300°F)
for three different steels. A circular shape of the fusion line was assumed. The carbon and the C-
Mn steels have fairly close isotherms, while the low-alloy steel deviates significantly from the
other two.

When the approximate position of an isotherm has been determined, the
thermal cycle in a specific point can be determined, using Equation 1.11

T =T, + (¢'W)(2Ths) exp(—bldxr) (6.2)

where b = y? + 2%
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FIGURE 6.4. The calculated thermal cycle at r = 9 mm (corresponding to a peak temperature
of 1300°C, 2350°F) for a SAW C-Mn steel (using Equation 6.2 and the welding conditions from
Table 6.2).

Taking the data for a C-Mn steel and analyzing the point r = 9 mm
(corresponding to a peak temperature of 1300°C, 2350°F) gives the thermal
cycle shown in Figure 6.4. The cooling time from 800 to 500°C can then be
calculated using Equation 6.3, which is the same as Equation 1.15:

Atys = (@MIQTN[1/(500 — T,) — 1/(800 — Ty)] (6.3)

giving Atgs as 12.5 s. The cooling time will vary from 8.6 s in an ordinary
carbon steel to 17.1 s in a low-alloy steel. This of course is a relatively large
variation in cooling time and can significantly alter the microstructure and
properties of the heat-affected zone (HAZ).

The thick-plate solution with two-dimensional heat flow is also applicable in the
second joint. In the root bead Aty can be calculated to 6 s, while it is 12 s for the
filling passes (for a C-Mn steel). The heat input rate is only about 0.7 kJ/mm in the
root run and about 1.5 kJ/mm for the other runs. The thermal cycles for the root
and fill runs are shown in Figure 6.5.

From Figure 6.1, the circumstances under which one-dimensional heat
flow exists in steel welds can be speculated. The value of the d-parameter
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FIGURE 6.5. The calculated thermal cycles for the root and fill runs (peak temperature 1300°C,
2350°F) for GMAW C-Mn steel. The welding parameters are given in Table 6.2.

should be significantly less than 10. Taking & = 2 as a reasonable value,
then, because v often is around 4 mm/s or above, the plate thickness (in
mm) will numerically be of the same order as k (in mm?/s), i.e., between
2 and 8 mm. Because thin plates are welded with a lower heat input, the
value of 6,/n will be high, and although the value of 6 is low, it is possible
that the welding conditions still will differ from the one-dimensional heat
flow area.

Using these fairly simple calculations, which can be made easily on a
programmable pocket calculator, a sense of the thermal cycle the material has
experienced can be gained. However, it must be stressed that these values are
only for guidance, because

* The shape of the weld pool is dependent upon the current and voltage
balance; thus calibration against a weld made with the actual procedure
should be made.

» The values of the physical constants vary with temperature and material.
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6.3. METALLURGICAL EFFECTS

Once the thermal cycle for a certain procedure has been determined as
closely as possible, the metallurgical reactions can be assessed. To exemplify
the analysis, three steels of different qualities will be chosen and welded
according to two different procedures. The selection of consumables will also
be discussed, in order to assess the reactions in the weld metal. The metallur-
gical features that will be discussed are microstructure, mechanical properties,
and defects. The following three steels are selected:

1. An ordinary line pipe steel quality, according to API X-60 specification,
produced by a thermomechanical controlled processing (TMCP) rolling
procedure

2. A normalized, fine-grain-treated C-Mn steel

3. A titanium-treated TMCP steel

It is emphasized that these steels are not interchangable in practice. For the line
pipe application a steel of the first type mentioned above is naturally selected,
while the other steel types are used in other structural applications. The third
steel has a composition which is typical for TMCP steels in larger thicknesses.
The steels are selected to illustrate how the selection of steels and consumables
can be analyzed and not how they are applied in practical constructions. The
chemical composition and mechanical properties of the steels are given in
Table 6.3.

The steels may not be directly comparable, because the normalized steel has
a lower yield strength and perhaps should require a thicker plate in its construc-
tion. The steels are assumed to be of good quality (i.e., having low impurity
content, although the contents of arsenic, tin, and antimony are not given).

6.3.1. HIGH HEAT INPUT WELDING
6.3.1.1. Heat-Affected Zone Effects

Two welding procedures will be analyzed: one using high heat input,
resulting in a slow cooling, and one with a fairly moderate heat input, resulting
in a relatively rapid cooling. As shown in Section 6.2, two-dimensional heat
flow is often the most common mode for heat transport. This means that the
cooling time of a weld is independent of plate thickness. The first welding
procedure assumed here is SAW of a 25-mm-thick plate, using three elec-
trodes, which gives in total a heat input rate of 4.5 kJ/mm (115 kI/in.). At will
then be around 22 s.

Because the thermal cycle in the HAZ is known, the grain growth behavior
can be examined. Following the outline of Section 3.2, the austenite grain size
in a steel without titanium can be found from Figure 3.8. There is a certain
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TABLE 6.3
Composition (wt%) and Mechanical Properties of Steels
(E, and P,, Calculated According to Equations 1.8 and 1.9)

Steel C Si Mn P S Nb A% Ti Ni Al Mo
X-60 0.06 0.08 147 0.010 0.003 0.015 0.005 0.015 037 0.025 0.12
Normalized 0.17 030 145 0.015 0.011 0.002 0.025 0005 — 0025 —
TMCP 0.10 030 124 0.009 0.005 0.025 0.004 0020 — 0002 —
Steel R, (MPa) R, (MPa) KV (J)/—-0°C E, P,
X-60 420 500 40 036 0.15
Normalized 360 450 27 042 026
TMCP 420 550 40 0.31 0.17

variation from steel to steel, mainly due to the influence of the chemical
composition on the activation energy. However, this is neglected. Thus for the
second steel, Figure 3.8 shows that an austenite grain size of ca. 300 pm is
achieved just beside the fusion line, ca. 150 um at a peak temperature of
1300°C (2350°F) and ca. 50 um at 1100°C (2000°F). The lower temperature
of the coarse-grained region of the HAZ is often considered to be 1100°C
(2000°F). For the titanium-stabilized steels, Figure 3.13 is applicable. At the
fusion line the austenite grain size is ca. 100 um, at 1300°C (2350°F) peak
temperature about 50 pm, and at 1100°C (2000°F) about 30 m. Thus, at low
peak temperatures there is no significant benefit of microalloying with tita-
nium.

The next step is to assess the likely microstructures that will appear. This is
most correctly made using a continuous cooling transformation (CCT) dia-
gram. However, such diagrams must be obtained experimentally and are
seldom at hand. From a time-temperature transformation (TTT) diagram,
which can be calculated using the method proposed by Bhadeshia,! a first
check can be made, although the transformation described by these diagrams
is only for isothermal conditions. TTT diagrams for the three steels are shown
in Figure 6.6. It should be noted that it is only the start of the transformation
that is calculated. This is almost independent of austenite grain size and thus
no influence on the diagrams is seen from the differences in austenite grain size
resulting from the addition of titanium. The following characteristics may be
noted (in the approximation in which isothermal diagrams are used):

» The nose of the diffusional transformation curve appears at approximately
700°C for all steels.

o Insteels | and 2 the nose appears at 4 s, while in steel 3 it appears at 1.5 s.

» The shear transformation curve is moved slightly to the left in steel 2
compared to steel 3.

» The effect of the higher carbon content of steel 2 is only to lower the M|
temperature. The position of the transformation curves is hardly affected.
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FIGURE 6.6. Calculated TTT diagrams for the three steels presented in Table 6.3: (a) X-60 line
pipe steel, (b) normalized steel, and (c) TMCP steel. The calculations were made using the method
of Bhadeshia.! Steels a and b are very similar, except for the M, temperature. Steel ¢, having a lower
alloying content, has the C-curve for diffusional transformation more to the left, meaning that
allotriomorphic ferrite more easily forms in this steel. The M, temperature is on the same level as
for steel a, due to the low carbon content in these steels.

What consequences will this have on the microstructure? With relatively slow
cooling, it is likely that some allotriomorphic ferrite is formed in all the steels,
but most probably in steel 3. However, the main part of the microstructure will
be lath ferrite. In all three steels the laths are most likely a mixture of
Widmanstétten side plates and bainite. The higher carbon content of steel 2 will
lead to a higher hardness of the bainite due to an increased proportion of
carbides.

The TMCP steels will have a much finer grain size in the coarse-grained
region, meaning that the chance of forming allotriomorphic ferrite is higher.
Even if the starting temperature of the transformation is independent of austen-
ite grain size, the total amount naturally is affected. Smaller austenite grains
means a higher density of nucleation sites for grain boundary ferrite, leading
to a higher volume fraction of allotriomorphic ferrite. Not only is the
allotriomorphic ferrite affected, but laths that appear will also be finer in the
titanium-ailoyed steels. Thus, the normalized steel will be harder due to the
higher carbon content and also more brittle due to the presence of coarser laths.
On the other hand, the allotriomorphic ferrite can also induce brittleness, but
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because it is softer, the overall effect is likely to be in favor of the titanium-
stabilized low carbon content steels.

In the regions away from the fusion line the austenite grain size will be
smaller in all steels, enhancing the probability of allotriomorphic ferrite forma-
tion. Because there is practically no difference in austenite grain size between
the steels here, the microstructures will be fairly similar.

In summary, this means that the lower carbon content steels will have a
softer HAZ than steels with a higher carbon content. There will not be any
ferrite grain refining advantages associated with this higher hardness; thus
toughness of the high carbon content steel is likely to be lower. Any difference
in toughness between 0.1 wt% carbon and 0.06 wt% carbon is difficult to
judge. There are other factors here that also must be considered, such as
differences in manganese and nickel content.

The maximum hardness of the three steels can be calculated according to the
BL 70 formula of Suzuki. A common specification in offshore industry is a
maximum hardness of 248 HV, to avoid the risk of stress corrosion cracking.
The two low-carbon steels easily fulfill this requirement for this procedure,
having calculated hardnesses of 191 (TMCP) and 205 (X-60) HV. The normal-
ized steel has a calculated hardness of 248 HV, which is exactly the limit of the
specification.

6.3.1.2. The Weld Metal
The choice of weld metal is dependent on several factors:

» The requirements for mechanical properties must naturally be met. In welds
for offshore use these are typically 40 J (30 ft-1b) at 40°C (40°F).

» The productivity must be high, as in this example obtained by using several
wires.

« The profile of the weld bead must give a smooth transition to the base plate,
in order to avoid fatigue cracking problems during service.

To obtain the toughness requirements, a basic flux is the natural choice.
However, in many cases a semibasic flux can give satisfactory properties. This
may then be a better choice, because semibasic fluxes generally have better
operating characteristics for high heat input welding.

The alloy content of the weld metal is determined by the strength and
toughness levels required. The most common alloying concepts used for high
heat input welds are either C-Mn, C-Mn-Mo, or C-Mn-Ti-B alloying. How-
ever, irrespective of the choice of alloying elements from the consumable,
there is such a large dilution with the base plate that this has a very significant
influence on the composition and microstructure of the weld metal. The dilu-
tion in this type of procedure is estimated to be around 70%, i.c., 70% of the
weld metal is made up from base plate material and 30% from the welding
consumables.
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TABLE 64
Chemical Cemposition of All-Weld Metal Samples
Alloy C Si Mn P S Nb v Ti Al Mo B
C-Mn 0.07 030 145 0013 0.012 0.002 0.005 0.005 0.025 — —

C-Mn-Mo 007 030 145 0013 0011 0.002 0.005 0.005 0.025 0.5 —
C-Mn-Ti-B 007 030 125 0013 0011 0.005 0.005 0.050 0.002 025 50

Note: All figures in wt%, except for boron, which is given in ppm of weight. The oxygen content
is generally 400 ppm for a semibasic flux and 300 ppm for a basic flux. The nitrogen
content is around 75 ppm.

The chemical composition of a weld metal in an all-weld metal test differs
slightly from the chemical composition of the wire. This can be due to the fact
that some fluxes can be alloying, e.g., in manganese, chromium, or other
elements. Another factor is the creation of a gas-metal-slag equilibrium which
mainly affects the carbon content. A typical all-weld metal composition is
given in Table 6.4 for the three types of weld metals commonly used.

Thus, for each of the three steel types, there will be three possible compo-
sitions of the weld metal. This gives nine possible weld metal compositions,
which are listed in Table 6.5, assuming a dilution of 70%.

What can be noted from Table 6.5 is the large influence of the base plate
composition. The calculations made are purely arithmetic, but are in agreement
with experimental results. The carbon content may be adjusted slightly by the
slag-metal equilibrium, but not to such a degree that the conclusions from this
exercise are violated.

The microstructure of the weld metal is determined partly by the hardenability
of the alloy (mainly determined by the amounts of carbon, manganese, molyb-
denum, and boron) and partly by the size and type of inclusions. The toughness
in turn is determined by the general microstructure, the size of the inclusion,
and also the impurity element content.

A passing comment can be made about a common misunderstanding of the
homogeneity of weld metal composition. It is sometimes believed that there is
a gradient in chemical composition in the weld metal, due to dilution effects,
so that near the fusion line there is a concentration of elements from the base
plate and near the center of the weld there is a concentration of elements from
the consumables. However, the mixing of elements in the weld pool is very
effective due to fluid streaming in the pool, so that within a single bead no such
inhomogeneities can be found. Any inhomogeneities are mainly due to segre-
gation effects, which exist on very local levels (between solidification den-
drites). One type of gradient that may occur is of course between different
beads. The beads lying close to the base metal will be richer in alloying
elements diluted from the base plate.

Starting with the type of particles, Mills et al.? found that the presence of
galaxite MnOALO; is highly beneficial. Although the reaction sequence in the
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TABLE 6.5
Chemical Composition of Weld Metal Sample,
Assuming a Dilution of 70%

Weld metal C Si Mn Ni Ti Al Mo B
X-60/C-Mn 0.07 0.15 1.47 0.26 0.012 0.025 0.08 —
X-60/C-Mn-Mo 0.07 0.15 1.47 0.26 0.012 0.025 0.23 —
X-60/Ti-B 0.07 0.15 1.40 0.26 0.026 0.018 0.16 15
Norm./C-Mn 0.14 0.30 1.45 — 0.005 0.025 — e
Norm./C-Mn-Mo  0.14 0.30 1.45 — 0.005 0.025 0.15 —
Norm./Ti-B 0.14 0.30 1.39 — 0.019 0.018 0.075 15
TMCP/C-Mn 0.091 0.30 1.30 — 0.016 0.009 — e
TMCP/C-Mn-Mo  0.091  0.30 1.30 — 0.016 0.009 0.15 —
TMCP/Ti-B 0.091  0.30 1.25 0.029 0.002 0.075 15

Note: All figures are in wt%, except for boron, which is given in ppm of weight. Assuming a
semibasic flux, the oxygen content of the weld metal will be about 150 ppm and about 100
ppm with a high basic flux.

weld pool for oxide inclusion formation is not known in detail, a simple model
can be used, in which it is assumed that aluminum first reacts with oxygen, then
titanium, and then manganese, as outlined in Section 4.3.

Assuming that the soluble aluminum content is 0.006 wt%, then Table 6.6
can be created. Here the amount of oxygen tied up in alumina is calculated,
assuming that the oxygen content of the ALLO, is given by 1.13 times the
aluminum content. The remaining oxygen is then found by subtracting the
amount tied up in alumina from the total oxygen.

With the highest aluminum content (0.025 wt%) there will be an excess of
free aluminum. This has two negative consequences. First, only Al,O; will
form and this particle is considered to be a poor nucleant for acicular ferrite.
Second, the free excess aluminum is suspected to be detrimental to the impact
toughness properties.® The optimum aluminum content is around 0.010 wt% if
the oxygen content is around 150 ppm. Then there is enough oxygen to form
both AL,O; and MnO, leading to a tendency to form galaxite. This, however,
also requires that the titanium content is low; otherwise, titanium oxides are
formed in preference to MnO and thus no galaxite is formed.

If the titanium content is high, as when a Ti-B consumable is used, then
titanium oxides probably are the nucleants for acicular ferrite, instead of
galaxite. The aluminum content must then be kept low (<0.005 wt%) in order
to ensure maximum formation of titanium oxides. It is still unclear which
titanium oxide type is actually the most effective ferrite nucleant and therefore
the optimum oxygen to titanium ratio cannot be stated. It must also be consid-
ered that some titanium is tied up with nitrogen (Equation 4.4). However, TiN
is also considered to be an effective nucleant, so from this viewpoint, it may
not present any drawback if some of the titanium is used for nitride formation.
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TABLE 6.6
Oxygen Content Tied Up in
Aluminum Inclusions ([O]i, Al

[AAl] [0k [AO]
0.019 215 —
0.012 136 14
0.003 34 116

Note: [AAl] is the total aluminum con-
tent less the soluble aluminum
content and [AO] is the remaining
oxygen, which can form oxides
with other elements.

This also has the positive effect of removing some nitrogen from solid solution,
which should improve the toughness. Thus, to ensure that the amount of
acicular ferrite is maximized, it is important that the content of the microalloying
elements both in the plate and in the consumable is adjusted so that particles
of the correct kind can be formed and that the ratio between elements such as
aluminum, titanium, oxygen, and nitrogen is kept close to the optimum value.
Knowledge in this area is still rather limited and much more research is clearly
needed.

The hardenability of the alloys must be adjusted to ensure that high amounts
of acicular ferrite are formed. However, carbon content in excess of about 0.10
wt% is generally avoided. The microstructure of the nine weld metals from
Table 6.5 has been calculated with the model of Bhadeshia et al.* for the
welding conditions specified above and the result is shown in Figure 6.7. The
large effect of the carbon content can easily be seen. However, 0.14 wt%
carbon is an unusual and unrealistic value. There is no effect of molybdenum
on the microstructure, which is somewhat surprising, because this element is
frequently used in this kind of application. However, with the high manganese
contents present here, the hardenability is still so high that the small amount of
molybdenum does not influence the microstructure.

The most effective way to maximize the acicular ferrite content is by using
titanium and boron. Boron prevents the formation of allotriomorphic ferrite,
enhancing the possibility for formation of acicular ferrite. However, it has been
found that addition of titanium is necessary. Without titanium, bainite easily
forms instead of acicular ferrite. In the alloys above, the boron content is too
low to achieve maximum effect. This is due to the high dilution and it is
customary to have special wires that give about 100 ppm of boron in an
undiluted weld metal, resulting in about 30 ppm of boron in the diluted weld
metal.

The tensile properties of the weld metal can be calculated by the method of
Svensson et al.’> The values are shown in Table 6.7. In this case it is assumed
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FIGURE 6.7. The microstructure of the nine weld metals from Table 6.5 as calculated using the
model of Bhadeshia et al.*

that the testing is made in the last deposited bead. This means that only the
primary structure of the weld metal will contribute to strength and not the
reheated zones.

The impact properties can be assumed to be proportional to the amount of
acicular ferrite, because the size of the particles is probably similar in all the
weld metals. The size of the particles is mainly determined by the heat input.
The arithmetic mean three-dimensional diameter can be estimated from Figure
4.15 to be about 0.6 um.

Finally, the risk for solidification cracking must be discussed. In modern
steels such as the ones used in this example, which have low impurity content,
this risk is very low. However, under certain circumstances, as when the depth-
to-width ratio is larger than one, the risk may be large even for these steels. The
UCS parameter, calculated according to Equation 1.7, gives the values shown
in Table 6.8.

The highest risk for solidification cracking exists in the weld metal in the
normalized steel, mainly due to the high carbon content. No single weld metal
has a UCS value above 30, where the solidification cracking risk is very large.
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TABLE 6.7
Tensile Properties of Weld Metals,
Calculated by the Method of Svensson et al.’

Weld metal Yield strength (MPa)
X-60/C-Mn 614
X-60/C-Mn-Mo 617
X-60/Ti-B 736
Norm./C-Mn 656
Norm./C-Mn-Mo 658
Norm./Ti-B 674
TMCP/C-Mn 616
TMCP/C-Mn-Mo 616
TMCP/Ti-B 619

Note: 1t is assumed that the tensile specimens are extracted
from the last deposited bead and that no reheated
zones will influence the results.

However, values around 20 also call for a careful inspection of the welding
procedure to ensure that no circumstances enforcing cracking are present.
Normally, when making these kinds of welds, with one run from either side,
the welds are relatively deep to ensure penetration, which increases the solidi-
fication cracking risk.

6.3.1.3. Further Considerations

Increased productivity is usually associated with increased heat input. The
mechanical properties, and most notably toughness of the welded joint, are
influenced significantly by this variation in heat input. Moreover, different
steels respond differently to heat input variations due to differences in the
transformation characteristics. This means that a variety of transformation
products appear when the cooling time is varied.

A number of investigations that discuss the toughness of some different
steels and weld metals as a function of heat input will be presented in this
section. DolbyS reported a major investigation on normalized steels. The tough-
ness was reported as crack-tip opening displacement (CTOD) values of
25-mm-thick plates. Figure 6.8 shows the toughness at —60°C (—76°F) in the
coarse-grained HAZ for two different steel types, one plain C-Mn steel with
0.17C-1.1Mn (wt%) and one 0.15C-1.4Mn-Nb steel. The niobium content was
fairly high, about 0.06 wt%. As can be seen, the plain C-Mn steel had a low
toughness for low heat inputs (due to martensite formation), but for heat inputs
between 3 and 7 kI/mm (75 and 175 kJ/in.), the toughness was good. An
extremely high heat input (25 kJ/mm, 635 kJ/in.) led to a decreasing toughness.
In the other steel, the toughness was low for low heat inputs, just as for the
C-Mn steel. However, increasing heat input led to an increase in toughness, but
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TABLE 6.8
Value of the UCS Parameter
for Nine Weld Metals

Weld metal ucCs
X-60/C-Mn 7.8
X-60/C-Mn-Mo 7.8
X-60/Ti-B 8.2
Norm./C-Mn 23.0
Norm./C-Mn-Mo 23.0
Norm./Ti-B 234
TMCP/C-Mn 2.2
TMCP/C-Mn-Mo 12.2
TMCP/Ti-B 12.5
Heat input (k]/in)
50 100 150 . 625
| I I T I I A
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FIGURE 6.8. Toughness at -60°C in the coarse-grained HAZ for two different steel types, one
with 0.17C-1.1Mn and one with 0.15C-1.4Mn-Nb. (From Dolby, R. E., Weld. Res. Suppl., 58
(August), 225-s, 1979. With permission.)

only up to 2 kJ/mm (50 kJ/in.). Higher heat inputs led to a rapid decrease in

toughness.

In the C-Mn steel the microstructure consisted of side plates at high heat
inputs. However, these were fairly soft (the hardness was below 200 HV10),
explaining the good toughness. In the C-Mn-Nb steel, niobium was assumed
to promote an upper bainite-type microstructure with a somewhat higher
hardness (20 to 40 HV10 harder than a nonniobium steel) and this was
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TABLE 6.9
Chemical Composition (wt%) and Mechanical
Properties of TMCP Steel Used in the Investigation
by Nevasmaa et al.”

C S§i Mn Cu Ni Ti @Al P S
008 017 145 023 0.7 0008 0029 0006 0.002
R, (MPa) R, (MPa) A, (%)  CVE (-40°C) (J)

420 (min) 620 (max) 24-28 >120 (min)

expected to yield lower toughness. Precipitation of niobium carbides and
nitrides is commonly expected, but according to Dolby it was not possible to
verify precipitation.

In a recent investigation, Nevasmaa et al.” looked at the impact toughness
of the HAZ in a TMCP accelerated cooled steel. The chemical composition and
mechanical properties are given in Table 6.9. The steel, 35 mm thick, was
welded both with flux-cored wires and SAW. The heat input varied from 1 to
5 kJ/mm (25 to 125 kJ¥/in.). The result is shown in Figure 6.9. As can be seen,
there is no straight relationship between heat input and toughness. However, it
can be noted that, except for a few odd values, the impact toughness was above
the 40-J (30-ft-1b) level, irrespective of heat input. It can further be seen that
the impact toughness average values are somewhat lower for low heat inputs
(1 and 2 kJ/mm, 25 and 50 kJ/in.) (although there are some exceptions) than
for high heat inputs. On the other hand, the scatter in impact toughness is much
higher for high heat inputs. There are two points that deviate from the general
pattern. These were welded with a high heat input, but still show the features
typical of low heat input (i.e., somewhat lower toughness and small scatter). In
these specimens, the addition of metal powder was used to increase productiv-
ity. To obtain the same productivity without addition of metal powder, the heat
input must be approximately doubled. The melting of the metal powder re-
quires some energy, and thus the welding is effectively carried out with a lower
heat input than that calculated from the welding parameters. The good impact
toughness found was related to a fine-grained ferritic microstructure, partly
brought about by a fine austenite grain size, due to particle-inhibited grain
growth (Figure 6.10).

In the two investigations reported above, there is only one case where a
drawback to high heat inputs was found with regard to HAZ toughness: when
steels with high microalloying contents are used. This is true at least when the
heat input is below 7 kJ/mm (175 kJ/in.).

In an investigation similar to that on the accelerated cooled TMCP sieel, a
direct quench and tempered (DQT) steel of higher strength (about 690 MPa,
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FIGURE 6.9. Toughness in the HAZ of the TMCP accelerated cooled steel as a function of heat
input. (From Nevasmaa, P. et al., VTT Res. Notes 1410, VTT, Espoo, Finland, 1992. With
permission.)

100,000 psi) was welded with different heat inputs.® The plate thickness was
40 mm and the chemical composition is given in Table 6.10. The impact
toughness results are shown in Figure 6.11. The impact toughness was in
general on a lower level than for the lower strength steel, which is not surpris-
ing. However, there is no trend at all in the relation between toughness and heat
input, although it seems to be slightly better to use a low heat input.

Changes in productivity also affect the weld metal properties. For the cases
reported above, the requirements on toughness can be met by using C-Mn-Ni-
alloyed weld metals for the lower strength level, while a C-Mn-Ni-Mo-Cr-
alloyed weld metal is needed to match the strength of the 690 MPa strength
level. Both of these weld metals also match the toughness properties of the
HAZ.

Another example where productivity requirements can affect the properties
is when changing from single-wire SAW to welding with parallel wire. Figure
6.12 shows the relation between impact toughness at —-60°C (-76°F) with heat
input for four different welding procedures. As can be seen in Figure 6.13a to
d, there is a difference in the amount of refined microstructure between the
tests. With increasing heat input in the parallel wire procedures the amount of
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FIGURE 6.10. A fine-grained ferritic microstructure, brought about partly by a fine austenite
grain size, due to particle-inhibited grain growth. (From Nevasmaa, P. et al., VI'T Res. Notes 1410,
VTT, Espoo, Finland, 1992. With permission.)

TABLE 6.10
Chemical Composition (wt%) and Mechanical
Properties of DQT Steel Used by Nevasmaa et al.?

C Si ™Mm Cu N Cr Mo P S
010 028 091 022 100 049 027 0009 0.002
R, (MPa) R, (MPa) A, (%)  CVE (40°C) (J)

715 (min) 820 (max) 23-24 154 (min)

primary, unrefined microstructure increases. This is probably the most likely
explanation for the variation in toughness. It should however be noted that in
all procedures a very high toughness was found. The increased productivity of
the parallel wire method can certainly be used with confidence.

6.3.2. MULTIPASS WELDING
6.3.2.1. Heat-Affected Zone Effects

If the same three steels used for the example above in high heat input
welding are subjected to a different welding procedure (multipass welding
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FIGURE 6.13. The difference in the amount of refined microstructure between four welding
procedures: (a) single wire; (b) parallel wire, 1.1 kJ/mm heat input; (c) parallel wire, 1.4 kJ/mm
heat input; (d) parallel wire, 2.1 kJ/mm heat input.
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FIGURE 6.13 (continued)
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TABLE 6.11
Cooling Times from 800 to 500°C for the
GMAW Procedure, Specified in Table 6.2, but
with 100°C (200°F) Initial Temperature for the
Root Run in the Normalized Steel and 25°C
(80°F) Otherwise

Steel Root run Fill run
X-60 and TMCP 3.6 7.5
Normalized 4.7 7.5

using GMAW, similar to that used in Section 6.2), the cooling times will be
much shorter, especially for the root runs. In Section 6.2, the Atys was found
to be 6 s for the root run if a preheat temperature of 150°C (300°F) was used.
From BS 5135:1984, it can be found that no preheat is necessary for either
plate, provided the hydrogen content is below 5 ml/100 g weld metal. If the
hydrogen content is between 5 and 10 ml/100 g weld metal, then 100°C
(200°F) preheat is necessary for the root run in the normalized steel. When a
heat input rate of 1.5 kJ/mm (38 kJ/in.) is used, no preheat is necessary. Thus,
to determine the cooling time for this actual case, T} is set to 25°C (80°F) in
general usage and to 100°C (200°F) for the root run in the normalized steel.
The result is given in Table 6.11. In practice, the cooling times for the fill runs
will be longer than those given in Table 6.11, because the interpass temperature
will be higher than 25°C (80°F). Short cooling times may be found if the
welding is temporarily stopped (e.g., overnight) and then restarted without any
preheating.

The austenite grain growth behavior is examined using Figures 3.8 and 3.13.
A grain size of 50 pm is found in the titanium steels beside the root beads at
the fusion line and about 60 pm for the other passes. For the non-titanium steel
the austenite grain size is about 100 pm in the root passes and about 200 um
for the filling passes. The effect of titanium on the austenite grain size is much
larger for this welding procedure than for the high heat input weld. This is
because during high heat input welding, the titanium particles coarsen and are
less effective in restricting grain growth.

There is certainly a risk of martensite formation in the first two steels,
especially near the root runs, due to the combination of short cooling times and
the relatively long time taken for transformation to start. However, as seen
from the TTT diagrams (Figure 6.6), the M, temperature is higher in the lower
carbon concentration steels. Any martensite formed then has a good chance of
being autotempered during further cooling. Thus, near the root beads it is
possible that there will be a martensitic microstructure, which is either
untempered (for the normalized steel) or tempered (for the lower carbon
concentration steels). For the filling passes, the cooling time is just above that
needed to avoid martensite formation and no preheat is necessary. The



Control of Microstructure and Properties 225

microstructure will be of the lath type, mainly bainitic. The finer austenite
grains in the titanium-alloyed steels give a finer packet size for the bainite.

The mechanical properties of the HAZ for these plate thicknesses are
commonly measured both in the root and in the top. In the root region, the steels
with autotempered martensite will have the best toughness. In the top region,
the titanium-alloyed steel will probably have the best toughness due to the finer
bainitic structure. The normalized steel will probably have the worst properties,
because, first, the bainite will be quite coarse and, second, it will be hard due
to the high carbon content. Toughness is, as noted previously, the most difficult
property to assess. General conclusions such as those above can be drawn, but
it is not possible to put more quantitative figures on the toughness. Data on
toughness for procedures as above always show large scatter. However, most
steels used in offshore structures, as well as the normalized steels used during
the 1970s, show adequate toughness if the welding procedures were correctly
designed. Occasional values of low toughness were connected to local brittle
zones (LBZs) in the HAZ, a problem that still attracts interest. In the above
procedures, the presence of LBZs has not been discussed, but toughness has
mainly been assessed from the microstructure arising from a single pass. It
must be strongly emphasized that, especially in the second welding procedure,
the presence of many beads can significantly affect the toughness. If no LBZs
appear, then multipass welding will generally improve the toughness.

The maximum hardness can be estimated with Suzuki’s BL 70 formula.
Using this (Table 6.12) it can be concluded that the requirement on 248 HV
maximum hardness is very difficult to satisfy. To be able to meet this require-
ment, the welding procedure must be redesigned.

6.3.2.2. The Weld Metal

The microstructure and properties of the weld metal depend to some extent
on the shielding gas used. Flux-cored wires having a rutile slag system are
more sensitive to the choice of shielding gas than are wires with a basic slag
system. For rutile-type wires, the type of shielding gas controls both the content
of alloying elements (through the loss of elements) and the oxygen content,
with CO, gas giving a higher oxygen content and larger losses of manganese
and silicon. Metal-cored wires, having only a small amount of slag-forming
elements in the filling, behave approximately as rutile-type wires.

To meet the strength requirement of the steels, a wire giving a weld metal
yield strength of about 500 MPa should be used, because overmatching weld
metal strength is required. This is commonly achieved with wires having a
typical chemical composition of 0.07C-1.3Mn-0.6Si (wt%), welded with
Ar/20%CO, gas. In basic wires, only manganese and silicon are used as
deoxidizing elements, while in rutile wires there is about 0.015 wt% titanium.
The aluminum level is as low as possible, about 0.002 wt%, coming mainly
from the metal strip. In rutile wires alloyed with titanium and boron, the
titanium concentration is around 0.04 wt%.
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TABLE 6.12
Maximum Hardness Values Calculated
According to Suzuki’s BL. 70 Formula

Steel Root Top
X-60 302 258
Normalized 384 341
TMCP 298 244

The composition of the weld metals in the welded joints will differ some-
what from the all-weld metal composition, due to the dilution with the base
plate. In the root area, where the dilution is largest, higher contents of alloying
elements are found. Because the content of the alloying elements manganese
and silicon is quite similar between the plate and the weld metal, the dilution
effect of these elements can be neglected. It is mainly the increased amounts
of carbon that may be of concern, as this significantly influences the micro-
structure and hardness of the root beads. Also, the dilution of elements such as
aluminum, titanium, vanadium, and niobium should be monitored.

The dilution in these types of welds is typically 25 to 50%, depending on
the welding parameters. Because the welding is made semiautomatically, the
welder’s technique can influence the dilution. Assuming that the dilution is
40%, the root beads will have the chemical composition given in Table 6.13.
As can be seen, the dilution from the base plate does not change the compo-
sition very much. The increased carbon content of the weld in the normalized
steel will decrease the M, temperature, but not affect the position of the noses
in the CCT diagram. The oxygen content from a basic wire is around 450 ppm
in an all-weld metal test. The aluminum diluted from the base plate will
combine with about 100 ppm of oxygen. Although the oxygen content will also
be diluted (to around 200 ppm), there will still be free oxygen to combine to
either MnO, which can form galaxite, or to some titanium oxide. Thus, the
condition for acicular ferrite formation seems fulfilled.

In the filling beads, away from the fusion boundary, the chemical compo-
sition of the weld metal is almost exactly the same as for the pure all-weld
metal. The nucleation of acicular ferrite then must occur on manganese silicate
particles, although these are generally believed to be less effective nuclei. It is
possible that there are titanium oxides or nitrides formed as shells on these
particles, aiding acicular ferrite formation, in spite of the low concentration of
titanium.

The microstructure of all-weld metal basic-type wires contains appreciable
amounts of acicular ferrite. It is difficult to directly compare with microstruc-
tures in weld metals from other processes, such as shielded metal arc welding
(SMAW) or SAW, because the welding parameters may differ and thus the
thermal conditions may vary. Even if the welding parameters were very similar,
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TABLE 6.13
Chemical Composition of the Root Beads

‘Weld metal C Si Mn Ni Nb A\ Al Ti Mo
X-60 0.07 0.40 1.37 0.15 0.006 0.002 0.011 0.002 0.048
Normalized 0.11 0.48 1.36 — 0.002 0.010 0.0i1 0.002 —
TMCP 0.08 0.48 1.28 — 0.010 0.002 0.002 0.008 —

the cooling conditions would still be different, because each process has its
own thermal characteristics. The toughness of weld metals from flux-cored
wires is determined mainly from the oxygen content. Basic-type wires, with
about 450 ppm oxygen, typically have a toughness of 50 J (37 ft-Ib) at -50°C
(—58°F), when alloyed with 1 wt% nickel. This is somewhat lower than a weld
metal from a similarly alloyed stick electrode. The difference mainly lies in the
amount of oxygen, which is about 100 ppm lower in the stick electrode weld
metal.

Basic wires have relatively poorer operating characteristics in positional
welding than rutile wires. The rutile weld metals on the other hand have a
higher oxygen content and thus lower toughness. To improve toughness, some
newly developed rutile wires are alloyed with titanium and boron. The Ti-B
alloying concept is common in Japanese consumables, in stick electrodes,
cored wires, and in submerged arc fluxes. In other countries, this concept is
rarer and is mainly used in cored wires and occasionally in SAW wires. The
microstructure of such weld metals is shown in Figure 6.14, which illustrates
the high proportion of acicular ferite that is found in these weld metals. The
toughness is also impressively high, about 100 J (75 ft-1b) at —-40°C (—40°F),
despite an oxygen content of about 600 ppm.

In these weld metals the nucleation of acicular ferrite relies on titanium
oxides as nucleants. The aluminum content is kept low (below 0.002 wt%) and
the nitrogen content is also very low (around 25 ppm). The chemical compo-
sition of the particles has not been investigated, but assuming that Ti,05 is the
effective particle and that the particles are stoichometric, 0.040 wt% titanium
ties up about 400 ppm oxygen. Thus, the full effect is taken from the titanium
content, but there is still a surplus of oxygen.

These wires have the disadvantage that the weld metals are sensitive to heat
treatments, in that the toughness is lowered. They are therefore not recom-
mended to be used in situations requiring stress-relieving heat treatment or hot-
forming operations. Addition of nickel is frequently used to improve the
toughness. Figure 6.15a shows the effect on the acicular ferrite content from
the addition of nickel to a base composition of the weld metal of (wt%) 0.07C-
1.3Mn-0.6Si. Figure 6.15b shows the effect of nickel on the yield strength. As
can be seen, increasing nickel has a great effect on the acicular ferrite content.
The toughness improvement obtained with addition of nickel thus has two
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FIGURE 6.14. The microstructure of Ti-B-alloyed weld metals, consisting almost entirely of
acicular ferrite.

sources: a refinement of the grain size and lowering of the stacking fault
energy.

GMAW with cored wires is relatively common in the U.S. and Japan. In
Europe, the use of the process is rapidly increasing. Much development is also
taking place, resulting in new, better consumables. Another fascinating devel-
opment in this process is the ability to closely control the drop detachment with
the new synergic power sources. This will increase the possibilities of posi-
tional welding with basic-type wires, enabling improved weld metal properties.

6.4. CONTROLLED BEAD PLACEMENT

Based on the original ideas of Alberry and Jones,” Reed'? developed a model
to analyze the possibility of achieving complete reaustenization of underlying
beads. As noted previously, reaustenitized structures usually have better me-
chanical properties than the as-deposited microstructure. The model was devel-
oped for SMAW. To predict the positions of the isotherms more precisely than
is possible with the Rosenthal equations, Reed used the extension of the
Rosenthal equations made by Ashby and Easterling.!" They modified the
equations by letting the power intensity of the heat source be distributed over
a finite area and by deducting the latent heat of fusion from the arc power.

The size and shape of a bead-on-plate weld was calculated from these
modified heat flow equations and from a knowledge of the volume of deposited
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metal per unit length of weld. This volume is calculated from the electrode
diameter, the efficiency, the feed speed of the electrode, and the welding speed
by the relation

A, = [(1 electrode diameter?)/4] x efficiency
x (feed speed)/(welding speed) (6.4)

To determine the influence of the welding process on the microstructure of the
HAZ (either in the weld metal or in the base plate), the following temperatures
were used to describe the microstructure:

T, solidus temperature

T, Y-grain-coarsening temperature

Acy temperature where the o/y transformation is completed on heating
Ac, temperature at which the o/y begins on heating

T, tempering temperature

In a computer program, all these temperatures could be given different values,
depending on steel type. The following parameters were analyzed by Reed:

¢ Electrode diameter

» Interpass temperature

* Arc current

* Feed speed

¢ Transformation temperature

It was previously noted by Clark!? that the feed speed varied linearly with the
arc current, as

feed speed = (AKD/(npd? (6.5)

where K is a numerical constant (= 2.5 mg/As), [ is the welding current, d is
the diameter of the electrode, and p is the density of the electrode.

Plate 6* shows the effect of increasing the electrode diameter d from 3.25
mm to 6 mm, keeping the current constant. As expected, more beads are
needed to fill the joint with a smaller rather than a larger diameter electrode.
However, what is more interesting is what happens to the underlying material.
With the model, the volume fraction of unreaustenitized (columnar) structure
and coarse-grained structure can be calculated. Increasing the electrode diam-
eter leads to a slight decrease in the volume fraction of the columnar structure,
while the volume fraction of the coarse-grained zone remains virtually con-
stant. In practice, higher currents are used with larger diameter electrodes,
depositing larger beads, so that even fewer beads are needed to fill the joint.

*  Plates 6 and 7 appear following page 84.
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The effect of welding current, keeping all other variables constant, is shown
in Plate 7.* Fewer weld beads are needed with higher currents, and the
temperature field changes below the beads. This leads to an increase in the
volume fraction of columnar structure and a decrease in the volume fraction of
the coarse-grained zone. An increase in the interpass temperature moves the
isotherms away from the weld bead, leading to a larger degree of
reaustenitization, as shown in Plate 8.*

The computer model can now be used to find the optimum combination of
variables in the welding procedure, so that as complete reaustenitization as
possible is obtained. To obtain as high a proportion of reaustenitized material
as possible, a low Ac, temperature is beneficial, as shown in Plate 9.* Depos-
iting very thin beads by having a very low electrode feed speed (Plate 10)* also
gives large amounts of reaustenitized material. However, it must be realized
that this procedure will result in lower productivity if the welding cannot be
done at very high speeds.

To summarize, it is possible to analyze with this method the influence of
various variables on the weld metal and HAZ structure in multipass welds.
However, these ideas are still in the beginning of their development and there
is much additional research and correlations with actual welds that must be
made to be able to fully utilize the method.
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brittleness, 68
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formation of, 87, 102
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BCC, see Body-centered cubic
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Body-centered cubic (BCC), 65
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Fused flux, 27, 28, 33
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metals, 20
method similar to, 25
multipass welding using, 220-224
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Gas-shielded arc welding, 15
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Heat-affected zone (HAZ), 3, 27, 37,
83-107, 109
alteration of properties of, 205
austenite grain growth during welding,
93-100
brittle behavior in, 163
hydrogen-induced cracks in, 39
metallurgical reactions in, 50
microstructure development in, 101-106
phase transformations, 84-93
protection of from surrounding air, 20
Heat flow, 49, 50
map,
modes of, 202
two-dimensional, 203
Heat input, 6, 43, 216
coping with cooling times using, 102
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High dilution methods, 33
High-efficiency electrodes, 7, 10
High-strength low-alloy (HSLA) steels, 80,
81
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Hot weld pool, 115, 118
Hot zone, 121, 127
HSLA, see High-strength low-alloy steels
Hydrogen, 38, 44, 70
content, in weld metals, 13, 29
cracking, 40
in cored wires, 24
in low-alloy steels, 65
number, 42
values, 28

ICGCZ, see Intercritically reheated coarse-
grained zone
IIW, see International Institute of Welding
Impact testing, 165
Impact toughness, 218, 221
conversion of to fracture mechanics
toughness, 172
dependence of on oxygen content of
weld metal, 13
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as function of temperature, 166
measured as transition temperature, 190
testing, 163, 167

Impurity(ies), 65
amount of from consumables, 33
content, 13, 215
elements, 70, 192
in steel, 60

Incomplete reaction phenomenon, 91

Ingot casting, 62

Inoculated particles, 136

Intercritically heated zone, 83, 85, 105, 179

Intercritically reheated coarse-grained zone

(ICGC2Z), 105
International Institute of Welding (IIW), 41,
110, 157

Interpass temperature, 6, 49

Iron-carbon phase diagram, 63, 66

Iron powder, 7, 24, 27

Isotherms, 50, 51, 204

J

J-integral measurements, 167, 171
Joint
configurations, 201, 202
preparations, 3, 4

K

Kinetic undercooling, 136
Kurdjumov-Sachs orientation relationship,
89, 157

L

Ladle
molten steel poured into, 61
treatment, 61
Lamellar tearing, 44
LBZs, see Local brittle zones
LEFM, see Linear elastic fracture
mechanics
Linear elastic fracture mechanics (LEFM),
167
Liquation cracking, 37
Liquid natural gas (LNG), 69
Liquid petrol gas (LPG), 69
LNG, see Liquid natural gas
Local brittle areas, 105
Local brittle zones (LBZs), 163, 185, 225
Low-alloyed steel, 203
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Low melting point compounds, 33, 37
Lower bainite, 88, 91
LPG, see Liquid petrol gas

M

MA constituent, 105, 106
Magnesium, 61, 120
Magnetic arc blow, 27
Manganese, 20, 22, 59, 75, 80, 129
combined effect of silicon and, 115
formation of slag particles by, 70
in highly alloyed weld metals, 147
influence of austenite to ferrite
transformation by, 181
in low-alloy steels, 65
reaction of oxygen with, 12
Manual metal arc welding (MMA), 1, 7
Martensite, 66, 74, 85, 87, 88, 102
autotempered, 103
finish temperature, 92
formation, 216, 224
mixture of acicular ferrite and, 151
start temperature, 92
Metal cored wire, 15, 24, 124
Metal powder, 218
Microalloyed steels, 72, 73
Microalloying contents, 218
Microalloying elements, 65
control of austenite grain size using, 69
dilution effects due to, 198
effect of on toughness, 184
solubility products of, 97, 98
Microphases, 151, 154, 190, 192
Microstructure, control of properties and,
201-232
controlled bead placement, 228-231
metallurgical effects, 207-228
high heat input welding, 207-220
heat-affected zone effects, 207-211
weld metal, 211-216
multipass welding, 220-228
heat-affected zone effects, 220-225
weld metal, 225-228
predictions from thermal cycle, 201-206
Microstructure, relationship between
mechanical properties and, 163-200
mechanical properties of the heat-
affected zone, 174186
strength, 174-179
toughness, 179-186
mechanical properties of the weld metal,
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186-199
strength, 186-188
toughness, 188-199
test methods, 163-174
Mild steel, 55, 56
MMA, see Manual metal arc welding
Moisture
content, 13, 24
pickup, 14, 28
Mold, moiten steel poured into, 61
Molybdenum, 78, 145, 195, 214
formation of bainite in welds with, 154
influence of austenite to ferrite
transformation by, 181
in low-alloy steels, 65, 70
steels having small amounts of, 41
Multipass welding, 196

N

Narrow-gap process, 27, 30, 31
NDE, see Nondestructive examination
Neutral flux, 30
Nickel, 19, 78
in highly alloyed weld metals, 147
influence of austenite to ferrite
transformation by, 181
in low-alloy steels, 65
solution effect of, 69
steels having small amounts of, 41
Niobium, 64, 72, 73, 80, 104, 197, 216
austenite grain size controlled by, 69
dilution of, 226
in low-alloy steels, 65
presence of in steel, 63
Nitride formation, 213
Nitrogen, 46, 61, 63, 69, 184
embrittlement of weld metal caused by,
192
in low-alloy steels, 65
pickup, 198
pore formation caused by, 44
Nondestructive examination (NDE), 38
Nonmetallic inclusions, 61, 63, 65, 156
Normal efficiency electrodes, 7
Normalized heat treatment, 72
Normalized rolling, 72
Normalized steel
formation of martensite in, 102
investigation on, 216
martensitic microstructure for, 224
solidification cracking in, 215
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use of vanadium and niobium in, 69
(0]

OP, see Oxygen potential
Ostwald ripening, 97, 122, 129
Oxide(s), 61
inclusions, 133
in low-alloy steels, 65
nucleation stage of, 120
particles, 124
Oxygen, 17, 60, 69, 111, 117, 120
amounts of in weld metals, 12
content, weld metal, 22
formation of slag particles by, 70
in low-alloy steels, 65
potential (OP), 20
Oxysulfides, 70

P

Parabolic rate equation, 88
Parallel wire, 25, 27, 219, 220
Particle analyzing scanning electron
microscopy (PASEM), 125
Particle coarsening, 97, 100
Particle-controlled grain growth, 93
PASEM, see Particle analyzing scanning
electron microscopy
Peak temperature, 50
Pearlite, 65, 72
Phosphorus, 117, 184, 194
deposition of on wire surface, 19
in low-alloy steels, 65
reduction of, 59
removal of, 12
toughness decreased by, 71
Planar front solidification, 136
Plasma, 1
Pores, 31, 44, 45
Porosity, during welding, 71
Potassium silicates, 12
Preheat formulas, 43
Preheating, 6
Preheat temperature, 49
Primary grains, 136
Productivity, measurement of, 6

Q

QT, see Quenching and tempering steels
Quenching and tempering (QT) steels
austenite grain size in, 70
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behavior of, 104

hot rolling of, 72

rolling schedule for, 77

strength levels of, 55, 81

use of vanadium and niobium in, 69

R

Rare earth
elements, 65, 70
metals, 61
Reheat cracking, 44
Restraint, 42
Reversible temper embrittlement, 195
Root defects, 47
Rutile coating, 7, 11-13
Rutile type consumable, 188

S

SAE, see Society of Automotive Engineers
SAW, see Submerged arc welding
Scanning electron microscopy (SEM), 123,
124, 143
Scheil equation, 143
Self-restrained tests, 44
Self-shielded cored wires, 3
Self-shielded wires, 24
SEM, see Scanning electron microscopy
Semibasic flux, 211
Shear transformation curve, 208
Shielded metal arc welding (SMAW), 1,
109, 172, 226
cooling times using, 102
electrodes, 22
mechanization of, 14
principle of, 7, 10
solidification cracks in conjunction with,
33
thermal efficiency of, 5
Short-arc welding, 5
Side plate microstructures, 176
Silicates, in low-alloy steels, 65
Silicon, 17, 20, 45, 59, 114, 129
combined effect of manganese and, 115
formation of slag particles by, 70
in low-alloy steels, 65
reaction of oxygen with, 12
solid solution hardening effect of, 69
Slag-forming elements, 11
Slag inclusions, 44, 48
SMAW, see Shielded metal arc welding
Society of Automotive Engineers (SAE), 80
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Sodium, 12
Soft zone, 178
Solidification
cracking, 33-36, 215
structures, 138
Solute segregation, 140
Stick-out, 22
Stokes’ collision, 121, 122
Strain aging, 73, 84, 105, 198
Strain hardening, 13, 176
Strength, 68
influence of metallurgical factors on, 56
level, 79
of steel, 55, 57, 73
Stress-strain curve, 163, 164
Subcritically heated zone, 83
Submerged arc welding (SAW), 1, 151,
201
deposition rate in, 28
fluxes, 113
formation of weld pool with, 114
free-flight transfer in, 109
hydrogen contents of metals from, 29
principles of, 26
productivity of, 27
size of wires used for, 25
solidification cracks with, 31, 35
Substitutional elements, 65
Sulfide(s), 37, 61
formation of by manganese, 70
in low-alloy steels, 65
rounded, 44
shape control elements, 65
Sulfur, 33, 117, 194
in low-alloy steels, 65
low fracture toughness due to, 184
reaction of calcium with, 12
Surface tension, weld pool subjected to,
115,117
Synthetic slag systems, 61

T

Tandem welding, 25

Tekken testing, 42, 44

TEM, see Transmission electron micros-

copy

Tensile testing, 163

Thermal cycle, 52, 205
control of weld microstructure by, 6
growth of oxides during, 99
measurements of, 51
simulated, 191
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Thermal efficiency, 5
Thermal pinning, 95
Thermal undercooling, 136
Thermomechanical controlled processing
(TMCP), 72, 207, 209, 218
Thermomechanical (TM) rolling, 72, 73
TIG, see Tungsten-inert gas
Time-temperature transformation (TTT)
diagrams, 65-67, 84, 208, 209, 224
Tin, 19, 65, 71, 194
Titanium, 70, 72, 73, 105, 125, 184, 192,
213
-alloyed steels, 209
austenite grain size controlled by, 69
dilution of, 226
in low-alloy steels, 65
nitride, 97, 100, 158
oxide, 100, 131, 158
use of for deoxidation, 120
TM, see Thermomechanical rolling
TMCP, see Thermomechanical controlled
processing
Toughness, 68, 179
influence of inclusions on, 191
influence of metallurgical factors on, 56
of steel, 55, 57
testing, 163
Transmission electron microscopy (TEM),
124, 128, 158, 160
Transverse tensile testing, 164
TTT, see Time-temperature transformation
diagrams
Tubular wire, 15
Tundish, molten steel poured into, 61
Tungsten
-inert gas (TIG), 17
in low-alloy steels, 65, 70
Two-pass welding, 196

U

Ultimate tensile strength, 163, 174
Undercuts, 47

Unified numbering system (UNS), 80
UNS, see Unified numbering system
Upper bainite, 66, 87, 217

A%

Vacuum treatment, 61

Vanadium, 56, 80, 104, 105, 197
austenite grain size controlled by, 69
dilution of, 226
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influence of austenite to ferrite
transformation by, 181
in low-alloy steels, 65
steels having small amounts of, 41
V-segregation, 64

W

Weathering steel, 69
Weld metal, 2, 109-162
alloying elements, 11
dendritic structure of, 135
diluted, 6, 214
drop transfer, 109-114
fume formation, 113-114
modes, 110-112
temperature of liquid, [12-113
flux-cored wire, 229
microstructure of, 212, 215
properties, 219
reactions in molten weld pool, 114-134
forces, 114-115
inclusion composition, 129-132
inclusion formation, 115-120
inclusion growth, 120-129
nitrogen and hydrogen in weld metal,
132-134
solidification, 134-146
element segregation and related
phenomena, 140-146
etching techniques to reveal solidifica-
tion structures, 146
primary solidification modes, 135-140
solid-state transformations, 146-161
acicular ferrite and nonmetallic
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inclusions, 156-159
austenite to ferrite transformation,
151-156
§-ferrite to austenite transformation,
149-151
transformations in underlying beads,
160-161
Weld pool, 1, 20, 51
molten, 114
shape, 141, 206
Weldability, 55, 57, 65, 73
Welding
defects, acceptable, 31
procedure specification (WPS), 6, 43
speed, 140, 141, 230
Widmanstitten ferrite, 66, 102
Widmanstitten side plates, 89-91, 190
appearance of, 87
growth rate of, 151-152
mixture of bainite and, 209
promotion of by niobium, 104
Worm holes, 44
WPS, see Welding procedure specification

Y
Yield
strength, 163
stress, 174, 181
Z

Zinc, 71
Zirconium, 65, 120
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