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1.Welding Process

Means joining two pieces of metals by applying either heat or pressure or
both on the original boundary surfaces of these two metals leading to formation
metallic bond after their melting with each other.

The purpose of studying the principals of welding metallurgy is to
understand the effect of welding parameters on the mechanical strength of
produced weld joints in order to attain the desired properties for the joints.

The welding types are classified depending on the type of heat input as:
Gas Welding, Arc Welding, Resistance Welding, Solid-State Welding, Thermo-
Chemical Welding, Radiant Energy Welding.

Figure (1.1) presents different welding types for each major type depending
on heat source.

Welding Type

Gas Welding Arc Welding | 1Solid-State Wcldingl

Carbon Arc Welding

Shield Metal Arc Welding
Submerged Arc Welding
Metal Inert Gas Welding
Tungsten Inert Gas Welding
Electro Slag Welding
Plasma Arc Welding

e Forge Welding
Cold Welding
Friction Welding
Explosive Welding
Diffusion Welding
Ultrasonic Welding

* Oxy Acetylene Welding
* Oxy Hydrogen Welding
* Pressure Gas Welding

Thermo-Chemical Welding - -
* Thermit Welding Resistance Welding
e Atomic H> Welding

Spot Welding
Flash Welding
Resistance Butt Welding

Radiant Energy Welding

e Electron Beam Welding

Seam Welding

e Laser Welding

Figurel.l: Different welding types for each majors depending on heat source.
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1.1 Major Welding Categories.
There are two main categories of welding process based on heat source. See
welding categories in Figure (1.2).

1.1.1 Fusion Welding (Non-Pressure Welding)

The material at the joint is heated to a molten state and allowed to solidify.
In this process the joining operation involves melting and solidification. So, no
external forces are allowed to apply to the system during welding, as it does not
play an active role in producing coalescence.

Usually fusion welding uses filler materials to ensure that the joint is filled.

All fusion welding processes have three requirements: Heat, Shielding and

Filler materials. See Figure 1.2a.
1.1.2 Solid-State Welding (Plastic welding or Pressure welding)

Bonding operation takes place by applying external pressure on the pieces
need to be joined after heating them and acquisition plastic state leading to
produce coalescence in the two metals at temperatures below the melting point
of the base materials being joined.

The pressure coalescence is produced, so, the original properties are retained
with the metals being joined.

No need to add filler metal, also, the base metal does not melt due to

temperature, time. See Figure 1.2b.



(a)

Gun

Gun trigger

Shroud
\4/ Gas diffuser

' Contact tip
Welding wire / Shielding gas

/ Droplets

weld pool
The welding circuit consists essentially of the following elements:

(b)
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Figure 1.2: Examples of welding categories; (a) Fusion welding; (b) Solid-State Welding.
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2.Welding Metallurgy
It is defined as the microstructural changes occur in metals during welding.

microstructure evolution of weld structures is considered as a function of

estimation the qualification of produced joints.

Microstructure evolution in welds is affected by heating amount, time,
applied stress and the amount of weld metal should be deposited during any

welding process. See Figure (2.1).

| - HEAT
/i SOURCE

Figure 2.1: Microstructure evolution in weld joint

Welding metallurgy involves changes in chemical, mechanical, or physical
properties of metals being joint with changing the microstructure of the joint

after subjecting to heating and solidification cycle during welding.

Chemical metallurgy or (rust-ias): oxidation of metal, or where oxygen gets

into the metal and corrodes it. There is also corrosion where the atmosphere
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wastes away the metal. In welding, removal of oxygen from the molten puddle
(keeping the Oxygen out of the molten weld pool) is very necessary for

successful welding process because oxygen affects the weld pool adversely.

Mechanical metallurgy: involves the way that metal acts under loads and

stresses. There are many different loads and stresses involving brittleness,
toughness, ductility, malleability, plasticity, shear, and others. For example,
tensile strength is one of the utmost mechanical parameters that should be
studied for weld joints. It provides information about the ability of weld parts to
resist pulling apart depending on the amount of deposited metal if subjected to

tensile stress.

Physical properties: involves the interaction between the physical properties of

the metal, such as thermal conductivity, melting point, and grain characteristics
with the heat applied during welding. For example, the atomic structure of the
metals consists of different "space lattices” which form different crystals. The
crystals have grains with different sizes and shapes, grain size affects strength in
metals specifically during welding. So, different structures in metals affect in
changing the structure from one to another when heated during welding. See

Figure (2.2).



Steel Versus Aluminum

BCC = Body-Centered FCC = Face-Centered
Cubic Cubic

Cubic body centered (bcc) cybic face centered (fcc)
Fe, V,Nb, Cr Al, Ni, Ag, Cu, Au

Hexagonal
Ti,Zn, Mg, Cd

Figure 2.2: Different "'space lattices" which form different crystals.

Best example shows the interaction between the three properties (chemical,
physical, mechanical) of a metal need to weld and welding process is found in

welding steel.

During studying its metallurgy (Figure 2.3), it is noticed that carbon content
plays a big part in the strength of steel during welding. The more carbon steel,
the more difficult welding. Mostly the acceptable amount of carbon in steel

need to weld is about 30%.
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Figure 2.3: Microstructure of weld region in low carbon 12% chromium alloy steel
showing banded two phase martensite and ferrite structure.

2.1Basic Principles of Welding Metallurgy.

It is also called Thermal Cycle and Residual Stresses in welds. There are

two important metallurgical processes take place during welding.

(1) Melting and solidification processes, as they are the key to achieve

acceptable joints in all fusion welding processes.

(2) Segregation and diffusion processes.

The metallurgical process control on the microstructure changes in the
welds affecting on their properties and hence their strength because they both
result in local compositional variations that influence both weld-ability and

service performance. The block diagram in Figure (2.4) show the main
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parameters which have combined effect on the microstructure of the weldment.
Weldment includes weld metal and heat-affected zone (HAZ)) relative to the

base metal.

Composition Thermal cycle

L 4

Microstructure

! } }
Mechanical || Weldability Service
properties performance

Figure 2.4: Effect of welding metallurgy on weld performance
3. Welding Zones.
Weld joints mainly have three distinct microstructural regions Figure (3.1, 3.2,
3.3):
3.a Fusion Weld (FW): is associated with melting.
3.b Heat Affected Zone (HAZ), not melted, and is affected by the heat from the
joining process.

3.c Base metal (BM): is described as unaffected zone.

Fusion zone

Heat-affected

vr‘:,tilr(:ace ~ zone(HAZ)
i
Unaffected
base metal
zone

Figure 3.1: A schematic draw for welding zones.
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}' heat-affected zone heat-affected zone "

X
Y
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>
»

cold rolled parent metal | hot rolled parent metal ]

Figure 3.2: A micro-structured draw for main regions of a weld zone.

0.5 mm

Figure 3.3: A micro-structure Image for main regions of weld zones.

Fusion Weld (FW) zone could be further subdivided to: Fusion Zone (F2),
Unmixed Zone (UMZ), Partially Melted Zone (PMZ), Heat affected zone

(HAZ). Figure (3.4).



A A A

- Composite zone

True heat-affected zone
Partially melted zone
B3 Unmixed zone
Transition zone

Figure3.4: Fusion weld zones.
3.a Fusion Zone
It is the region where a complete melting and re-solidification occur to form
the joint, or weld. The microstructure in this zone is a function of:

- Composition: Small differences in composition result in large variations
in microstructure and properties. For example, the addition of small
amounts of carbon and nitrogen to some steels can change their
solidification behaviour from ferritic (Bcc) to austenitic (FCC). Additions
of sulphur to steels can promote severe solidification cracking in the
fusion zone.

- Solidification conditions: In some systems, changing the solidification
and cooling rates can also alter (change) the microstructure.

Fusion zone is classified depending on using a filler metal or not into:
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- Autogenous welds: are those where no filler metal is added and the fusion
zone is formed by the melting and re-solidification of the base metal. The
fusion zone is essentially the same composition as the base metal, except
for possible losses due to evaporation or pickup of gases from the
shielding atmosphere. Not all materials can be joined autogenously
because of weld-ability issues.

- Homogenous welds: Involve the use of a filler metal that closely matches
the base metal composition. This type of fusion zone is used when the
application requires that filler and base metal properties must be closely
matched. Some common examples include the use of Type 316L base
metal joined with 316L filler for matching corrosion properties.

- Heterogeneous welds: Involve the use of a filler metal that it does not
match the base metal composition. This type of fusion zone is used when
many base metal compositions may have inherently poor weld-ability and
that dissimilar filler metals are required to achieve acceptable properties
or service performance such as strength, weld defect formation (e.g.,
porosity), weld-ability/solidification cracking resistance, heat treatment

response, and corrosion resistance.
3.a.1 Dilution

Defined as a change in composition of a filler metal due to its mixing with

the base metal during the melting process.
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It occurs in the fusion zone related to the heterogeneous welds due to using
a filler metal that has a composition different from that of the base metal.
@Sl 5 e gﬁﬁéﬂgﬁﬂ‘ b}.ﬁmume\m\we@\MW\ ) QLAM@M\M\GSQAA:\
oY) Gamall 3 et ) el e 4dlig 4y palic
It negatively effects on the desired properties of the welds. The composition
of the diluted deposited weld metal has less desired properties than that the
undiluted.
J8) iy s yiall Caiall uS Gl 13 alalll ane e salall o Lle J gemnll Cosllaall Gailadll e Lla gy
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The purpose to study dilution: controlling on dilution helps avoid unexpected
results for the desired properties of the welds.
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Example for dilution effect: getting undesirable abrasion resistance,
undesirable corrosion resistance, and undesirable impact properties in surfacing
operations where dilution is particularly undesirable. Dilution occurred because

filler metals are significantly different from the base material. For example, if

stainless steels are used as cladding on carbon steels for corrosion resistance,
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significant dilution (~40%) can reduce the chromium content to a level where

the clad layer is no longer corrosion resistant.

Dilution= (Amount) melted base metaI/ (Amount) total fused metal -

For example, a weld with 10% dilution will contain 10% base metal and
90% filler metal. For most welding processes, dilution is normally controlled

below 50%.

Dilution (%) = —2*C  » 100

A+B+C
Schematic illustration of the determination of dilution in a heterogeneous weld.

3.a.2 Solidification of Metals in Fusion zone

Solidification process starts with decreasing temperature through following

stages:
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a_

Nucleation stage where solid pieces starts to form within the liquid phase.
During proceeding the transformation of the liquid-to- solid state, and
starting formation the initial solid, the heat fusion generated by the
transformation is dissipated or removed with decreasing temperature.
This mechanism normally occurs through conduction the solid away from

the solidification front.

Re-distribution process of the solutes take place between liquid and solid.
This occurs because the composition of the liquid and solid in contact at
the solidification front changes continuously with decrease the
temperature within the solidification range. During re-distribution
process, if the solid does not have time to reach its equilibrium

composition.

The redistribution will result in local variation (4l &l a3l) in
composition in the solidified structure. This phenomenon is common in
most casting and welding processes. Solidification shrinkage contributes
to the residual stress that is associated with fusion welds. It occurs as a
result of a negative volume change when the fusion welds solidify as it
Imparts or (carries) stresses upon the as-solidified structure that may lead

to solidification cracking.

14



0.41

-0.91

Figure 3.5: Local variations in weld system.

3.a.3 Weld Solidification Parameters.

Four parameters are useful in describing micro- structure development

when nucleation and solute re-distribution stages proceed during solidification.

1-Partition Coefficient/ (the solute redistribution coefficient)/ (k): It is the ratio
of the solid and liquid composition in contact with each other at a given
temperature within the solidification range [k =Cs/C]. Considering solute

segregation during solidification, values of k are assumed to be in three cases:

Either k <1 (solute will partition to the liquid) = nucleation stage.
Or k ~ 1 (solute redistribution during solidification is reduced) = redistribution.
Ork >1 (solute will be depleted in the liquid).

2-Liquid Temperature Gradient (Gy): It dictates the nature of the temperature
field in advance of the solid—liquid (S—L) interface. In situations where some
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undercooling of the liquid has occurred prior to solidification, this gradient will
be negative. This would be the typical situation for the solidification of a
casting. During weld solidification, however, this gradient is normally positive
since the weld pool is superheated by the welding heat source.

GL=dTU/dX o (31)

Where:
dT.: temperature field of liquid

dx: (S-L) interface line.

3-Solidification Growth Rate (R): Is dictated by how fast the S—L interface is
moving during the solidification process
R aX/Ot o, (3.2)

Where:

dx: (S-L) interface line

dt: time (s, Min, h)

4- Cooling Rate: Is dictated by coupling solidification Liquid Temperature
Gradient (G.) with solidification growth rate (R) at the S—L interface. So, the
local cooling rate at the S—L interface can be determined by the following

equation:

dTL dx

GLR = Tt dE trterereeeeeeesesseeeesei (3.3)

dTL

GLR= = ... (3.4)
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Where;

GL.R: cooling rate (T/(s, Min, h))

(GL-R) has an influence on the dimensions of the solidification sub-structure (%), such as dendrite

arm spacing.

3.a.4 Weld Solidification Nucleation

The solidification process begins with nucleation solid within the liquid

phase. This can occur either homogeneously or heterogeneously when a

nucleating particle (such as solid of critical, or threshold) or solid substrate

(b s S )) is present, Figure (3.6).

‘Weld SolidificationNucleation

Homogeneously Heterogeneously
T (Epitaxial nucleation)
. m . .
r¥=27vsL. AT Grows from a foreign particle

Note: it is the dominant nucleation in Metal solidification

“to erow from”.
Note: it 1s the dominant nucleation 1n Weld solidification

Figure 3.6: Weld solidification nucleation.

Homogeneous nucleation requires that solid of a critical (W clwal 4a ja adais),

or threshold (Jeiue e 4l 4dass) size form within the liquid.

The size of this spherical nucleant can be defined by a critical radius size

(r*).

r*:2Y5|_.

y st S-L interfacial energy (4l 43lall)

Tm: melting temperature
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AHw: latent heat of melting (O sl 43\l 5 ) jall)

AT: amount of liquid undercooling

Note that as the amount of undercooling increases, the critical radius size
decreases. Solid spheres less than r* will simply re-melt, while those exceeding

r* will grow.

Heterogeneous nucleation (Epitaxial nucleation), during metal
solidification, homogeneous nucleation is the dominant, and heterogeneous
nucleation may accompany homogeneous nucleation or not. While in case of
weld solidification, heterogeneous nucleation is the dominant form of

nucleation.

Heterogeneous nucleation is also called ‘Epitaxial nucleation’, which
means “To grow from”. Epitaxial nucleation grows from a foreign particle (such
as an oxide, nitride, sulphide, etc.) or an existing solid substrate. The foreign
particles form as heterogeneous sites which are stable at or above the melting
temperature of the alloy, so a little or no undercooling is required for nucleation
process to occur. Heterogeneous sites which possible to could act as a
nucleation site in the liquid during weld solidification are different, they

possible to be grown from:

a-Formation tips of dendrites at the solidification front, or tips of grains around

solid metal in the liquid during convective fluid flow. So, they are subjected to

18



be detached by sweeping into the liquid leading to form a heterogeneous site

depending on the liquid undercooling and size of the detached solid species.

b-Higher melting point particles added to or formed within the liquid can also
serve as nucleation sites. Sometimes called inoculants (<), these particles
can substitute for the homogeneous nuclei. This type of nucleation can occur on
the surface of the liquid, particularly if an oxide surface layer forms. In some
cases, it may be possible to add nucleons (<) directly to the molten pool, but

this is usually not practical.

c-The use of “seed crystals” in the liquid of metals which demands crystal
growth applications is a form of epitaxial nucleation. For example, single-
crystal Ni-base turbine blades are manufactured using a “seed” crystal of a
given orientation as a heterogeneous nucleation site. Epitaxial nucleation

requires no undercooling or other driving forces. As a result, solidification

begins immediately upon cooling below the liquids temperature.
3.a.5 Mechanism of Heterogeneous Weld Solidification.

Figure (3.7) presents main profile for how the mechanism of weld

solidification works heterogeneously.
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Mechanism
of
Heterogeneous Weld Solidification

Crystallographic

Orientation

Crystallographic
Dis-Orientation

(Composition)pase metal substrate = (Composition) Liquid

Gram orientation of the substrate 1s generally random

(Composition)pase metal substrate % (Composition) Liquid

Figure 3.7: Main profile for heterogeneous weld solidification.

When the compositions of the base metal substrate ( ¢ s 4k 5l — 6 3<

22ill) and liquid are similar, the solidification front that grows from a given

grain on that substrate will retain the same crystallographic orientation. Since

grain orientation of the substrate is generally random, this results in a

continuation of the crystallographic disorientation of the base metal grains

across the fusion boundary into the solidifying solid, as illustrated in Figure 3.8.

That is to say, grain boundaries are continuous across the original fusion

boundary where epitaxial nucleation occurred.

Fusion
houndu;\

Solidification grain
boundary

<100

Planar

region

grm\'th

Figure 3.8: I Schematic illustration of epitaxial nuclcalinn.l
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3.a.6 Solidification Modes of Welds.

The solidification modes describe the different morphological (<LISa) ale)
forms that can exist at the S—L interface. Stability of the solidification modes
are dictated by the combined effect of liquid temperature gradient (GL),
solidification growth rate (R) and composition. Multiple solidification modes

can occur in metals and welds, Figure (3.9), such as:

-Planar Growth (plane front solidification) (gdad! s siwa 2eadl): it occurs under
conditions of low solidification rates, steep temperature gradients, or both. In
actual practice, a planar solidification mode is normally not stable, it can be

maintained at very slow growth rates in pure materials only.
- Cellular Growth: observed in fusion welds

Dendritic Growth: observed in fusion welds, it is shaped with more complex

morphologies than cellular. Its modes have different profiles like:
- Cellular dendritic mode (51 s 73 54))
- Columnar dendritic mode (exes! (3 allia (5l 73 5a3),

- Equi-axed dendritic mode (Lstaell (s sbuia (s i 73 543): Ot normally observed
in fusion welds due to the large constitutional super-cooling required ( & sl

Dbl (o sbudtall el dylad adball S H e jaS 2xe),
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Most welds solidify in either cellular, cellular dendritic, columnar dendritic,
or a combination of these. However, other types of modes are still apparent

when cooled to room temperature in many cases such as:
Primary Dendrite Arm Spacing (PDAS),
Secondary Dendrite Arm Spacing (SDAS),

The importance of knowing how these terms (PDAS) and (SDAS) are
measured promotes identification the final shape of the solidified structure,
whether it is very fine structure, low growth rate (LGR), Or high growth rate

(HGR).

Quantification the structural aspects of solidification welds same as in
castings. It is normally determined by measuring the distance between the axial

centres of the cells or dendrites, sometimes called the cell or dendrite core.

This distance may range from several millimetres in very large castings to a

few microns in laser or electron beam welds.

So, the terms (PDAS) and (SDAS) are often used to define the size or scale of
solidification substructure size that form with high cooling rates (high values of

GL-R) promoting very fine structures.
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Figure 3.9: Different modes of weld solidification.
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3.a.6.1Factors Influencing Formation of Solidification Modes.

a- Effect of Cooling Rate Parameters,
(temperature gradient, GL, and solidification growth rate, R).
The combination effect of temperature gradient, GL, and solidification
growth rate, R, on solidification mode in weld region is described in the

relationship shown in the Figure (3.10).

When the temperature gradient is high with increase solidification rate, the
solidification mode shifts to cellular and then dendritic. The combination
effect of increasing temperature gradient, GL, and solidification growth rate, R,
on solidification mode results in an increase in cooling rate (G..R), so the
structures that form become finer. This results in cellular or dendritic structures.
This is mostly common in welds. For example, formation (PDAS) or (SDAS).
When the temperature gradient is high and the solidification rate is very low, a
planar growth mode is formed. This exists in pure metals or casting only.
When the temperature gradient decreases to minimum value (extremely low),
with increase solidification rate, Equi-axed dendritic growth is possible to

form. This does not exist in fusion welds.

24



Planar

)

~

55 &

<
e

erature eradient (€

Columnar
dendritic

Temp

Solidification rate (R)

Effect of temperature gradient in the liquid, G, .and solidification
growthrate, R, on solidification mode.

Figure3.10: The combination effect of temperature gradient, GL, and solidification
growth rate, R, on solidification mode in weld region.

b-Effect of Composition

Figure (3.11) shows the relationship between weld’s compositions and weld
solidification parameters. Solidification parameters of welds represent the local
cooling rate at the S—L interface during transformation stages from liquid to
solid.

With increasing composition and cooling rate parameters, most welds

subject to dendritic or cellular modes during solidification, as illustrated by the
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shaded region in the diagram. With decrease composition (welds made from
joining pure metal) and increasing cooling rates parameters, the welds subject to
planar solidification. So, adding some solutes or impurity elements is favoured
in this situation to be as an initiation point for starting nucleation stage to
solidify. This situation exists only in castings, not in welds. With increase
composition and decrease cooling rates, equi-axed dendritic growth during
solidification will be formed, this is because the temperature gradient of the
liquid is very shallow (ks z==!5). A condition that usually does not exist in

fusion welds.

Equiaxed

dendritic Columnar

dendritic Cellular

dendritic

Typical range
of weld
solidification

Cellular

Composition

Planar

Solidification parameter (G, /R"?)

| Effect of composition and solidification parameter on solidification mode |

Figure 3.11: Effect of composition and solidification parameter on solidification mode.
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3.a.7 Interface Stability

Most practical situations of solidification welds are either a cellular or
dendritic modes. Some theories attribute this phenomenon to occurrence solute
re-distribution at the S—L interface during alloy solidification which lead to
transformation the planar growth solidification (ideal situation) to either cellular

or dendritic solidification.

The constitutional super-cooling theory proposed by Chalmers involves an
effective undercooling of the liquid at the S—L interface that promotes planar
interface instability. The constitutional super- cooling theory of Chalmers is
based upon the premise =/ séithat solute partitioning occurs in advance of the
S—L interface. Assuming a plane front, a solute gradient exists perpendicular to
the front to a certain distance into the liquid. Figure (3.12) describes easily the
concept of constitutional super-cooling that leads to the breakdown of a planar

solidification front to either dendritic or cellular.

Assuming the solute profile in advance of the S—L interface (for k<1), an
effective temperature profile can be constructed that increases as a function of
distance from the interface. This is an effective temperature profile since an
actual temperature gradient exists in the liquid that has previously been defined

as GL.
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- If the actual gradient (Gactual) is less than the slope of the line tangent to the

effective temperature profile at the S—L interface (Gcritical), a region of

constitutional supercooling will exist and the planar interface will be unstable.

- If the temperature gradient exceeds the slope of the tangent, the planar front is

stable. Based on this theory, plane front solidification of alloys is only possible.

- When the temperature gradient (GL) is very steep. In fusion welds, this

condition is only satisfied at the fusion boundary.

---------------------------

Solute gradient in liquid

g

Solid

Liquid

I
actual

Region of constitutional

supercooling

Figure 3.12: Simple schematic of the constitutional super cooling theory for the case of

k<1.
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3.a.8 Aspects of Weld Solidification

Explain the occurrence of solidification welds under non-equilibrium
conditions, the weldment solidification’s aspects in the weld pool region must

be studied macroscopically and microscopically. See Figure 3.13.

Fusion zone
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Solidification
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Figure 3.13: Weld pool and grain Boundaries (GB) in weld pool.
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3.a.8.1 Macroscopic Aspects of Weld Solidification.

It is defined as the changes in the solidified shape of the weld pool as a
function of welding condition and physical properties of the weld material.
Leading to formation either cellular or dendritic weld micro-structure observed
macroscopically as solidified grain boundaries (SGB), (SSGB), (MGB). See
Figure (3.13).

To estimate the solidification procedure in welds macroscopically, it is
necessary to:

First- Consider the solidification front as a plane front which is usually
cellular or dendritic. See Figure 3.14.
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Weld pool

Heat-affected zone
Fusion zone

Base mets

Figure 3.14: Solidification front in welds.
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Second- Focus on the trailing edge of the weld pool and along solidification

grain boundaries (SGBs). See Figure 3.15.

Trailing edge
solidifying
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Figure 3.15: Trailing edge and grain boundaries.

Third- Consider the effect of flowing fluid on weld pool, as shown in Figure

(3.16).

|-Buoyancy force R
| () ) weld metal solidifed J‘L
Fhud Flow=Contolledby 2-Electromagnetic 0rce gl s Penetration
(i 811 ) Characteristics
3-Surface tension force [0 sufficient
(sl 03 Wweld metal solidified

Figure 3.16: the relationship between weld pool and flowing fluid in the weld.
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Weld pool is strongly affected by flowing fluid in the weld. This is because
fluid flow is controlled by a number of forces which affects positively or
negatively on the penetration characteristics of welds leading to either sufficient
or in-sufficient amount of weld metal solidified. These forces are buoyancy
force (k) 5 58), electromagnetic force (4wbliae s S o 5all), and surface tension

force ((adawdl 25015 68),

Surface tension Force is the more dominated force in some cases, resulting
in significant heat-to-heat variations in weld pool shape and penetration
characteristics as shown in Figure (3.17). This is because in systems where
surface tension decreases as temperature increases, the hot fluid under the arc
flows along the surface to the periphery of the weld and causes melting at the
weld edge, or toe providing bad penetration.

oo sl 5l cn AL L) Gl o 51 adl da jamaly 3 adand) 0l 5 jalal lial Lgd Caasy ) aadail) b
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While, in systems where surface tension increases as temperature increases,
the hot fluid under the arc has a strongly downward flow at the root of the weld
providing best weld penetration.

oo sl s cn Al Ll (o )l A o 5aly 3 o) 08 5 jalal saly ) L Caasy ) 4adail) b
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Figure 3.17: Surface tension force and penetration characteristics relationship in welds.

However, small changes in composition can promote large changes in

penetration due to the so-called “Marangoni”, as shown in Figure (3.18).

Marangoni
flow

Figure 3.18: Marangoni mechanism.
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Fourth- Consider the effect of welding conditions on weld pool shape, as in the
example shown in Figure (3.19). This is because weld pool shapes are necessary

to determine weldment properties.

weld pool shape
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heatflow  heat input| travel speed Pphysical properties
onditions of the material
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Figure 3.19: Effect of welding conditions on weld pool.

A

Weld pool shape is strongly affected by welding conditions, such as heat
flow conditions, heat input, travel speed, physical properties of the material.
Elliptical pool shapes (JS&Y1 4, slcan 4S 1) are usually associated with high heat
input, low travel speeds, and 3-D heat flow conditions. Materials with high
thermal conductivity, such as aluminum and copper, form elliptical weld pools

over a wide range of conditions.
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Teardrop pool shapes (JS&Y e 4< 1) are most favored when travel speeds
are rapid or high, thermal conductivity is low, and heat flow is 2-D. For
example, austenitic stainless steels and nickel-base alloys often exhibit teardrop
shape pools when welded in thin-sheet form at high travel speeds. Figure 3.20

presents magnified sketches for weld pool shapes.

Teardrop shape weld pools

<4 //////
...'\\\\“\\s\\

.m\\\\

Figure 3.20: Magnified sketches for weld pool shapes.

3.a.8.1.1 Effect of Travel Speed and Temperature Gradient on
Weld Pool Shape.

Weld pool shape is usually controlled by adjusting travel speed for welds.

This is because travel speed possible causes transformation weld pool shape
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from elliptical to teardrop and vice versa depending on the thermal conductivity
properties of the material need to weld. For example, the weld pool with
materials of low thermal conductivity difficulty losses heat while solidifying

making the weld pool tends to elongate, Figure 3.21.

A B\T B A% e
. 8

TR

Rg=0 ° o
Figure 3.21: Transformation direction for weld pool shape from elliptical to teardrops.

The mechanism of elongation at this point is attributed to the angular
relationship between the direction of weld travel speed and heat flow at the S—L

interface relative to the fusion boundary. See Figure (3.22).

R=0

R a

»> VW

S—-L interface

Figure 3.22: Travel speed and Elongation mechanism.

This relationship gradually changes from perpendicular in-case of elliptical
weld pool shape to parallel upon moving toward the centerline. This results in

considerable competitive growth along the solidification front. The formed
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shapes of weld solidified structure are always either a cellular or dendritic

shapes, as shown in Figure 3.23.

Low alloy base material

Grain growth
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Grain growth—
zone

High alloy base material

Figure 3.23: The formed shapes of weld solidified structure are always either a cellular or

dendritic shapes.

This is because at the fusion boundary, (GL) is the steepest or higher of
anywhere along the S—L interface since heat flow into the surrounding base
metal is most efficient at this point, while (R) is very low since the angular
relationship is ~90°, that means perpendicular to each other leading to formation

a planar solidification front (Compare Figure 3.23 with 3.10).

However, after crossing short distance from the fusion boundary, the planar
front converts to cellular and dendritic modes because of combination effect of
a decrease in GL and an increase in R (Compare Figure 3.23 with 3.10). So, it is
concluded that travel speed during welding and (R) rate are always equivalent at
the weld centerline, which progressively decreases upon moving along the S—L

interface toward the fusion boundary due to high GL.
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3.a.8.1.2 Macroscopic Mechanism of weld solidification

(producing solidified grain boundaries).

From a solute re-distribution standpoint, nucleation in fusion welds is
dominated by epitaxial growth from the surrounding base metal. The
thermodynamic driving force required for epitaxial nucleation is very low, and

essentially, no undercooling is required for nucleation to occur, Figure 3.24.
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Figure3.24: A sketch shows the mechanism of continuing growing grain boundaries (GB) in
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The newly formed grains maintain the same crystallographic orientation as
the base metal grains from which they nucleate. As a result, grain boundaries

are continuous across the fusion boundary.

Sl a5l pall 4ndlal) o 53l o sgamiall e galally Tomall Gl Ganall (e Al Lty o jgeaiall il galall b (3lal)
suaall AlCaial) sl Gl Gany (S aslhe e 2 il el Y1 L s o g 4dlal 5 lan (uilaia pad) Galaill 4y sladl)

o yaiue iyl 3 san 1] At Aie Galail) Cuaa A (b aeal) s (5 bl olasT i 5 sl olasl i 2als
JL@.&A.IY‘ g yo

In fcc and bece metals, which constitute the bulk of the engineering alloys
that are commonly welded, solidification occurs preferentially along the cube
edge, or <100> directions. These are sometimes called “easy growth” directions
because solidification is most efficient in these orthogonal directions. This
growth direction is maintained as long as the solidifying grain remains in
contact with the S—L interface or until it is grown out of existence by adjacent
weld metal grains that are more favorably oriented. This latter phenomenon is

called “competitive” growth.
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The boundaries between these grains are defined as ‘Solidification grain
boundaries- SGBs’. The concepts of epitaxial nucleation and competitive
growth are illustrated in Figure 3.25.
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Figure 3.25: The macroscopic concepts of epitaxial nucleation and competitive growth

for welds.

Because of epitaxial nucleation and growth grains solidify along easy growth

directions at the trailing edge of the weld pool.
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Base metal grains in polycrystalline metals are normally randomly oriented,

and the resulting fusion zone grains will adopt the same degree of mis-
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orientation. Growth is most favorable along the heat flow direction or,
conversely, perpendicular to the temperature isotherms at the S—L interface.
These isotherms run roughly parallel to the S—L interface. Grains are most
favored whose growth direction is most nearly perpendicular to the S—-L

interface.
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058 Sl 51 alalll 5l o ol s e Jimie () 5Sa Wlle pail el 5 saill b 4l skl i 5
o) gy a4 ) giall 0l yuaill o2 Jiliadl g liall e Al daad) die 45 3) giall o ) jall da ja e (g0 e
e alate L5 L paill slatl ) abimial clapad) Ll g cileal) (s Gl i) el &y 5) 5 4 s

il g ablall e Jialal) Jasl)
3.a.8.2 Microscopic Aspects of Weld Solidification.

The microscopic estimation of weld solidification is defined as
understanding the nature of boundaries (interfaces) in the fusion zone, since
many of the defects associated with this region during fabrication and service,
are associated with these boundaries.
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Microscopically, there are three type of boundaries observed as in Figure

3.26. They are (SSGB), (SGB),(MGB). These boundaries have different

microstructures represented by the formation and solute re-distribution of
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solidification sub-grains, such as cells and dendrites. As described deeply
below.
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Figure 3.26: Nature of grain boundaries (GB) observed microscopically in the fusion zone.
3.a.8.2.1 Solidification Sub-Grain Boundaries (SSGB).

They represent the finest structure under the optical microscope
examination. They result from formation of cells and dendrites during the
solidification process and the boundary separating adjacent sub-grains is known
as an SSGB. These boundaries are evident in the microstructure because their
composition is different from that of the bulk microstructure. There is no
crystallographic mis-orientation across the SSGB, because that sub-grains
growth occurs along preferred crystallographic directions (or easy growth
directions). Because of this, the dislocation density along SSGB is generally
low since there is not a large mis-orientation to accommodate. Examples of
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solidification sub-grains having cellular and cellular dendritic character are

shown in Fig 3.27.

Examples of boundaries in the fusion zone of a fully austenitic (fcc) stainless
Figure 3.27: Magnified Image for Solidification sub-grain boundaries (SSGB).

3.a.8.2.2 Solidification Grain Boundaries (SGBs).

They are formed from the intersection of packets ), of sub-grains or
groups, of sub-grains, resulting in a crystallographic mis-orientation across the
boundary. So, the original SGB is tortuous s siksince it forms from the
intersection of opposing cells and dendrites.
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SGBs are the direct result of competitive growth that occurs along the
trailing edge of the weld pool. See Figure 3.23.
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Because each of these packets of sub-grains has a different growth direction
and orientation, their intersection results in a boundary with high angular mis-
orientation. These are often called “high angle” grain boundaries. This mis-
orientation results in the development of a dislocation network along the SGB.
The SGB also exhibits a compositional component resulting from solute

redistribution during solidification.
sl il Al 4y ) 3 san o agiladald (8 Calise g olail elliad iyl 40d (ga a5l 038 e S O s
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3.a.8.2.3 Migrated Grain Boundaries (MGB)

They represent true crystallographic grain boundaries in the fusion zone.
These boundaries maintain the mis-orientation of the parent SGBs that they

migrated from following solidification.
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In some situations, it is possible for the crystallographic component of the
SGB to migrate away. This new boundary that carries with it the high-angle
mis-orientation of the “parent” SGB is called an MGB.
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The driving force for migration is the same as for simple grain growth in
base metals, a lowering of boundary energy.
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The crystallographic boundary can lower its energy by straightening and
pulling away from the original SGB. Further migration of the boundary is

possible during reheating, such as during multi-pass welding.
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3.a.9 Solute Redistribution (Mass Transportation).

It is described as the restriction process for the transported mass
(redistributed solute) in the solid, liquid, or both during proceeding welds
solidification, which occurs under a non-equilibrium state. The restriction
mechanism for transportation mass (solute redistribution il & 53 33ei) could
occur either through the liquid via mixing and in the solid by diffusion. See

Figure 3.28.

/\ Solid|- Diffusion
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Liquid}+ Mixing

Formation
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Figure 3.28: Mechanism’s type for mass transportation (solute redistribution) in the liquid,
solid, or both.
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Liquid mixing mechanism means occurrence diffusion within the liquid,
since distances are so small and the movement of the mass in the liquid is rapid
(Microscopic diffusion). This represented in the case of formation of cellular or
dendritic sub grains in the welds during solidification, transportation mass is
completed via liquid mixing mechanism. No solid diffusion is considered and
liquid diffusion is allowed.

Diffusion mechanism occurs via liquid at the liquid boundary with the solid
boundary in the case of allowance short range diffusion at the S-L interface.
This is because transportation mass is restricted and completed via both the
solid and liquid. However, no long range diffusion by liquid or solid could be
occurred after this step. The macroscopic and microscopic modes of weld

solidification were shown schematically in Figure 3.23.
3.a.9.1 Macroscopic Solidification for Solute Re-distribution.

During macroscopic weld solidification explained in Section (3.a.7.1)
shown in Figure 3.14, which considered the solidification front as a plane front
with cellular or dendritic modes of weld solidification, a small volume of liquid
in plane front solidification represents solute re-distribution, Figure 3.29.
Macroscopic solidification can be defined by three distinct regions:

(i) An initial transient.
(if) A steady-state region.
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(ili) A final transient.

Weld pool

Heat-affected zone
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Figure 3.29: A small volume of liquid in plane front solidification represents the solute re-
distribution.

The solute profiles shown in Figure3.30 represent an alloy with k<1.
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Figure 3.30: Macroscopic Solidification for Solute Re-distribution: (a)An initial transient: (b) A
steady-state region: (c) A final transient.

(i) The initial transient:
It represents starting solidification process at the fusion boundary where
(kCO0) solid composition is in contact with (CO) liquid composition at the S-L

interface.

Where:
kCO: Composition of the initial solid phase

CO0: Nominal composition of liquid.
As solidification proceeds, the composition of the solid phase (kCO0)

increases (for k<1). The liquid composition (CO) at the interface also increases
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since microscopic equilibrium (as dictated by the phase diagram) must be
maintained. This stage ends when the solid composition reaches CO.
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Solute profiles for the solid in the initial transient is represented by Eq.
(3.6), note that as k or R decreases, the width of the transient increases

according to Equation (a).

CQC(]{IIIR)CK]J{_'EQXC j:i ...................... (3.6)

L

Where;:

5xc= 5D/kR: Width of the initial transient....... (a)
k: Partition coefficient =(Cs/CL)

R: Solidification growth rate

Xec: distance or a ‘characteristic distance’

D.: temperature field of liquid.
(i1) Steady-State Solidification:

This stage occupies most of the solidification process under macroscopic
solidification conditions. This stage starts with ending (the initial transient)
stage. So the solid composition (C0) based on macroscopic solidification, which
formed from liquid of CO/k, based on microscopic equilibrium at the S—L

interface is considered to be the beginning point of this stage.
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The liquid in the steady-state region have been given by:

C, =C, {H ( ' —k]c,\’p[ e H ................... (3.7)
k D,

In advance of the macroscopic interface, a solute gradient is established in

the liquid of finite width, as described in Eqg. (3.7).
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Where:

Cv: Liquid composition

Co: Solid composition

k: Partition Coefficient (Cs/CL)

R: Solidification growth rate

Xc: distance or a ‘characteristic distance’

D.: temperature field of liquid

The width of this gradient is a function of DL and R and is approximately
equal to 5xc=5D. /R ............ (b)
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Note that as the solidification rate (R) increases, the width of the solute gradient
decreases according to Eq.(b).

(il1)  Final Transient

As the final liquid is consumed at the end of the solidification process, the
solid composition again rises (for k<1). This “dumping” of solute occurs over a

very narrow region, typically on the order of a few microns or less. The solute
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enrichment (<=3 in the final transient must equal the depletion ( s g
43l sf 4,343) in the initial transient. Because of this enrichment, the solidification
temperature decreases relative to the bulk alloy, and in systems that exhibit a
eutectic reaction, some eutectic constituents are formed. This solute/impurity
“dumping” effect gives rise to the compositional component of an SGB. Upon
reheating, this would be the first region in the microstructure to melt.
o dll b laall Hlanl gae s apilall gl o5 o Gaay Sledl) Jsaill 51 el JESY) als ye L anadl)
Al g 4l ana e ol 8 seadl 3 ) A o b canadill oy | 581 QL) Al e
Aliay piied oda () ST lenat¥) Algndl 4SS Y1 il Sall lany | leai¥l Alpus (gl 4SS gl el gy a1 55
Ol salef e saaniall gy sl o gastlagiy oSl S ja 8 g ) daanse Gadl il L 0 5S0 F Sa il
(bl il e desiall 8 4puS il il 3l Sl a3 () 5S35 (o g
An example of solute redistribution mechanism along the grain boundary as
solidification proceeds (again for the case of k<1 is shown in the Figure 3.31.
The schematic shows models of Macroscopic weld solidification for solute
redistribution at the trailing edge of the weld pool and along SGBs. This results
in the formation of low-melting liquid films along these boundaries that can

potentially promote weld solidification cracking.

A-A

c-C

Solute profiles during formation of a solidification grain boundary, assuming k<1

Figure 3.31: Models of Macroscopic weld solidification for solute redistribution at the trailing
edge of the weld pool and along SGBs.
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3.a.9.2 Microscopic Solidification for Solute Re-distribution.

Solute redistribution under microscopic conditions is quite different than
those during macroscopic solidification, since complete mixing in the liquid is
considered. This requires that the liquid composition remains constant
throughout the process, while no diffusion is allowed in the solid. The
composition of solid and liquid in contact at the interface is dictated by
microscopic equilibrium and is determined by the phase diagram.
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Complete mixing is considered because distances are short and rapid
diffusion in the liquid eliminates any another solute gradient, in another words,
prevent growing up any another solute may be available in the liquid. This form
of solute redistribution is represented by sub-grains of cells and dendrites

solidification and predicts solute profiles across SSGBs.
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A schematic for solute redistribution during microscopic solidification is

shown in Figure 3.32.
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Figure 3.32: Microscopic solidification considering no solid diffusion and complete mixing in the
liquid.

The equation for describing the composition of the solid as a function of the

solute distribution coefficient, k, and the fraction solidified, fS, under non-

equilibrium lever law condition for welds is as follows (3.8):

Solidification begins at the tip of the cell or dendrite and proceeds until

solidification is complete at the cell/dendrite boundary.
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The initial solid to form is of composition kCO. The solid composition
gradually increases outward from the cell core and then rises rapidly at the

conclusion of solidification.

In systems that exhibit a eutectic reaction, this may result in the formation of
eutectic constituents along the sub-grain boundary. This relationship can be
useful in determining the fraction eutectic in eutectic systems where the solute
level is less than CSmax. Since the amount of eutectic constituent can influence
solidification cracking resistance, this relationship can be used to predict the

weld-ability of some alloy systems.

Although solid diffusion is not considered in Equation 3.8, it can be
considered under microscopic solidification conditions by the addition of an a-
factor to the equation. a- factor is difficult to determine especially at elevated

temperature.

However, in systems that contain fast diffusing elements such as carbon and
nitrogen, diffusion in the solid must be considered in order to accurately
approximate the solute gradients and microstructure evolution during

solidification.

3.a.10 Examples of Fusion Zone Microstructures.

The fusion zone microstructure can vary depending on composition and

welding process. This section demonstrates the microstructure of fusion zone
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(FZ) which is observed microscopically for a number of common material
systems.

Steels are including plain-carbon and low-alloy steels mostly, solidify as
bcc ferrite (delta ferrite) and transform to austenite almost immediately upon
cooling below the solidification temperature range. The combination of
solidification as ferrite and transformation to austenite on cooling tends to
eliminate any evidence of the solidification substructure. In addition, these weld
metals transform to lower-temperature products (ferrite, bainite, and martensite)
upon cooling below the upper critical temperature (A3). The resultant fusion
zone microstructures show evidence of a columnar solidification pattern, but

SGBs and SSGBs are not observed. Examples of the fusion zone microstructure

in two such steels are shown in Figure 3.33.

(b)
-

FUSION ZONE

Fusion zone microstructure of (a) plain-carbon steel. (b) low-alloy steel.

Figure 3.33: Fusion zone microstructure of (left) plain carbon steel, (right) low — alloy steel.

Stainless Steels: when steels solidify as fcc austenite, the solidification
substructure becomes more apparent, as already shown in the austenitic

stainless steel fusion zone in Figure 3.34.
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Examples of boundaries in the fusion zone of a fully austenitic (foc) stainless  steel.
Figure3.34: Fusion zone microstructure the austenitic stainless steel.

Other alloy systems, such as Ni-base, Cu-base, and Al-base alloys, also

solidify as an fcc phase and exhibit distinct solidification substructure, as shown

n Figure 3.5. &

Representative fusion zone microstructure of different alloy systems: (a) Ni base, (b) Cu base,
Figure 3.35: Fusion zone microstructure; (left) NI base; (right) Cu base.

This occurs since diffusion is relatively slow in the fcc phase relative to bcc,
and the original solute segregation patterns established during solidification are

preserved.
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In some aluminium alloys a twinning phenomenon can occur following

solidification, giving rise to what are described as “feather crystals” in the

fusion zone microstructure, Figure 3.36.
FUSION ZONE

(Continued) (c) Al base, and (d) Al base with twinned crystals.
Figure 3.36: Fusion zone microstructure in AL alloys: (left) Al base; (right) Al base with

twinned crystals.

3.b Transition Zone (TZ)

It is located between the fully mixed weld metal (fusion zone) and the base
metal (unaffected zone and heat affected zone) in heterogeneous welds only.
There are two cases for this region, the first (TZ) is not apparent clearly,

because a small difference in composition between the base and filler metal. So,

the microstructure and properties relative to the base and filler metals exhibit no

differences or close microstructure.
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While in the second case (TZ) is apparent clearly, because a big difference in
composition between the base and filler metal. So, the microstructure and
properties relative to the base and filler metals exhibit differences.

Figure 3.37 presents a schematic for (TZ).

Weld metal The structure of a weld joint is not
homogeneous, consisting of several
different structures macroscopically.

A
v A AT

Unaffected zone Heat-affected zone Weld interface

Base metal

Figure3.37: Transition zone (TZ).

3.b.1 Examples of Transition Zone Microstructures.

(i)Alloy Type 308 Austenitic Stainless Steel
Carbon steels cladded with Austenitic stainless steels. The purpose is for

corrosion protection during solidification welds.

cooling to room temperature causes transformation the formed Austenite in
(TZ) to Martensitic structure leading to formation a narrow band of martensite
close to the fusion boundary.

This bands cause increase the hardness for as-welded regions much more
than the base metal or composite fusion zone.
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So, for further services this situation would be demanded to subject for some
type of heat treatment to make the whole properties of the weld regions

homogenous. See Figure 3.38.

Ferrite + |/{ i
austenite l_f). 4

S 1 5

Transition zone in carbon steel clad with Type 308L austenitic stainless steel.

Figure 3.38: Transition zone microstructure in carbon steel clad with austenitic stainless steel
type 308L.

(i) Steel type AISI8630

Post weld heat treatment (PWHT) applied, for using Ni-base alloys (625) to
join or clad steels A1S18630 During welding or cladding process.

A planar growth region appears at the fusion boundary within the TZ, This
planar growth region transforms quickly to cellular and cellular dendritic
solidification due to the high amount of (Ni), so the (TZ) here have Austenitic

structure (fcc), same its structure when it was formed at elevated temperature
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due to its stability. So, no possibility for martensite (ferrite) formation at this
region.

However, due to subjecting the (HAZ) in (Steel type AISI8630) to some
type of heat treatment called (pre-weld heat treatment/ PWHT) in order to
increase its hardenability, carbon migration occurs from the steel to the fusion
boundary region at the interface near the clad region or planar growth region.

This cause decrease carbon amount in steel and increase it in the clad region
at the interface, leading to form Martensite structure (ferrite) in the clad region
at the interface, and a band of hard Austenitic structure in the planar growth

region of the cladding or Ni alloy. See Figure3.39.

Transition zone between AISI 8630 steel clad with Ni-base Alloy 625 after PWHT:
(a) penetration of weld metal down the grain boundary, (b) carbon-depleted zone,
(c) planar growth region, and (d) cellular growth region. (From Ref. [23]. ©@ Springer)

Figure 3.39: Transition zone microstructure in the weld joint of AISI 8630 and Alloy 625
stainless steel.
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3.c Unmixed Zone (UM2Z).

It is the narrowest region in the whole fusion zone, located adjacent to the
fusion boundary, considered a negligible zone because it is difficult to be seen
and always associated with heterogeneous welds, where the relative
compositions and physical properties of the base and filler metals are quite
different. See Figure (3.40).

Ge OY alogall shaliall e iini s lenai¥) agan )l s dndl 5 5 LeleSl jlgnai¥) dikia Gara (Gpal) 4ikiall e
LS 55 b ol ol DAY e ) ailaie il il gall) oy sSile LWe (a5 L a5l Ly ) annal
o sdall Game s el Ganall 4 5 5l Lgaal 535 (Sl

(UMZ) possible to be existed in the autogenous and homogenous welds due
to evaporation or contamination effects which may cause slight differences in
the composition of the adjacent weld metal compared with the filler metal.
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For some dissimilar combinations, the mechanical properties or corrosion
properties of the UMZ can be significantly different from those of the base and
filler metals causing cracking or localized corrosion.
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Theoretically, UMZ forms in every fusion weld near the fusion boundary at

(S-L interface) represented by some finite thickness of a stagnant liquid layer.
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While it is practically unseen as its microstructure is similar to that of the bulk

fusion zone.
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Figure 3.40: The microstructure of (Unmixed zone) in different alloys.
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3.c.1 Factors Affect Formation unmixed zone (UMZ).

The size and nature of the UMZ can vary depending on a number of

material and process variables as below:

- Large differences in the composition of base and filler metals may result in

important differences in melting temperature and fluid properties.

- Base metals with a higher melting temperature than the weld metal is probably

more susceptible to formation UMZ.
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-Differences in fluid viscosity may also be important. For example, if the
molten base metal is more viscous than the weld metal, the UMZ is less likely
to be disturbed.
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-The ability of the two fluids to mix, may also influence UMZ formation.
-The type of welding process, such as high energy/density processes almost
never cause formation UMZ, due to low heat inputs.
Both fluid flow in the weld pool and the temperature gradient along the

fusion boundary have an important influence on UMZ formation.
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If fluid flow is vigorous,s 58 the UMZ would be stirred sla3l 45 jall alewinto the
weld metal.
If fluid flow is sluggish (=, this would form a distinct UMZs.
The temperature gradient at the fusion boundary can influence the width of the
UMZ, since it affects the distance over which the base metal is molten.
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3.d Partially Melted Zone (PM2)

It is a transition region between 100% melting in the fusion zone (UMZ at
the fusion boundary) and the 100% solid region of the weld (HAZ).
In a pure metal: (PM2Z) is existed because there is no liquid-solid
temperature range.
In an isotropic(Jiis) alloy: (PMZ) is existed represented by the temperature
range between the solidus and liquids points.
This is due to non- occurrence of segregation (J—é 4.l or local variations
(4:da)s <l ~af) in the composition of such those types of alloys.
For most alloys: (25-100) ° C range of temperature is narrow in most iron-

and nickel-base alloys, so (PMZ) would predict to be a narrow zone.
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3.d.1 Factors Affect (PMZ) Extension.

In most engineering alloys, segregation of alloying and impurity elements
increases the solidus (effective) melting temperature range of the base material.
The temperature ranges between the liquids and solidus temperatures is

generally used to describe the extent of the PMZ.
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There are a number of factors that increase the magnitude of this extension

by promoting liquation reactions under non-equilibrium thermal conditions.
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(PM2) in isotropic alloys would simply represent the temperature range
between the solidus and liquids on the phase diagram.
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Solute and impurity elements are distributed non-uniformly in the base
metal, and further segregation may occur during the weld thermal cycle (heating
and solidification). The net effect is that local variations in composition in the
HAZ adjacent to the fusion boundary will promote melting at temperatures

below that of the bulk microstructure.
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Concentration of alloy and impurity elements are typically gathered along
the grain boundaries more than its interiors resulting in lowering in melting
temperature of the grain boundaries compared to that of the bulk material, so
these boundaries will generally melt at lower temperatures than the bulk
microstructure during heating the base metal surrounding the weld.
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Figure (3.41) shows the grain boundary melting phenomenon. The amount
of melting depends on the nature and degree of segregation represented by
orange colour, while the extent (distance from the fusion boundary to the depth
of the hole) depends on the temperature gradient, which pointed out by either to
be shallow or steep.
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Specific particles or precipitates may undergo a phenomenon called
“constitutional liquation” whereby the constituent particle reacts with the

surrounding matrix resulting in interfacial melting.
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Ilustration of local melting along grain boundaries in the PMZ associated

with the temperature gradient in the solid.
Figure 3.41: Grain boundary (GB) melting phenomenon.

3.d.1.1 Basic Liquation Mechanisms.

Penetration Mechanism (Jalxill 4ual3), requires both a liquation
phenomenon and grain boundary motion. It occurs through discrete or localized
liquation phenomenon. Discrete Liquation, includes an interaction between the
liquated region in the zone and the mobile grain boundary, this would help
penetration the liquid and spread it along the grain boundary. Figure3.42 shows
a constitutional liquation case and a simultaneous boundary motion. When the

boundary encounters the liquated region surrounding the particle, it would be
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pinned and inhibits further motion. Depending on the wetting characteristics of
the liquid/ boundary combination, the liquid may then penetrate along the
boundary resulting in formation grain boundary liquid films, which is located in
the PMZ for some alloys.
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Penetration mechanism for PMZ formation.

Figure3.42: Constitutional liquation case and a simultaneous boundary motion

Localized Liquation: it includes an interaction between the liquated region in
the zone and the grain interiors. It has less deleterious than liquid spreading

along the grain boundary.
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3.d.2 Mechanisms to Form (PMZ2)

Localized melting in the PMZ may occur via undergoing to incipient
melting (s Jle=i) phenomenon, which occurs at the grain boundaries for
welds. This phenomenon has high thermal energy sites which combine with the
energy of the grain boundaries to contribute to allow melting at a temperature
below bulk melting. So this incipient melting (s J'«<) phenomenon

represents PMZ
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Localized melting in the PMZ may occur via formation inter-dendritic
modes of welds solidification in the cast materials when subject to welding. The
inter-dendritic modes melt at a lower temperature than the matrix because they
are dictated by the melting temperature of the inter-dendritic region. So, PMZ
would be formed.
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Localized melting in the PMZ may occur via formation local compositional
banding in some cast materials, after subjecting them to thermomechanical
process such as directional rolling operations. Because the compositional

banding causes fluctuations in the compositions, hence fluctuations in their
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melting temperature during welding thermal cycle (Section 2.1). This
fluctuation cause fluctuation in formation PMZ. So, the lower melting point of
these fluctuated composition, the PMZ is represented.
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Localized melting in the PMZ may occur via formation “constitutional

liquation phenomenon” shown in Figure 3.43, which occurs in some materials.
This phenomenon occurs in welding’s situations as it needs rapid heating rates
to enable the conditions of thermal transition at the interface between the
particle/matrix in the weld region. The SEM photomicrograph in Figure shows
constitutional liquation.
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Constitutional liguation associated with Ti-rich MC carbides in a Waspaloy hot
ductility sample heated to a peak temperature of 1300°C (2370°F)

Figure3.43: Constitutional liquation phenomenon.
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3.d.2. 1 Segregation Mechanism (J«ail) si Jja) duald).

Localized melting in the PMZ may occur along grain boundaries via
“Segregation mechanism”’.
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It means segregation solute or impurity elements at the grain boundaries
leading to liquation in an appropriate temperature field. Gathering impurity
along grain boundaries increase impurity concentration leading to reduce in the
melting temperature relative to the bulk composition. This represents the PMZ,
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There are at least three segregation mechanisms:

1- Gibbsian segregation, grain boundary consists of numerous sites of
arrays of dislocations. This sites of dislocations could capture atoms that
naturally diffuse or segregate into it causing reduce in the free energy of
the system. This represents the primary driving force for the type of
segregation known as “Gibbsian” segregation. This represents appearance
PMZ here at this point.
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2- Grain Boundary Sweeping, possible for the atoms which have a high
affinity for boundaries or surfaces in the weld zone to be swept up by
grain boundary movement. This causes an increase in the concentration
of solute or impurity atoms. So, it becomes more difficult for the
boundary to “drag” these atoms along, leading to either the boundary
slows down, or it may break away, leaving a solute-/impurity-rich region
behind. This latter effect may result in the formation of a “ghost” grain
boundary. When the solute/impurity concentration reaches some critical
level in a given temperature field, the boundary will melt. The extent of

this melting will define the bounds of the PMZ.
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3- Pipeline diffusion (Figure 3.44), the grain boundary represents a fast
diffusion path. Because grain boundaries are continuous across the fusion
boundary due to epitaxial nucleation and growth, a natural grain

boundary pipeline from the fusion zone into the HAZ is created.
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In the fusion zone, solute redistribution along the SGBs results in a high
concentration of alloying and impurity elements (for k<1) in close to the HAZ.
Diffusion of these elements along the grain boundary pipeline into the HAZ can
result in significant enrichment of the HAZ boundaries and promote grain
boundary melting. Grain boundary diffusion can be quite rapid. As a result,
solute gradients created by solidification in the fusion zone can promote

segregation along the grain boundary pipeline into the HAZ.
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Schematic of pipeline diffusion across the fusion boundary.

Figure 3.44: Pipeline diffusion across the fusion boundary.
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3.d.3 Examples of PMZ formation

Austenitic stainless steels can also form a PMZ, as shown in Figure 3.45.
The arrows in the Figure indicate the presence of a liquid film that was present
along the boundary at elevated temperature. This melting occurs due to the
segregation of impurity elements (S and P) to the boundary.
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The formation of ferrite along these boundaries will suppress liquation in

these alloys, since it is difficult for liquid films to wet austenite—ferrite

boundaries.
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PMZ formation in stainless steel, Type 304

Figure 3.45: Formed PMZ in stainless steel, Type 304.
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3.e Heat Affected Zone (HAZ)

HAZ separates the PMZ from the unaffected parent (base material), Figure
3.4. All reactions in the HAZ occur in the solid state. No melting or liquation
reactions occur in this region. Microstructure evolution in the HAZ is complex.
(HAZ) undergoes to one or more of metallurgical process such as
recrystallization, grain growth, phase transformation, dissolution/ averaging of
precipitates, precipitate formation, residual stresses and stress relaxation. There
are two types of (HAZ), wide and narrow regions.
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Microstructure of (HAZ) is affected by composition and thermal factors,
such as material type, type of heat treatment condition prior welding, welding
condition, e.g, amount of heat input and flow. Because during welding, rapid
heating and cooling for metals which is dictated by the equilibrium phase
diagram may cause formation new phases in the HAZ while disappear others

not predicted in the phase diagram as a result of different reactions in this zone.

3.e.1 Factors Affect (HAZ) Width.

1- Heat input and heat flow conditions can influence the dimensions and nature

of the HAZ.
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2- (HAZ) dimensions are controlled by the temperature gradient from the fusion
boundary into the surrounding base metal.
3-The nature of the metallurgical reactions that occur over that temperature
range.
- If Heat Input is low and/or Heat Flow is Effective: a narrow HAZ will
result, since less heat is introduced into the weld.
- If Heat Input is high and/or Heat Flow away from the weld is restricted, a

wider HAZ will result.

3.e.2 Metallurgical Process in (HAZ).

The microstructure in (HAZ) undergoes three main process to change.

First process -Recrystallization and Grain Growth Processes, Figure 3.46,
during the period of weld solidification, the microstructure of (HAZ) becomes

softened. Recrystallization and grain growth in the (HAZ) occur in three stages:

First stage, Recovery: Re-arrangement of dislocations reduces the internal
energy, result in formation a cellular dislocation structure that produces strain-
free regions in the structure. The Strain-free regions act as nuclei for newly
formed grains. Formation a cellular dislocation structure has a little effect on the

strength or ductility of the material.
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Second stage, Re-Crystallization: dislocations are prohibited as the strain-free
nuclei grow. These nuclei become new grains and continue to grow and
consume the previous, highly dislocated microstructure. This results in a
dramatic decrease in strength and hardness, with a corresponding increase in
ductility.
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Third stage, Grain Growth: continues with additional time or temperature
leading to an increase in the grain size and hence, reducing grain boundary area,
which produces reduction in the overall grain boundary energy. This process
gradually slows down as the grains get larger. The increase in grain size beyond
the recrystallization stage results in a further decrease in strength.
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This is often referred to as the Hall-Petch effect, where yield strength (oy) is

related to grain size by the following relationship:

Oy = 00 + ky/ d1/2 ..................... 39
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Where

o0 : material constant for the starting stress for dislocation movement (or the
resistance of the lattice to dislocation motion).

ky : Strengthening coefficient (a constant unique to each material)

d : average grain diameter.

Recovery Recrystallization Grain growth

—_—

Strength or hardness

e ~—

Temperature or ime

Change in strength (hardness) as a function of recrystallization and grain
growth of cold-worked materials.

Figure 3.46: Recrystallization and grain growth in (HAZ).

Second process, Allotropic Phase Transformations e jaiall 43 ) shall &Y gail)

Allotropy means that the metal could take on different crystallographic
forms as a function of temperature. These differences in the crystallographic
forms effect on material strength. A number of metals undergo allotropic
transformations especially iron and titanium. When this type of metals subject

to welding, this transformation would effect on HAZ spans. For example, in
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steels, because the HAZ spans a very large temperature range from the solidus
to the lower critical temperature (Al), a variety of microstructures can result in
these materials due to allotropic transformations.
A0 (G Jleai¥I 45 )l pa A 5d e S (501 e (I ey ol jally o Sl adlaiall (¥ il
el Y gl Canss amall (e 5l 108 Leatiy o) (S 4dlid 4y jeme aS) 3 alkal ll da jall 5 ) el
Also, Titanium alloys, the region of the HAZ heated above the alpha (hcp)
to beta (bcc) transformation temperature (beta transus) will exhibit a

microstructure very distinct from the base metal.
g (Db U - sk W) G ) sl e (Aot ) dstsall o ) jally o iliall adlaial) o guilil) Slilal
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Other systems that undergo allotropic transformations include the duplex
stainless steels and some copper alloys. Nickel and aluminium alloys are not
allotropic(d s>l 3_pbie Cud o piad¥) 5 Jual) eliln)
Third process: Precipitation Reactions,
Mechanism used for strengthening many types of engineering alloys, e.g.,
Al and Ni-base super-alloys.
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During welding, these precipitated alloys are possible to dissolve or modify

on heating in the region where HAZ is formed with cooling.
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However, (HAZ) might soften due to averaging reactions, which results
from growing the precipitated zone rather than dissolution below solvus
temperature (critical temperature).
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Precipitation degree has effects on the (HAZ) properties such decreasing the
strength. So, a PWHT heat treatment required to be given to the welds in order
to recover the strength lost in the HAZ during welding. This can consist of a full
solution heat treatment to dissolve all the precipitates and homogenize the

structure, followed by aging or a simple aging treatment.
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3.e.3 Examples of HAZ Microstructure

In a fine — grained stainless steel Type 304L, the HAZ at grain growth
stage, where the grains are larger than those of the base metal at about an order
of magnitude as seen in Figure 3.47. Also, the HAZ is softer than the base metal
and weld metal compared with the base metal due to the Hall-Petch effect. The

fusion boundary is indicated by the arrows.
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Figure 3.47: Microstructure HAZ in stainless steel Type 304L.
Figure 3.48 presents undergoing an even more dramatic change in the
microstructure of HAZ of a carbon steel. The HAZ adjacent to the fusion
boundary represents the CGHAZ and exhibits large prior austenite grain size
and a microstructure consisting of a mixture of martensite and bainite, while the
base metal consists of a mixture of ferrite and pearlite.
So, in as-welded condition, this microstructure would exhibit high hardness

and would generally require a tempering heat treatment to restore ductility and

toughness properties.
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HAZ of a carbon steel in as-welded condition.
Figure 3.48: Microstructure of HAZ in carbon steel.

4. Welding Zones (Solid-State Welding).

The heating generates by producing friction through the parts need to weld.
It requires a combination of heat and deformation to produce a sound weld
between the parts need to weld at the interface. No occurrence for melting and

solidification during solid-state welding.

Two distinct regions can be identified, which are (i) Heat and Deformation

Zone, (i) T-HAZ.
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There are a number of non-fusion welding processes, e.g. friction stir

welding (FSW), diffusion welding (DW), explosion welding (EW), Ultrasonic

welding (UW).

Solid State Weld Zones

Heat & Deformation Zone

Thermal (T-HAZ)

Solid State Welding Types

FSW

DW EW Ultrasonic W

Figure 4.1: Sketch for solid state welding zones and types.

4.1 Friction Stir Welding

Bonding relies on the frictional heat of a tool rotating between the two

pieces to be welded. The friction heats the material to a temperature where it

flows easily and the butting pieces are joined by this metallic stirring action. No

melting takes place and solid-state joint is formed with and a high integrity,

Figure 4.2. Three distinct regions can be identified,

(i) Stir zone (weld nugget): the region that consumes the original joint. Metal

Is heated under the shoulder of the tool and is moved around the tool

from front to back by the rotation of the tool. The end of the tool,

called the pin (or probe), will sometimes have features machined into

it that facilitate material flow in the stir zone.
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(i) Thermomechanical affected zone (TMAZ): the region surrounding the
stir zone where some metal flow occurs. Minor recrystallization is

often observed in this region.
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(ili) HAZ of a FSW is analogous to that in a fusion weld—only the heat

source is different. The HAZ of FSWs often exhibits the same

metallurgical reactions as fusion welds.
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Sufficient downward force to
maintain registered contact

¢

. _ Retreating side
Joint — /

of weld

Leading edge

~g-
of the rotating —_
tool
!
Shoulder -~ 7

Advancing side
of weld

Trailing edge of
the rotating tool
Probe

Schematic illustration of friction stir welding.
Figure 4.2: Friction Stir Welding (FSW).
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4.1.a Parameters for successful Friction stir welding (FSW) welds.

(i) Determination the stir characteristics of the material used in (FSW). This
is determined by material’s followability at elevated temperature,
which facilitates the welding by (FSW).

(i)Considering tool performance, which is always used in (FSW). This is
determined by stirring temperature required to achieve welding. For
example, requiring higher stirring temperatures to weld materials such
as steels or stainless steels alloys could cause tool wear leading to
significant changes in the microstructure of the stir zone, TMAZ, and

HAZ relative to the base metal.
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4.2 Diffusion Welding.

Heating two components with long time to elevated temperature while in an
intimate contact.
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Conducted in vacuum or protective atmosphere to prevent oxidation at the
interface.
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Pressure is applied with sufficient magnitude to promote some local
deformation at the interface.
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4.2.a Mechanism of Diffusion Welding.

The intimate contact has flat surfaces for both parts, while microscopically
appears rough in the form of “Asperities” that limit complete interfacial contact,
as shown in Figure 4.3.
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This roughness undergoes high local stress when the two surfaces are
subjected to a moderate load. This is because roughness area should support the
entire applied load (F) due to stress concentrations phenomenon. As a result of
this high local stresses, the roughness areas sustain elastic (temporary) and
plastic (permanent) deformation. Once the material is plastically deformed, it
would not be to return back to its original shape. So, welding would occur

through plastic deformation.
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Microscopic features of a diffusion weld interface prior to bonding.

Figure 4.3: Diffusion welding mechanism.

4.2. b Conditions for A Satisfactory Diffusion Weld.
(i) Mechanical intimacy of the faying surfaces
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(if) Disruption and dispersion of surface contaminants (oxides).
ANV = ghanad & gl s A apulSY) it

This leads to no distinguishing features at the bond line would result, e.qg.
presence of some oxides at the bond line.
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The presence of composition gradient at the inter-diffusion zone in- case of
welding dissimilar metals. This may lead to the formation of intermetallic
compounds.
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This is achieved through the following stages, Figure (4.4):
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Stagel. Deformation of roughness. It is temperature and time dependent(Creep).
Stage2: Boundary migration, recrystallization, and pore size reduction.
Stage3: Bulk diffusion phenomena includes oxide and contaminant dissolution

and further pore size reduction.

N |5t stage deformation
Asperilies come and interfacial boundary

formation

into contact.

2nd stage grain ird stage volume
boundary migration diffusion pore
and pore elimination elimination

Principles of diffusion welding.

Figure 4.4: Conditions for Satisfactory diffusion weld.
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4.3 Explosion Welding.

A form of impact (or collision) welding that can be used to join
metallurgically incompatible materials and/or apply cladding to the surface of a
material.
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The explosion weld forms almost instantaneously, meanwhile eliminate

most metallurgical reactions, such as the formation of embrittling intermetallic

phases.
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4.3 a Mechanism of Explosion Welding.

Detonator

|._|- Explosive

Standoff
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Base B S 0 S 2 S FF P 5,

component
Explosion welding setup.

Figure 4.5: Explosion welding setup.
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Figure 4.5 shows a typical setup for explosion welding. The collision
between the components generates kinetic energy that produces local melting,
vaporization, and possibly plasma formation.
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Most of the liquid and vapor is expelled from the joint by a strong jet action at
the interaction point.
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This “jetting” action removes oxides and other contaminants from the surface
and produces metallurgically clean interfaces that are easily bonded.
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4.3.b Welding Zones in Explosion welding.
(i) Bond line of an explosion weld has a wavy appearance line can be seen
using metallographic techniques. Melting region lies at the tip of the wave
ol i e a5 40 ailaial) gz gen selae 4l 5 el Alall alailY) as
(ili) The HAZ of explosion welds is extremely narrow and often
undetectable. las 4iuzm o ) all o Sl 43l

5. Weld Cracking

Occurs due to the metallurgical nature of the weldment. There are three
types of cracking, hot cracking, warm Cracking, cold cracking. Figure 5.1

presents a schematic for the three types of cracking occur in weldment.
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| 1- Hot Cracking (Fusion Weld Cracking) |__ Weld CraCking | |3 C?Eyi:i;'::ginduced ——

I Weld Solidificamion Cracking | | 2- Warm Cracking (Solid state welding)

| Liquation cracking

| Ductility Dip Cracking (DDC) |

| Strain — Age Cracking

| Reheat (OR) Post Weld Heat Treatment (PWHT) cracking

| Lamellar (Delamination cracking)

I Copper Contamination Cracking

Figure 5.1: Schematic for the main three types of cracking occur in weldment.

5. 1 Hot Cracking (Fusion Weld Cracking).

Refers to the presence of liquid film in the microstructure of the fusion zone
(FZ), (PMZ), and (HAZ) during fabrication. Liquid films is formed along grain
boundaries (GB). The liquid films may be kept to temperatures below the
equilibrium solidus temperature of the bulk alloy, thus extending the
solidification range of the alloy to the “effective” solidus temperature.
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Hot cracking has two profiles, which are weld solidification cracking and

liguation cracking. See Figure 5.1.
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5.1.a Weld Solidification Cracking.

Results from the thermal or mechanical imposed restraint (strain) and the
crack susceptible microstructure. The crack-susceptible microstructure results
from the persistence of liquid films along solidification boundaries in the weld
metal. Cracking can often be eliminated by reducing the level of mechanical
restraint. For example, joint geometries or weld parameter changes that alter the
weld bead size and shape are often effective in eliminate cracking.
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5.1.a.1 Reasons for Weld Solidification Cracking.

(i)  accumulation non-uniform strains within the line of the grain
boundaries of the structure leading to formation a bridge between
solid-solid causing cracks or initiation of a crack point. These strains
resulted from gathering high local strains over the bulk material while
it is being solidified.
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(i)  Cracking occurs due to separation of liquid films at the SGBs along
the grain boundaries causing formation dendritic cracking, flat
cracking, or Inter-granular cracking, «xusll UAlisolid-state fracture.
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(ili)  Cracking occurs due to losing the material its ductility while subjects
to a range of brittle temperatures resulted from thermal or mechanical
stresses, or elevated temperature during welding, causing induced
local strains.

S Ao 5l 4SiilSie Glalgal (e 4a3l Adia o)l ja Sla o e () (2T a5 Lebidaal salall Glad

Agad ge OVl 2 5 e Cnll Lssa alalll B8 o) jall s 2 plés )l
(iv) Cracking occurs due to the dominant effect of composition metals or
alloys on the solidification behavior of welds.
e galal) deat gl e clibuadl ol Lgalad ol yall alaall (5 paabiall (a5l Qe 300 sy
(v) Cracking occurs due to unavailability of sufficient amount of liquid
film in the weld grain boundaries or within it required to wet grain
boundaries lines during weld solidification. Liquid wetting
characteristics in the structure during weld solidification encourage

healing cracks, increase or decrease their amount.
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5.1.a.2 Factors Encourages Susceptibility to Weld Solidification

(i)

Cracking.

Composition affects directly on the behavior of weld solidification,
initiation and elimination cracking. All the elements present in the
mixture must be considered when attempting to predict weld
solidification cracking susceptibility. An example shown in Table
(5.1), shows the effect of composition on formation weld
solidification cracking. For example, steel alloys have Sulphur with
carbon content over (0.08wt %) have a deleterious effect, (Si) with
(Mn) have a beneficial effect, (Mn) reduces the bad effect of (S) in
the compound (MnS) prior solidification in the weld pool, (Si) is
added as a deoxidizer, also improves the flow and wetting
characteristics of the weld pool. And finally, low (S+P) contents,

cracking resistance is high across the range of compositions.

Metal (s) Effect (Respond)
S&C> Deleterious
(0.08wt %)
(Si) & (Mn) Beneficial

(Mn) Reduce bad effect of (S) in
(MnS) prior solidification
in the weld pool.

(Si) Added to dioxide &

improve flow and wetting

characteristics of the weld

pool.

Low (S+P) | Highly increase cracking
contents | resistance across or within

the solidifying mixture
during thermal cycle.

Table5.1: Composition effect on formation weld solidification cracking.
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(i Grain Boundary Liquid Films, required to avoid possibly weld
solidification cracking by wetting the boundaries. As the amount of
liquid required to wet grain boundary increases, the susceptibility to
cracking decreases and vice versa. Liquation grain boundary must be
sufficient to wet the boundary at temperature below the bulk
solidification temperature. Sufficient liquation grain boundary to
avoid cracking depends on quantifying the boundary wetting
characteristics. Quantifying the boundary wetting characteristics
depends on the relative interfacial energies in alloys depending on the

type of alloys’ systems.
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In some systems, adding some alloying elements to some alloys systems
might help reduce cracking as it helps in controlling on boundary wetting
characteristics. The purpose of those additions considered the basis for design
many weld filler metal compositions.
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For example, Table (5.2) which highlights the importance of adding
impurities such as Phosphorus (P) and boron (Bu) to improve the wetting

characteristics, Silicon (SI) addition to many weld filler metals to improve
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fluidity, Sulfur (S) reduction, reduce wetting of grain boundary in many ferrous
alloys, and Oxygen (O) reduction, reduce wetting of grain boundary in many
ferrous alloys. Because, sufficient amount of liquation grain boundary help
avoids building up strains over a localized boundary film, so avoiding cracking

occurrence.
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Title: Adding alloying elements to some alloys.
Purpose: To increase wetting characteristics in houndaries. so, reduce cracking.
Application: design basts for many weld filler metal composttions.

Element (s) Purpose
P&Bu Improve wetting characteristics
(S1) added to many weld filler metals improve fludity
Sulfur (5), reduction or remove reduce wetting (GB) in many ferrous alloys
Oxygen (0) reduction Reduce wetting (GB) 1n many ferrous alloys

because sufficient amount of liquation grain
boundary help avoid building up strains over
a localized boundary film, so avoiding
cracking occurrence.

Table5.2: Effect of additions impurities on some alloys systems.

(i) Effect of restraint(uitasi¥Y) ;occurs during weld solidification due to the
negative volume change resulted from shrinkage, or contraction that
occurs during the liquid-to-solid phase transformation, weld bead
shape, properties of the surrounding HAZ and base material, the
degree of controlling weld geometry, simple changes in weld
geometry may be helpful in preventing cracking in materials that have

marginal susceptibility to weld solidification cracking, Figure 5.2.
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Qualitative Control on the weld restraint (Contraction) possible achieved by

proper joint design, Fixturing, welding process and welding parameters,

Material selection and preparation.

Bead size and placement
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Effect of weld bead geometry on solidification cracking susceptibility

Figure 5.2: Effect of weld bead geometry on solidification cracking susceptibility.

5.1.a.3 Identifying Weld Solidification Cracking.

(i) by using Metallographic Examination, used for most materials cracking
which occurs along SGBs straightforward. Unusual along sub-grain boundaries

(cells or dendritic).
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(i1) Using Scanning Electron Microscopic (SEM-Fracto-graphy), at
magnifications of 500 or higher/ Fracture surface. Used when no-evidence able
to be provided by the metallographic examination and cracking is sever. For
example, in structural steels and titanium alloys, where diffusion and elevated
temperature transformations have removed any remnants of the solidification
structure. The fracture surface of solidification cracks shows a cellular or
dendritic morphology, often described as an “eggcrate” appearance. This results
from the separation of opposing cellular or dendritic fronts along a thin liquid
film at the end of solidification.

(iii) Depending on the Fracture surface mode, self-fracture manifestation.
This is observed through a ductile or a brittle rupture fracture mode for the
metal. This is used to observe the fracture surface on solid-solid bridging, the
dendritic to flat fracture.

(i1it) Phases Identification, materials that solidify as austenite (fcc) are
generally more susceptible to solidification cracking than those that solidify as

ferrite (bcc).
5.1.a.4 Preventing Weld Solidification Cracking.

(i) Control of solidification behavior, in steel alloys, solidification as ferrite
(bce) rather than austenite (fcc), or reduction of impurity elements (S, P, and

possibly B) is helpful to improve cracking resistance.
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(if) Control of the volume fraction and distribution of liquid films at the end of
solidification, achieved by either minimizing the eutectic liquid films or
increasing fraction eutectic to the level that crack backfilling can occur because
these methods are not always straightforward. They are based on the
composition of the base and filler metals.
(ili)  Minimizing the solidification temperature range.
(iv) Controlling to Restraint phenomenon.

5.1.b Liquation Cracking.

It is a small cracking, located along grain boundaries (GB) in the PMZ
region. It has a diameter equal to diameters of 3 grains before crossing HAZ.
The cracks are inter-granular and normally are formed during cooling from peak

temperatures above the effective solidus temperature of the material.
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There are two general mechanisms that have been proposed to explain the

onset of liguation along these boundaries: Penetration mechanism, and

Segregation mechanism. Figure 5.3.
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Figure 5.3: Liquation cracking defects.
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5.1.b.1 (HAZ) Liquation Cracking.

(HAZ) liquation cracks are generally very small and undetected, occurs via
the penetration mechanism. For some alloys above critical temperature, local
liquation occurs in the microstructure in the region between fusion zone (FZ)
and heat affected zone (HAZ), where grain growth along the grain boundary
occurs through thermal driving force. The localized liquid start interacting with
the grain boundary through the thermal driving force for grain growth.
However, the liquid must be enough to wet or penetrate the grain boundary in
order to make it susceptible to cracking. The penetration mechanism for grain
boundary liquation requires both a liguation phenomenon and grain boundary
motion. When the boundary encounters the liquated particle, it will be “pinned”
and further motion inhibited. Depending on the wetting characteristics of the
liquid/ boundary combination, the liquid may then penetrate along the
boundary. This gives rise to grain boundary liquid films. The degree of
penetration depends on the temperature field, the wetting characteristics, and the
amount of liquid. An example of HAZ liquation cracking shown in Figure (5.4)
in a Type 304L stainless steel. Grain boundary melting is evident by the
widening of the boundary, as indicated by the arrows.
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HAZ liquation cracking in Type 304L stainless steel

Figure 5.4: (HAZ) liguation cracking in Type 304L stainless steel.

5.1.b.2 Weld Metal Liquation Cracking.

It is another form of liquation cracking that is specific to reheated weld
metal (i.e., multi-pass welds). Cracks’ form in very close proximity to the fusion
boundary. It is very short crack. These cracks are always inter-granular and may
occur along both SGBs and MGBs in the reheated weld metal. Localized
melting along SGBs results from the enrichment of alloy/impurity elements
arising from partitioning during macroscopic weld solidification. The HAZ in

multi-pass welds in effect contains segregated microstructure. Impurity
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segregation along MGB:s is thought to promote liquation and potential cracking
at these boundaries. An example of a weld metal liquation crack in fully
austenitic stainless steel weld metal is shown in Figure 5.5. This crack is present

along an MGB.
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Weld metal liquation crack along a migrated grain boundary in austenitic
stainless steel weld metal.

Figure 5.5: weld metal liquation crack.
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5.1.b. 3 Variables that Influence Susceptibility to Liquation
Cracking.

First, Composition, the strongest influence, changes in composition are not
a possible solution. Many base metals are already susceptible to HAZ liquation
cracking due to elements that are intentionally added. Liquation cracking due to
a segregation mechanism is often due to impurity segregation to grain
boundaries. For example, (Table 5.3), the most important impurity elements in
steel and Ni-base alloys are P and S and in some cases B (Boron). B has
positive and negative effect, it improves the creep résistance, at the same time
reducing it can affect badly on the service properties. Often, liquation cracking
can be reduced or eliminated by reducing the level of impurity elements in the

base metal or weld metal.
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Added
Element (s)

Steel P+5+B B (positive & negative),
& (Boron) 1- improves creep résistance
Ni 2- reducing it can reduce
service properties.

Table5.3: The most important impurity elements in steel and Ni-base alloys.
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Second, Grain Size, grain size in the weld metal is controlled by weld heat
input. As the grain size increases, HAZ liquation cracking susceptibility
increases. This is because increasing grain size decreases the possibility to
complete grain boundary wetting leading to reducing the area of grain boundary
because of accumulation strain during welding and produce a weaker
microstructure causing cracking. The reverse occurs in-case of small grain size.
Small grain size with presence liquid film will also prevent strain localization
and potential cracking.

Third, Base Metal Heat Treatment, base metal strength effects on
accumulation localized strains in the HAZ during weld solidification. So, heat
treatments are necessary for welds to release these accumulated strains before,
during or after welding. Examples Types of Heat treatments required, Welding
precipitation-strengthened materials, such as Ni-base super alloys. Solution heat
treatment dissolves “constituent” particles that may subsequently liquate and
also minimizes intrinsic restraint by reducing the strength level of parent
material. Welding in the solution-annealed condition is also used to reduce weld
solidification cracking. The side effect of this heat treatment represents by the
possibility of increasing grain size that cause cracking susceptibility. So,
balancing between the heat treatment required and controlling grain size
required to solve this problem.

Fourth, Heat Input and Filler Metal,
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(i) Heat input will influence the temperature gradient in the HAZ and
subsequently control the extent to which liquation occurs. Since HAZ
and weld metal liquation cracking occur over a fixed temperature
range.

(ii) A steep temperature gradient in the HAZ (low heat input) can reduce the
extent of grain boundary melting in the HAZ.

(iii)  strength of the filler metal has effect on the strength of the HAZ. Since
much of the restraint in the HAZ is associated with solidification
shrinkage in the weld metal, lower-strength filler metals can generate
less shrinkage stress that is translated to the HAZ or underlying weld

metal.

5.1.b.4 Identifying HAZ and weld metal Liquation Cracks.

HAZ liquation cracks are always located along HAZ/PMZ grain boundaries,
close to the fusion boundary or continuous across the fusion boundary into the
fusion zone. They are formed during cooling from the peak temperature of
HAZ. This is when strain accumulates in the system due to thermal contraction.
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Metallographic ally, these cracks may be evident on the surface and in a
weld cross section. They are usually very small and may escape detection by
non-destructive testing techniques.
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The fracture surface appearance is inter-granular. Grain’s face has partially
melted particles. The degree of melting particles dependent on liquation nature
of grain boundary. The inter-granular fracture surface seems a very clean grain

faces in alloys because the minimum amount of liquid.
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Two examples of HAZ liquation crack surfaces from SEM fracto-graphy are

shown in Figures 5.6 and 5.7.

According to Figure 5.6,

Test name: Hot Ductility Test.

Test condition (temp): Nil ductility temperature.

Material name: Duplex stainless steel.

Fracture type: Inter-granular.

Distinct Evident: A clean fracture surface + Existence little amount of liquid

film.
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These steels are very resistant to HAZ liquation cracking, since grain boundary

melting occurs over a narrow temperature range.

Figure 5.6: Fracto-graphy of HAZ liquation cracking: (a) duplex stainless steel

According to Figure 5.7,
Test name: Cladding Operation/ (Multilayer cladding operation).
Test condition: (Multi-pass weld) \ (Reheated weld metal)\
Material name: HSLA Steel
Fracture type:

1) fracture surface,

2) weld metal liquation cracks may Exhibit through:

(an inter-granular appearance if cracking occurs along MGBs.
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(if)Dendritic appearance if the cracking occurs along weld metal SGBs.
In some situations, both fracture modes may be observed on the same fracture
surface indicating a transition from SGB to MGB fracture.
Distinct Evident:
(i)Re-solidified liquid film.
(if)Cracking may occur either on heating or on cooling when heated above the
liquation temperature, depending on how strain accumulates in the system upon
reheating.
(iii)Cracking can be observed along both SGBs and MGBs and may be
observed along both types of boundary in the same weldment.
(itif)Has a much wider liquation temperature range than the duplex stainless

steel, so cracking is expected.

Figure 5.7: Fracto-graphy of HAZ liquation cracking.
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5.1.b.5 Preventing Liquation Cracking.

Many of the same guidelines for preventing weld solidification cracking are

applicable for HAZ and weld metal liquation cracking.

(i)Control of impurity levels in base and filler metals is always recommended.
Base metals that contain constituent particles such as TiC and NbC in an
austenite matrix can lead to constitutional liquation. Often, Ti and Nb are
intentional alloy additions and, therefore, difficult to avoid in some alloys. Fully

austenitic microstructures are the most susceptible.

(i) The presence of some ferrite in the austenitic stainless steel HAZs and welds
will minimize both HAZ and weld metal liquation due to its influence on

wetting characteristics.

(ilf)Minimizing grain size is beneficial, generally requires the use of low heat

input.

(itif)Manipulating orientation: grain boundary orientation to avoid miss-

orientation.

precipitation-hardened alloys such as (Ni-base super-alloys) by welding these
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types of alloys in the condition of solution heat-treated condition to reduce the

internal restraint in the HAZ.

small beads rather than large welds. This has both a metallurgical and restraint

benefit.
5.2 Warm Cracking (Solid State Cracking).

Solid state cracking occurs in the true HAZ or reheated weld metal for all
types of materials such as steels, stainless steels, Ni-base alloys, Cu-base alloys,
and Aluminium alloys. There are different types of solid —state cracking:
Ductility-dip cracking (DDC), Reheat/post-weld heat treatment (PWHT)
cracking, Strain-age cracking (SAC), Lamellar (or delamination) cracking,

Copper contamination cracking, Hydrogen /Induced Cracking).
5.2.a Reheat cracking (Stress Relief Cracking).

It occurs due to accumulation residual stresses. Stainless Steels are the most
materials which are susceptible to reheat cracking. To reduce the residual stress,
PWHT or stress relief heat treatments following welding is recommended. This
type of heat treatment helps temper martensitic microstructures, or reduce
residual stresses, or both. It occurs during multi-pass welds, cladding of some

pressure vessel steels.
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5.2.a.1 Reheat Cracking in Stainless Steels.

Reheat cracking is observed in austenitic microstructure of stainless steels.
(i) Stainless Steel type 347, is susceptible to reheat cracking in the HAZ and
fusion zone in the thick sections only. Because this type of steel is a stable grade
of niobium which helps reduce susceptibility to corrosion. The mechanism for
cracking in Type 347 is associated with the precipitation of NbC (a5 5!l 2u S)
during reheating cycle. During inter-granular precipitation of NbC, localized
high strains concentrate at grain boundaries of the structure increasing grain

growth in the HAZ, and promoting cracking, Figure 5.8.

Example of reheat (stress relief) cracking in Type 347 stainless steel.
Figure 5.8: Reheat cracking in 347 stainless steel.

For example, reheat cracking in Type 347SS weld metal. The ASME code

requirement for this type of alloy includes:

1) The structure be stress relieved in the temperature range from 850 to 900°C
(1560 to 1650°F) before putting into service. This resulted in severe reheat

cracking in the weld metal.
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2) The fracture occurs along MGBs in the weld metal. The cracking
susceptibility of Type 347 weld metal exhibits a C-curve cracking response, as
shown in Figure 5.9. The two curves shown represent the onset of cracking
when a weld metal sample of Type 347 was loaded to either 75% or 100% of its
yield strength at a given temperature and held at that temperature until fracture
occurs. By plotting the fracture time at a given temperature, the reheat cracking
envelope can be determined. The cracking “envelope” described by these two C
curves represents the precipitation temperature range of NbC in stainless steel.
For example, at 900°C (1650°F), reheat cracking occurs within 2000 s when

yield strength-level stresses are present.
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Figure 5.9: Temperature- time cracking envelope for 347 weld metal under two stress
conditions.
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(i) Alloy 800H (Ni-base alloy)
Thick-section welds in Alloy 800H.

Chemical Composition: (Fe—20Cr—32Ni—0.5Ti-0.5Al1-0.1C)

Used Electrode: Weld A (ENiCrFe-2) shielded metal arc electrodes.

Heat treatment required: PWHT following welding

The purpose: for stress relief and to avoid cracking in service

The nominal composition of Weld A is Ni-15Cr-8Fe—1.5Mo-1.5Nb-0.05C.

Stress relief was performed at 900°C (1650°F) and led to the cracking shown in

Figure 5.10-a. @ =

¢ LY
625903 15kV X500  60mm 625904 15KV X500

PWHT cracking in ERNiCrFe-2 (Weld A) weld metal after stress relief at 900°C.
{a) Cracking along weld metal migrated grain boundanies and (b) fracture surface morphology.

Figure 5.10: Reheat cracking in Alloy 800H (Ni-base alloy).
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The cracking occurred in the weld metal rather than the Alloy 800H HAZ.
Figure (5.10-b) the cracking occurs along MGBs in the weld metal. This is due
to Nb presence in the filler metal resulted in the precipitation of NbC during
PWHT and promoted cracking at the grain boundaries. The precipitation
temperature range for NbC in this weld metal is very similar to that for Type
347, and thus, the time—temperature cracking envelope shown in Figure 67 is

roughly the same for the Weld A filler metal.

5.2.a.2 ldentifying Reheat Cracking.

(i) Composition, addition of Cr, Mo, and V to steel alloys could cause reheat
cracking. This is because these elements form secondary carbides in the steel
alloys. Using SEM/XEDS techniques reveal the presence of impurity elements

such as
- (S +P): Associated with HAZ liguation cracking that may occur in steels.

And, (Cu +As+ Sn+ Sb): their presence on the fracture surface is a strong

indication for reheat cracking.
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Examples of reheat cracking.
(a) 1Cr—1Mo-0.35V steel (From Ref. [68]
(b) AS17F (From Ref. [69]) (© TWI).

Figure 5.11: Effect of composition on formation reheat cracking.

(ii) Fracto-graphic Features, two general types of fracture or failure modes are
associated with reheat cracking.

a) Failure mode 1: A classical 1G fracture (flat and relatively grain faces) is
generally associated with susceptible materials that fail at low temperatures
and/or that have a relatively high impurity content.

b) Failure mode 2: a ductile IG mode (The IG dimples and associated with grain
boundary precipitates of MnS) is generally associated with the susceptible
materials that fail at higher temperatures (>500°C) or when the impurity content

is low.
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Fracture appearance of reheat cracks in low-alloy steels. (a) Ductile intergran-
ular and (b) low ductility intergranular. Note difference in magnification (Courtesy of Katie
Strader and Xiuli Feng, OSU).

Figure 5.12: Fracture appearance of reheat cracking for ductile and brittle low alloy steel.

5.2.a. 3Quantifying Reheat Cracking Susceptibility.

Quantifying reheat cracking susceptibility means measurements methods. It
includes different type of tests on the weld used for the purpose to avoid reheat
cracking. There are different methods for this purpose such as By using
externally applied load (or strain), The Lehigh restraint test, Y-groove test,
Modified implant test, and BWRA test. All the tests above require Sectioning

after testing to determine if reheat cracks are present.
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5.2.a. 4 Preventing Reheat Cracking.

(i) Composition control, generally as the secondary carbide former content and
carbon content increase, the material becomes more susceptible to reheat
cracking. Impurities could contribute to formation reheat cracking through
diffusion mechanism to grain boundaries and lowering the boundary cohesive
strength. Reducing impurity content can improve cracking resistance in most of

the susceptible materials.

(i) Effect of welding conditions, minimize weld heat input in order to reduce
HAZ grain size because in both steel alloys, the larger grains in the HAZ the
more susceptibility to reheat cracking. Also, less grain boundary area results in
higher-strain localization at the boundaries. Finer grains help to better distribute

the strain and minimize void formation and/or boundary sliding.

(iif) Control of residual stresses, is associated with thick-section weldments
where the level of residual stress following welding is quite high—approaching
the yield strength of the base or weld metal. By many techniques such as, (a)
Control of bead size and (b) placement and welding sequence, (c) Selection
filler metal with strength matches that of the base metal. This help concentration

the restrains in the weld metal rather than the HAZ during cooling.

(iiii)Effect of stress concentration: This includes elimination of slag intrusions

at the weld toe, grinding or blending the weld toe, or use of other material
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removal techniques to eliminate stress concentrations. Since cracking usually
initiates in the HAZ very close to the fusion boundary, attention to this area of
the weldment is very important. Welds with partial penetration, lack-of-fusion,
or other process-related defects can also greatly increase stress concentration.
Defects of this type that are open to the surface are the most damaging.
“Peening” technique is suggested to apply to avoid stress concentration.
Peening technique: means generate local compressive stresses on the weld

surface and potentially mitigate initiation of reheat cracks.
5.2.b Lamellar Cracking\ Delamination Cracking.

Lamellar cracking (&%, (3245) occurs in HAZ region usually associated
with plain carbon or low-alloy steels depending on material cleanliness. For
example, Impurities such as sulphur and oxygen promote formation of
intermetallic inclusions during steel processing that serve as the initiation sites
for lamellar cracks.
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Lamellar cracking results from the local separation in between the intermetallic

stringers in the HAZ.
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Generally, it occurs in the rolled plate material welds when their section

thickness exceeding one inch.
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5.2.b.1 Mechanism of Lamellar Cracking.
Occurs due to:

(i) Low ductility in the transverse direction of the parent alloy (rolling
direction). (Lsbel! pasall) Gala¥) (panall ca el olasVl 43kl ) abidaall
(if)  Using thick plate which leads to gathering restraint
VLY aans ) 258 G ASgandl &1 5V alasiiud
(iii) High volume fraction of inclusions in the welds which generate
Stresses (whleal s Sl aasalall S ay mll @l all s ela ), welding

stresses are high enough to exhaust the ductility through thickness of the base
metal and HAZ. An example of a configuration where high stresses can lead to

lamellar cracking is shown in Figure 5.13.
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Example of weld configuration that promotes lamellar cracking

Figure 5.13: Example of weld configuration that promotes lamellar cracking.
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Failure occurs due to the availability of (C-Mn) alloying elements in (HAZ)
of low alloy steels or low carbon steel alloys. So, the fracture would start from
ferritic—pearlite matrix and elongated stringers or inclusions resulting a de-
cohesion at that interfaces between the stringers and the matrix.
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Stringers (Inclusions): they are the remnants of the ingot solidification and

subsequent deformation processes. Stringers represented by sulphur, oxides,

silicate.
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For example, failure by sulphur stringers occurs due to formation
(Manganese sulphide/ MnS) along the rolling direction oriented via the
deformation or (rolling process). The sulphur came from rejecting it along grain
and sub-grain boundaries during solidification. So, the sulphur either to be
formed like bands with the same rolling direction or distributed uniformly as
discrete particles over the grain boundaries line.
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A Metallographic image (Figure 5.14) describes the lamellar cracking

locations.
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Figure 5.14: Lamellar cracking in a C- Mn steel.

By looking at Image in Figure 5.14, the dot line is fusion boundary (FB),
the stair step fashion propagation in untransformed region of HAZ represents
Lamellar cracking, Located at some distance from the fusion boundary. Crack
initiation point (crack’s tip) considers the region of presenting plastic strain
causing fracture surface with a ductile tearing. This ductile tearing encourages
connecting individual cracks which are located at different levels to each other
taking the appearance of *’stair step or terraced’’ lamellar cracking.
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The terraced appearance represents de-cohesion at the stringer/matrix

interface and the ligaments joining. See Figure 5.15.
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ZJ Schematic illustration of the decohesion and ductile
tearing processes asso- ciated with lamellar cracking

Ductile shear region
with dimple rupture
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Figure 5.15: A schematic of the de-cohesion and ductile tearing process.

5.2.b.2 Identifying Lamellar Cracking.

(i) Cracks normally exhibit an irregular, “stair step” appearance.
(if) Lamellar cracks normally located in the HAZ.

(ii1) Metallographically, the cross section appears in either the etched or un-

etched (as-polished) conditions.
(iiii) The fracture surface usually consists of a number of plateaus or terraces.

(Slaxll 5 Clagl) (e 230 e (g giag Laily k) =has)
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(iiii) Ductile tearing is typical in the segments connecting the plateaus.

(Ul Lany e Slagl) Joy 55 agail 55 adad g JLubaal) (3 jaill)
(iv) Fracture mode on the plateau (representing the stringer/matrix interface)
may vary from flat fracture to microscopic dimpled rupture

S

5.2.b.3 Preventing Lamellar Cracking.

(i) Selection the clean steel alloys, which include the lower levels of sulphur and
oxygen reduce the formation of intermetallic inclusions in the form of stringers
along the rolling direction
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2) Selection steels with additions of rare earth elements such as ’cerium”’.
Because cerium element reacts with sulphur element in the steel to produce a
spheroid zed sulphide which control on inclusions morphology. So avoid
formation elongated sulphide stringers.
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3) Substituting castings or forgings process instead of rolling process. Because
rolling encourage lamellar cracking while forging or casting able to break the
inclusions in the structure which encourage formation lamellar cracking.
LBJH\LA:\:\,“;BGJ}\ @ﬁﬁl\ujc&i:ﬁ«ﬁjﬂ\ oY Jaidl Cuﬁ“;é‘\jéjﬂ‘ e Y Gkl g aSlual Adee Jlaxial
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4) Selection the appropriate design for weld joint that minimize generation

stresses in the weld.
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5) Changing the weld pass sequence and the size of the individual weld beads to

reduce the weld stresses that lead to cracking.
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6. Weld Failure Concept.

Welded structures that are essentially free of defects may be susceptible to
failure under certain environmental and loading conditions. Forms of failure in
welded structures are possible due to changes in a microstructure relative to the
base metal, stress concentration, and the pre-existed fabrication defects. This
leads to incidences of catastrophic in welded structures such as bridges, ships,
and large storage tanks. To identify the failure reasons, there are two main

concepts, Figure (6.1) should be studied.
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First: Characterization (Identification) weld Fracture Surface morphology
through advanced techniques, such as scanning electron microscope (SEM)

devices.

Second: applying the critical stress intensity factor (K) approach to determine if
weld induced flaws (defects) were responsible for failure or whether design

deficiencies were at fault.

Identification Weld Failure

(First) (Second)
Advanced techniques, such as Scanning || Applying Critical Stress Intensity Factor
Electron Microscope (SEM) devices. (K) to determine

Figure 6.1: Main concepts to identify weld fracture.

6.1 Weld Fracture Surface Morphologies.

Using scanning electron microscopy (SEM) technique helps identify the
defects and characterize their types, e.g. cracks types. This course highlights the
steps for identification three types of cracks through using (SEM) as an
example. This identification represents a completed picture for sections: (5.1.a
Weld Solidification Cracking), (5.1.b Liquation Cracking), and (5.2.a Reheat

cracking). See Figure 6.2.
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I Scanning electron microscope (SEM) devices. I

l

1) Weld Solidification Cracking:

b
2) Liquation cracking:

3) Reheat Cracking

Figure 6.2: Sketch for cracks’ types identified by (SEM) technique.

6.1.a Weld fracture surface morphologies in weld solidification
cracking.

(i) Solidification cracking usually occurs along solidification grain boundaries

(SGB), see Figure (3.13).

(if) The fracture surface is smooth, with liquid presence and have an “’egg
crate’’- type appearance due to exposing the tips of solidification dendritic cells
to fracture surface. This is classified as an observed fracture. Examples, occurs
in Ni-base alloy, duplex stainless steel, and aluminium alloy weld metals,

Figure 6.3.

(iii) Have a flat appearance (FA) crack surface morphology due to cooling down
the weld metal below the solidus temperature which causes change in the nature
of the solidification grain. Occurs in some alloys (Ni-base alloys and austenitic

stainless steels).
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(itii) Solidification cracking having the possibility to transform from a dendritic
morphology to a ductility-dip crack (DDC) with a flat fracture appearance.
Mostly occurs in Ni-base alloys and fully austenitic stainless steels. This is not

observed fracture.

second phase due to eutectic reactions that occur during the terminal stages of
solidification. An example, Figure (6.4) of this for a Nb-bearing Ni-base alloy.
In this case, the eutectic reaction that occurs at the end of solidification results

in the presence of NbC on the dendrite surface.
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Solidification crack fracture surfaces. (a) Ni-base alloy, (b) duplex stainless steel.

Figure 6.3: Fracture surface morphology in different alloys.
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6.1.b Weld fracture surface morphologies in liquation cracking.

Occurs in HAZ or weld metal and results from local melting along grain

boundaries (GB).

(i) In the base metal HAZ, this melting occurs along grain boundaries closed

to the fusion boundary (FB).

(i) In the weld metal, liquation during reheating of previously deposited
weld metal can occur at either solidification grain boundaries (SGB)

or migrated grain-boundaries (MGB).

6.1.b.1 Examples of Fracture Surface Morphology of HAZ
Liquation Cracking.

The actual failure in a weld steel forging alloy is due to liquation crack,
which propagated into both the fusion zone and HAZ. The HAZ fracture surface
is 1G along prior austenite grain boundaries, while the fusion zone fracture
surface shows columnar features typical of solidification growth. As

characterized by Figure 6.5.
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HAZ and weld metal liquation cracking in a steel forging

Figure 6.5: Liquation cracking profile in steel forging.
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The actual failure in a weld Ni-super alloys is due to HAZ liquation crack,

which characterized by the following tips:

(i) Grain’s faces are not clean, which means presence of liquid film at the time

of failure.

(i) The fracture surface reflects the presence of liquid film along the grain

boundaries.

(iii) The liquid film represents a constitutional liquation on the fracture surface

represented by TiC particles resulted from local melting at the interface with the

matrix. See Figure 6.6.

AccY Spot'g
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HAZ liquation crack fracture surface in a Ni-base superalloy

(a) Intergranular fracture with liquid grain boundary liquid films and
(b) inset from (a) showing constitutional liquation of TiC particles

Figure 6.6: Liquation cracking profile.
6.1.c Weld fracture surface morphologies in reheat cracking.

(i) Usually associated with low-alloy steels that contain Cr, Mo, and V and

stabilized austenitic. stainless steel alloys (such as Type 347).
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(i) This form of cracking usually occurs during PWHT. Failure occurs at or

near the grain boundaries (GB).

(iii) The fracture surfaces appear clearly 1G. The IG fracture can be flat and may

exhibit micro-ductility (ductile 1G). See Figure 6.7.
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Reheat cracking fracture surfaces. (c) Type 347 weld metal.
Figure 6.7: Reheat cracking morphology in weld metal type 347.

6.2 Stress Intensity Factor (K).

describes the magnitude of the elastic stress field surrounding a crack or
structural discontinuity. This factor is the basis for linear-elastic fracture
mechanics (LEFM) and, thus, describes the stress intensity in materials that are
essentially brittle. Thus it is used for description the linear-elastic behaviour in
brittle material where the region of plasticity that exists at the tip of an existing
flaw under load is extremely small and vice versa for ductile materials which
has elastic-plastic behaviour to describe stress toughness. The purpose is to

understand the relationship between materials behaviour, design, with joining
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method effect, e.g. welding process. This gives expectations about the reasons
for pre-failure in welds, which should be avoided, and determine the magnitude
(Iength) of cracks or discontinuities that can be tolerated in welds for a given

design stress level. The general expression for (K) is

K=0@ma)YY . .o (6.1)
O: applied stress

a: crack length
Y: dimensionless geometric factor

K: stress intensity factor.

6.2.a Preventing Brittle Fracture.

(i) Material toughness, the ability of a material to carry a load or deform

plastically in the presence of a crack, notch, or discontinuity.

(ii) Crack size, all brittle fractures must initiate from a crack or discontinuity of
finite size. These discontinuities can vary from small to large defects, such as
cracks or fatigue cracks. The critical crack (or flaw) size needed to cause brittle

fracture is dependent on the material toughness.

(iii) Stress level, tensile stresses are necessary for brittle fracture to occur. These
stresses may be residual from the fabrication process, imposed in service, or, in

general, a combination of both.
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(ili)Secondary factors that influence the three primary factors listed above to
some degree and hence lead to susceptibility to brittle fracture including

temperature, loading rate, stress concentration. See Figure6.8.
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Figure 6.8: Schematic illustration of linear-elastic and elastic-plastic fracture mechanics.

6.2.a.1 Effect of Material Toughness on Propagation Crack Under

Temperature Effect.

The general effect of temperature on fracture resistance (toughness) in a
variety of structural materials is illustrated in Figure 6.9. Toughness of
austenitic stainless steels increases as the temperature decreases. The fracture
energy for low- and medium-strength steels showed a strongest effect with
increasing temperature, while rapid decrease in fracture resistance below

“transition” temperature. The dramatic transition in fracture resistance for low
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Fracture energy

and medium steels with temperature is called transition temperature. For steels,
this is usually termed the ductile-to-brittle transition temperature (DBTT).
When the ambient temperature dropped below the transition temperature, the

resistance to fracture of these structures was extremely low.

Austenitic stainless steels

—
/: Low and medium

/ strength steels

/ High strength steels
/ and Ti-alloys

- ; ’ v
- High strength
- Al-alloys

Temperature

[llustration of toughness as a function of temperature for several materials.

Figure 6.9: Toughness for several materials as a function of temperature.

7. Dissimilar Metal Welding.

joining two metals have different core properties, but might have same name
sometimes. For example, welding two austenitic steel metals together, but they
may still be different enough to be considered dissimilar. This joining possess
different chemical or mechanical properties, and so aren’t necessarily a natural

fit for each other. The purpose behind studying welding dissimilar metals is due
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to an achieve a combination of their advantages to improve properties of
products to meet the needs of automobile industry, aerospace, and chemical

industry.

7.1 Factors should be considered before Welding Dissimilar
Metals.

(i) Solubility, refers to metal’s ability to dissolve in a solvent. Both metals must

be able to dissolve together.

(i) Intermetallic compounds, occur in the transition zone (TZ) during the

welding process, and exhibit metallic bonding.

(iii) Weld-ability, based on the solubility and intermetallic compounds of two

metals.

(iiii) Thermal expansion How much the shape of your metals will change when

a temperature is applied.

scale, then corrosion could occur.

(iv) End-service conditions What are the conditions that your dissimilar metals

will be operating within?
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7.2 Mechanism and Welding Methods Applied for Welding
Dissimilar Metals.

During welding dissimilar metals, brittle intermetallic compounds (IMCs) is

easily formed at the interface, such as Fe-Ti IMCs and Mg-Al IMCs.

Different welding techniques are able to be used to weld dissimilar metals,
but it was not possible to completely avoid the formation of brittle IMCs in

weld metal, such these type of welding are:

(i) Solid-state processes which possess comparatively low temperature, such
as diffusion bonding and friction stir welding, results are a welded

joint with relatively high bonding strength.

(if) Diffusion Bonding is a typical solid-state technique that makes the
material surface contact, deform, and diffuse under the high
temperature and pressure. Then, pores at the interface are gradually

closed to achieve a good connection.

(iti)  Friction Stir Welding is a solid-state joining technique that may offer
some advantages in the suppression of the formation of cracks, holes,

and brittle IMCs.

(iv) Laser Welding has several advantages, such as high energy density,

high cooling rate, and production of a narrowed heat-affected area.
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Laser welding can effectively improve the flexibility and adaptability

of welded joints of dissimilar metals.

(v) Electron beam welding: makes the kinetic energy of electrons transform
to heat by impact of electron beam on the material. The electron beam
welding possesses production of a narrowed heat-affected area, and

rapid cooling rate.

(vi) Other Welding Techniques such as gas tungsten arc welding,
resistance spot welding, and cold metal transfer welding are also

used in dissimilar metals’ welding.
7.3 Hinders Faces Welding Dissimilar metals.

The main difficulty in connecting dissimilar metals is easy to produce brittle
IMCs which leads to increase the embrittlement of welded joints. By the action
of external stress, the brittle IMCs will become weak area in weld metal and
cracks will be easily produced in this area. Then, cracks continue to extend
resulting rapid fracture of welded joints, which weakens the mechanical

properties of welded joints.
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7.4 Enhancement of Dissimilar Welded Joints Qualification.

Addition intermediate interlayers in dissimilar metals welding, to avoid
formation of excessive brittle IMCs in weld metal. This intermediate layer could

effectively:
(i) Inhibit the formation of brittle IMCs.

(i) Minimize thermal expansion mismatch between the substrates during

welding.
8. Weld-ability of Materials.

According to American Welding Society (AWS), it is the capacity of a
metal to be welded under the fabrication conditions imposed into a specific,
suitably designed structure and to perform satisfactorily in the intended service.
The purpose of studying weld-ability of metals is to create a joint that is free of
cracks and able to withstand the stresses placed on it, also help improve the
quality of welds through understanding the heating and cooling cycles inherent
to most forms of welding, which possible to create strains and stresses in the
welds. These strains and stress affect physically, chemically, and metallurgic-
ally causing changes in the welds, such changes make a metal prone to poor
weld-ability. Stainless steels are chosen because of their enhanced corrosion
resistance, high temperature oxidation resistance or their strength. The unique

properties of the stainless steels are derived from the addition of alloying
138



elements, principally chromium and nickel, to steel. The four grades of stainless
steel have been classified according to their material properties and welding

requirements to: austenitic, ferritic, martensitic, and austenitic-ferritic (duplex).
8. a.1 Welding Characteristics of Austenitic Stainless Steel.

(i) Austenitic stainless steels have about (16-26) % chromium (Cr), and (8-22)
% (Ni). Commonly used alloy for welded fabrications is Type 304 which
contains approximately 18%Cr and 10%Ni. These alloys can be readily welded
using any of the arc welding processes, because they are non-hard-enable on
cooling, they exhibit good toughness and there is no need for pre- or post-weld

heat treatment.

(if) Imperfections, although austenitic stainless steel is easily welded, weld
metal and HAZ cracking can occur. Weld metal solidification cracking is more

likely in fully austenitic structures which are more crack sensitive.

(iii) To avoid, the presence of 5-10% ferrite in the microstructure is extremely
beneficial, due to its capacity to dissolve harmful impurities which encourage
form low melting point segregates and inter-dendritic cracks. In addition, the
choice of filler material composition is crucial in suppressing the risk of

cracking.
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8. a.2 Welding Characteristics of Ferrite stainless steel.
(i) Ferrite stainless steels have (11-28) % Cr. These alloys a non-harden-able,
they can be easily fusion welded. But, a coarse-grained HAZ will have poor

toughness.

(if) Avoiding weld imperfections, the main problem when welding this type of
stainless steel is poor HAZ toughness. Excessive grain coarsening can lead to

cracking in highly restrained joints and thick section material.

(iii) Necessary Precautions, In thicker material, it is necessary to employ a low
heat input to minimise the width of the grain coarsened zone and an austenitic
filler to produce a tougher weld metal. Also, by Preheating between (50-250)
°C, which reduces the HAZ cooling rate, maintain the weld metal above the

ductile-brittle transition temperature and may reduce residual stresses.

8. a.3 Welding Characteristics of Martensitic stainless steel.
(i) Martensitic stainless steel Has a moderate chromium content, 12-18% Cr,

with low Ni and a relatively high carbon content, have hard HAZ martensitic

structure and the matching composition weld metal.

(i1) Welding Precautions: Avoid cracking in the HAZ, especially in thick

section components and highly restrained joints.
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(ii1) Avoid weld imperfections, high hardness in the HAZ makes this type of

stainless steel susceptible to hydrogen cracking. Precautions include:

- Using low hydrogen process (TIG or MIG) and ensure the flux or flux coated

consumable are dried.

- Justifications among welding parameters such as time, temperature, chemical

composition, carbon content.

- Thicker section and higher carbon (> 0.1%) material need preheat and post-

weld heat treatment. The post-weld heat treatment should be carried out
immediately after welding to temper (toughen) the structure, and to enable the

hydrogen diffusion away from the weld metal and HAZ.

- Thin section and low carbon material are able to be welded without preheat,
providing that a low hydrogen process is used, the joints have low restraint and

attention is paid to cleaning the joint area.

8. a.4 Welding Characteristics of Duplex Stainless Steels.

(i) Duplex Stainless Steels Has a two phase structure of almost equal

proportions of Austenite and Ferrite. The composition about Cr, Ni and Mo.

(it) Normally, it is weld-able, but need restricted following —up for the heat
input range to obtain the correct weld metal structure.
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(ili) Weld Imperfections, avoid low heat input welding procedures, controlling
temperature, selection the appropriate filler metal which has a small amount of
nitrogen or shielding gas which itself may contain nitrogen. This is in order to
compensate hydrogen loss. The main aim for that is to produce a weld metal

structure with a ferrite-austenite balance to match the parent metal.
8.b Weld-ability Factors.

(i) Selecting the correct shielding gas for the application in the right quantity
can minimize the chance of weld defects. For example, copper and aluminium

require a gas to shield them from atmospheric contaminants during welding.
(i) Selecting the right Welding Process that match type of metal need to weld.

(iif) Choosing the wrong filler metal can cause defects in the weld, such as

cracks and porosity.

(iiii) Preheat and Post-heat: Brittle metals are prone to cracking during welding.
Heating the metal prior to welding and afterward can reduce the risk of this

problem.

(iiii) Welding Procedure: Weld quality can be dependent on the number of
welds, their length, and the size of the weld bead. Several small welds can be

more effective than a few large welds.
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https://www.tws.edu/blog/welding/introduction-to-welding-consumables/

8.c Weld-ability Testing.

Used for fabric-ability assessment of materials by various welding processes
and to determine the service performance of welded construction. The
standardized mechanical tests for testing the weld-ability of weld joints made
from different materials are tensile, fatigue, fracture toughness and hardness

tests.
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