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TABLE 5.1 List of the Various Fundamental and Specific Sources of Energy

for Welding.

Energy Source

Example Processes

Mechanical

Friction
Plastic deformation
Cold work
Warm or hot work
Chemical

Oxyfuel combustion
Aluminothermic reactions
Solid-state chemical reactions

Electrical
Electric arc

Internal resistance (Joule heating)

Radiant energy

Thermal (only)
Diffusion welding or brazing

FRW, USW

CW, FOW, ROW
HPW, FOW, ROW, EXW*

OFW, PGW} AHW*

TW, FOW?

Reactive brazing, chemical deposition/
reaction vapor deposition,
electrochemical deposition?

AHW, CAW, SMAW, FCAW, SW,
GTAW, PAW, GMAW, SAW, EGW,
MIAB*

RSW, RSEW, PW or RPW, PEW, UW*
FW,* Iw, ESW*

EBW, LBW, IR welding, imaging arc
or arc image welding

DFW,? DFB
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Process

Flux-shielded
arc welding

Gas-shielded
arc welding

Electron beam
and laser

Source: From Welding of Metallurgy by 1. F. Lancaster, 4th ed., Table 2.2, page 12, Allen & Unwin,

Heat Source
Intensity (Wm™?2)

5x10% 10 5x 108

5% 10% 1o 5x 108

5x 0% to 5x10'°

10'° to 10*?

TABLE 5.2 Typical Values of Energy Density and the Type of Penetration for Various
Sources Used in Welding

Fused Zone
Condition Profile

Normal current

High current

Low current

High current

Deflocused beam

Focused beam

London, UK, 1987, with permission from Kluwer Academic Publishers, The Netherlands.

(Energy level or capacity) ¢3! (slgi

(Transferred power) Js) lgs

(Energy density) xco JBEs b o

(Energy distribution) (¢j sl & 368

(Energy input to a weld) o> 4 (6395 (559!
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Figure 5.1 Typical energy density distribution for (a) an argon-shielded tungsten arc (From Welding Handbook,
Vol. 1: Welding Technology, 8th ed., edited by L. P. Connor, published in 1987 by and used with permission of
the American Welding Society, Miami, FL), (b) an electron beam (From Electron Beam Welding by H. Schuitz,
published in 1993 by and used with permission of Abington Publishing, Cambridge, UK), and (c) various
different-purpose laser beams (From Laser Welding by C. Dawes, published in 1992 by and used with permission
of McGraw-Hill/Abington Publishing, Cambridge, UK).
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Figure 2.7 Heat source efficiencies in several welding processes.
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Figure 2.14 Coordinate system (x, y, z) moving with heat source. From Kou and Le
(24).













thin sheets at
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Figure 2.15 Two-dimensional heat flow during welding of thin workpiece.
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g = heat input from the welding source (in J/m)
k = thermal conductivity (in J/ms 'K ™)
a = thermal diffusivity = k/pC, (in m?/s)
K, = a Bessel function of the first kind, zero order’

R = (£2 + y? + z%)''2, the distance from the heat source to a particular fixed
point (in m).
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Figure 2.17 Three-dimensional heat flow during welding of semi-infinite workpiece.




Figure 6.13 The temperature distribution fields obtained from solution of Rosenthal’s
simplified 2-D and 3-D equations for (a) thin and (b) thick plates, respectively. (From
Joining of Advanced Materials by R. W. Messler, Jr., published in 1993 by and used with
permission of Butterworth-Heinemann, Woburn, MA.)
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Austenitic

stoal

g = 3.1 klfs, v = B mm/s
d =60 mm

- Direction of

travel

Figure 6.16 Effect of the thermal conductivity of a base material on weld pool (fusion
zone) and surrounding heat-affected zone size and shape, (From Joining of Advanced
Materials by R. W. Messler, Jr, published in 1993 by Butterworth-Heinemann,
Woburn, MA, and aflter T. G. Gray et al., Rational Welding Design, originally published
in 1975 by and used with permission of Butterworth-Heinemann, London.)




g=3.1kls, d=3mm

Figure 6,17 Effect of the speed of welding on the weld pool (fusion zone) and
surrounding heat-affected zone size and shape. (From Joining of Advanced Materials by
R. W. Messler, Ir., published in 1993 by Butterworth-Heinemann, Woburn, MA, and
after T. G. Gray et al,, Rational Welding Design, originally published in 1975 by and
used with permission of Butterworth-Heinemann, London.)
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Figure 6.18 Effect of the thickness of a weldment on the weld pool (fusion zone) and
surrounding heat-affected zone. (From Joining of Advanced Materials by R. W. Messler,

Ir., published in 1993 by Butterworth-Heinemann, Woburn, MA, and after T. G. Gray
et al., Rational Welding Design, originally published in 1975 by and used with permission
of Butterworth-Heinemann, London.)




SR

I 413VYgpC

Tp — TlEI - (.:)

+ l
Tm - T{]




099 5yl S 9 )l JIES! dalre

d)m? > 90 odlo ;I dlads Jr-3gS (Tp) dindn (clod Oy

9> Sl (eSS T

HAZ (sligg (pesS

oo sl 9y 2 ool S i W86 _J

il &5 ¢




Travel speed v
— P

2B Solidified weld bead

P
Heat source W

Y/ vz

Moving co-ordinate (W, Y, Z).

Heat-affected zones

Distance from
heat source

Temperature

Lowest temperature
for metallurgical

Cooling

(b) Fusion boundary ({c) Outer boundary

~ 4.13p CtY
— 1 H o

ne

_|_




Y MM o0/ Jolsd 5 JolS 305 b ol S5 e 55 () Ao (slod duanliro & s

(29 )0 )

: E=20V,1=200A,v=56mm/s, T,=25°C, T =1510°C
Wl P = 0.0044 J/mm?.°C, t=5mm, f,=0.9 H =720J/mm.

ne

(1)) At Y=1.5 mm.

1 _413(0.0044) 5(15) 1

T,-25 720 1510 — 25
T, = 1184°C. Note thatat Y=0, T,=T .
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1 _413(0049)5(3) 1
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T, = 976°C.
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Fig. 5.7 Columnar structure of welds Left: Shallow weld;
Right: Deep pear-shaped weld.
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Figure 11,1 The solubility of nitrogen in molten iron as 2 function of the par Figure 11.2  The solubility of nitrogen in iron as a function of temperature. ((.)riginally
pressure of nitrogen at 1600°C. (Originally from “Solubility of nitrogen in liquid i from The Making, Shaping and Treatment of Steel, U.S. Steel Corporation, Pittsburgh,

alloys, 1: thermodynamics” by R. Pehlke and J. F. Elliott, Transactions of PA, 1971, with permission of the Association of Iron & Steel Engineers Foundation,
Metallurgical Society AIME, 218, 1088-1101, 1960, with permission of the AIM Suite 2350, 3 Gate Way Center, Pittsburgh, PA 15222)
Warrensdale, PA.)
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Figure 11.5 The effect of various alloying elements on the solubility of nitrogen in
molten iron at 1600°C. (Originally from Physical Metallurgy of Iron and Steel by B.
Kumar, 1968, Asia Publications, out of Introduction to the Physical Metallurgy of
Welding, 2d ed., by K. Easterling, published in 1992 by Butterworth-Heinemann,
Oxford, UK, and used with permission of the Easterling family.)
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Figure 11.6 The solubility of hydrogen in various binary alloys of iron at 1592°C.
(Originally from The Making, Shaping and Treatment of Steel, 1971, U.S. Steel Corpor-
ation, with permission of the Association of Iron & Steel Engineers Foundation, Suite
2350, 3 Gate Way Center, Pittsburgh, PA 15222.)
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Figure 11.9 Amount of hydrogen found in welds in steel as a function of processes and
process variables. (From Introduction to the Physical Metallurgy of Welding, 2d ed., by
K. Easterling, published in 1992 by Butterworth-Heinemann, Oxford, UK, and used
with permission of the Easterling family.)
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Figure 11.8  Oxygen and nitrogen levels expected in steel after welding using any of
several different arc processes. (Originally from paper by R. H. Rein in Proceedings of
a Workshop on Welding Research Opportunities, edited by B. A. McDonald, 1974, Office
of Naval Research, AD-AQ28395, Washington, DC, p. 92, reproduced from “Sources
of weld metal oxygen contamination during submerged arc welding” by T. W. Eager,
Welding Journal, 57(3), 765-80s, 1978, published by and used with permission of the
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Fig. 5.9 Characteristics of welded joints in pure metals.
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Figure 14.6 Microstructure across the weld of a work-hardened 304 stainless steel: (@)
before work hardening; (b) base metal; (¢) carbide precipitation at grain boundaries:
(d) recrystallization; (e) grain growth next to fusion boundary: (f) fusion zone. Mag-
nification 137x. Reprinted from Metals Handbook (8).




Figure 14.7 Grain growth in electron beam weld of molybdenum, arrows indicating
fusion boundary. Reprinted from Wadsworth et al. (9). Copyright 1983 with permission
from Elsevier Science.
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(B) Allotropic transformation when heated
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Fig. 5.10 Characteristics of welded joints in precipitation hardened alloy
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The capability of a material to be welded under the imposed
fabrication conditions into a specific, suitably designed structure
and to perform satisfactorily in the intended service.

» Weldability depends on various factors such as, nature
of metals, weld designs, welding techniques, skills, etc.

* |t has been stated that all metals are weldable but
some are more difficult than another.

» Steel is readily weldable (in many ways) than

= Copper is not easily welded due to its high thermal
conductivity which makes it difficult to raise the parent
metal to its melting point. 2 require preheating ~300-
400°C.

» Some give weld
pool too large to control, and aluminium welds normally
have oxide inclusions and porosity.




» Weldability of steels is inversely proportional to its hardenability,
Steels .
due to during heat treatment

Carbon content [Eailiy Hardenability [ Weldability [l

* There is a frade-off between materials strength and weldability.

» Austenitic stainless steels tend to be the most weldable but suffer

from distortion due to high thermal expansion. - Cracking and reduced
corrosion resistance.

» Ferritic and martensitic stainless steels are not easily welded, often
to be preheated and use special electrodes.

. is susceptible to hot cracking if the ferrite amount is not
controlled.




Weldability of aluminium depends on

Aluminium and its alloys chemical composition of the alloy.

» Aluminium alloys are susceptible to hot cracking, oxide inclusions,

dross, porosity (hydrogen).

» Most of wrought series, 1xxx, 3xxx, Sxxx, 6xxx, and medium strength
/xxx can be fusion welded by TIG, MIG while

are not readily welded due to liquation and solidification cracking.

Cracks in aluminium welds

6

Porosity observed in aluminium welded specimen
after fractured.




» Weldability of copper depends on
Copper and copper al ons chemical composition of the alloy.
» High thermal conductivity = required preheating to
counteract heat sink effect.

* Can be TIG or MIG welded.

weldability.

* Low zinc content brass can be TIG or MIG welded.

» Most are weldable, except gun metal or phosphor bronzes.

- « VVolatilization (toxic) of zinc is the main problem, reducing

» Require careful cleaning and deoxidization to avoid porosity.

* Silicon improves weldability due to its deoxidizing and fluxing actions.
. causes porosity and reduce strength of welds.

» Tin increases hot-cracked susceptibility during welding.

* Precipitation hardened alloys should be welded in the annealed

condition, and then precipitation hardening treatment.
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(a) Undercut

) Slag

(e) Lack of f (

Typical weld defects



cracks

Toe crack

Transverse
cracks

Underbead crack

Longitudinal
cracks

Arc strike Toe crack

Types of cracks in welded joints
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Figure 17.16  Ditfusion of hydrogen from weld metal to HAZ during welding. Modi-
fied from Granjon (20).
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Underbead crack in a low-alloy steel HAZ Hydrogen cracking in a fillet weld of 1040 steel
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UPreheating:

—Reduces the cooling rate (reduces the martensite)
—Reduces distortion and shrinkage stress
—Reduces the danger of weld cracking

—Allows hydrogen to escape

U Low-hydrogen welding procedure

JPost weld heat treatment 1 hour per inch of plate thickness at 1200F)

Martensite is tempered (transforms to ferrite and carbides)
Reduces hardness, and strength
Increases ductility, and toughness

Residual stress is also reduced
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Carbon equivalent (CE):

measures ability to form martensite, which is
necessary for hydrogen cracking

CE <0.35 no preheat or postweld heat
treatment

0.35<CE <0.55 preheat

0.55 < CE preheat and postweld heat
treatment
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Carbon and Low-Alloy Steels

Why Preheat?

 Preheat reduces the temperature differential
between the weld region and the base metal

— Reduces the cooling rate, which reduces the
chance of forming martensite in steels

— Reduces distortion and shrinkage stress
— Reduces the danger of weld cracking
— Allows hydrogen to escape




Steel

Using Preheat to Avold
Hydrogen Cracking

* |f the base material is preheated, heat flows more
slowly out of the weld region

— Slower cooling rates avoid martensite formation
 Preheat allows hydrogen to diffuse from the metal

D —

LIS e Cooling rate oc (T - Ty ,.e)°

Cooling rate ¢ (T - Ty ..)2




Steel

Interaction of Preheat and
Composition
CE = %C + %Mn/6 + %(Cr+Mo+V)/5 + %(Si+Ni+Cu)/15
« Carbon equivalent (CE) measures ability to form

martensite, which is necessary for hydrogen
cracking

— CE<0.35 no preheat or postweld heat
treatment

— 0.35<CE<0.55 preheat

— 0.55<CE preheat and postweld heat
treatment

» Preheat temp. as CE and plate thickness



Reheat Cracking . S3L s

e Mo-V and Mo-B steels susceptible

e Due to high temperature embrittlement of the heat-
affected zone and the presence of residual stress

e Coarse-grained region near fusion line most
susceptible

Prevention by
Low heat input welding
Design to avoid high restraint
Restrict vanadium additions to 0.1% in steels

Dress the weld toe region to remove possible areas of stress
concentration




Reheat Cracking . S5L s

Figure 17.25 Reheat cracking in a CrMoV steel: (¢) macrostructure (magnification
x35); (b) microstructure (magnification x1000). The cracks are along the prior austen-
ite grain boundaries of the bainitic structure. From Bailey (27).

CS=%Cr+3.3x(%Mo)+8.1x(%V)=2




Lamellar Tearing ! ¥ S,L s

Susceptible Lamellar
steel plate tearing

LAMELLAR TEARING SURFACES AT THE EXPOSED PLATE EDGE. (B) REDESIGNED
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