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Introduction (1)

. . TABLE 12.1
. 2 X :
Fusion Weldin g (o = Comparison of Various joining Methods
= Melting together and coalescing Characteristics
materials by means of heat, usually _ 8
= = =1
supplied by electrical or high-energy Z g g
means. g = & £ & £ 2 2
g 2 = % § S 3 3 g
. . AL S X Method s A LE S LB 2 8 .’(>£ 3
u SOIId_State Weldlng (ﬂ O[.CD ﬂ) Arc welding 1 2 3 1 3 1 2 2 2
A . . Resistance welding 1 2 1 1 3 3 3 3 1
= Joining takes place without fusion. Brazing 11 1 1 3 1 3 2 3
Bolts and nuts 1 2 3 1 2 1 1 1 3
. . Xi S B Riveting 1 2 3 1 1 1 3 1 2
PN Fasteners 2 3 3 1 2 2 2 1 3
* Adhesive Bonding (E&'E) Seaming, crimping 2 2 1 3 3 1 3 1 1
Adhesive bonding 3 1 1 2 3 2 3 3 2

Note: 1, very good; 2, good; 3, poor.

= Mechanical fastening (X&)
» Fasteners, bolts, nuts, rivets, etc.

(a) Butt joint (b) Corner joint (¢) T joint (d) Lap joint (e) Edge joint
Ref.
FIGURE 12.1 Examples of joints that can be made through the various joining processes g Kalpakjian, "Manufacturing Processes for Engineering Materials",
described in Chapter 12, 3rd/4th ed. Addison Wesley



Introduction (2)

TABLE 12.2
General Characteristi J Processes
Skill

Joining Level Welding Current Cost of

Process Operation Advantage Required Position Type Distortion®  Equipment

Shielded Manual Portable High All ac, dc 1to2 Low
metal arc and flexible

Submerged Automatic High Low to Flat and ac, dc 1to2 Medium
arc deposition medium horizontal

Gas metal Semiautomatic Works with Low to All dc 2t03 Medium to
arc or automatic most metals high high

Gas tungsten Manual or Works with Low to All ac, dc 2to3 Medium
arc automatic most metals high

Flux-cored Semiautomatic High Low to All dc 1to3 Medium
arc or automartic deposition high

Oxyfuel Manual Portable High All - 2to 4 Low

and flexible

Electron Semiautomatic Works with Medium to All - 3to5 High
beam, laser =~ or automatic most metals high
beam

* 1, highest; 5, lowest

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Arc-Welding Processes: Consumable Electrode (1)

= Shielded metal-arc welding (SMAW, I|=22% 03 &
= 50A ~ 300A (~10kW)

Coating

Welding-machine ac or dc
power source and controls

Solidified

slag Electrode holder

Electrode
Electrode

Shielding gas

Arc \\\‘ .

Work — 7
\ Work cable
\\ Electrode cable
Arc
{a) (b)

FIGURE 12.2 (a) Schemaric illustration of the shielded metal-arc-welding process. About
50% of all large-scale industrial welding operations use this process. (b) Schematic
illustration of the shielded metal-arc-welding operation, also known as stick welding,
because the electrode is in the shape of a stick.

FIGURE 12.3 A weld
zone showing the build-up
sequence of individual weld
| beads in deep welds.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Arc-Welding Processes: Consumable Electrode (2)

» Submerged arc welding (SAW)
= Flux - lime, silica, manganese oxide, calcium fluoride.

FIGURE 12.4 Schematic
illustration of the submerged
arc-welding process and
equipment. Unfused flux is
recovered and reused.

Electrode-wire reel

Flux hopper

Voltage and

current control
Unfused-

flux
recovery

Contact
tube T

Voltage-pickup leads
(optional)

Workpiece Electrode cable

Ground

Weld backing

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Arc-Welding Processes: Consumable Electrode (3)

» Gas metal-arc welding (GMAW)
= Ar, He, CO, (inert gas)
= Known as metal inert gas welding (MIG)

Solid wire
electrode

Shielding gas

Current
conductor
Feed control Wire Shielding-
Travel Control system 2 gas
Wire guide and Gisont oo source
contact tube  Workpiece Gun control 00000l Gasin YO %
[ ) Voltage E |
Nozzle — Solidified

control
weld metal

Shlddmgiﬁ Wire-feed 110V 47
— drive motor supply
%

' ' Contactor - . —~

| omel el
Molten weld
metal
(a) (b)

FIGURE 12.5 (a) Gas metal-arc-welding process, formerly known as MIG welding (for
metal inert gas). (b) Basic equipment used in gas meral-arc-welding operations.

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Arc-Welding Processes: Consumable Electrode (4)

» Flux-cored arc welding (FCAW)

Current-carrying
Arc shield composed of guide tube
vaporized and slag-forming ————

compounds protects metal
transfer through arc

Insulated extension tip

: Powdered metal, vapor-or gas-
| < forming materials, deoxidizers,

Solidified ———~ _. : and scavengers

slag
Molten

slag Arc

Base metal

Solidified weld metal kioltei: Metal droplets covered with
thin slag coating, forming

1
Weid imeta molten puddle

FIGURE 12.6 Schematic illustration of the flux-cored arc-welding process. This operation
is similar to gas metal-arc welding, shown in Fig. 12.5.

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Arc-Welding Processes: Non-consumable Electrode (1)

» Gas tungsten-arc welding (GTAW)
= Known as TIG (Tungsten inert gas) welding.

Inert-gas
Cooling- 0 supply
Electrical conductor water supply

Travel
€ ac or dc weldr

B

- Tungsten Filler

Gas electrode

passage
Filler

Shielding gas — Drain
Arc Workpiece

Foot pedal
— Solidified  (optional) <
Base metal weld metal
Molten weld
metal
(a) (b)

FIGURE 12.9 (a) Gas tungsten-arc-welding process, formerly known as TIG welding (for

tiungsten inert gas). (b) Equipment for gas tungsten-arc-welding operations.
Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley



Arc-Welding Processes: Non-consumable Electrode (2)

» Plasma-arc welding (PAW)

o Tungsten
i- electrode l

-,. !7— Plasma gas- :

~ Power
supply

_ Shielding —
[ gas Y

Power

supply <

FIGURE 12.10 Two types
of plasma-arc-welding

processes: (a) transferred and
(b) nontransferred. Deep and

I i H A
4; R LA ! @ { ; { narrow welds are made by
- ' - I this process at high welding

speeds.
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Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley



10

High-Energy-Beam Welding

» |Laser-beam welding (LBW)
= Good for high aspect ratio.
= Vacuum is not required.

FIGURE 12.11
Comparison of the size of
weld beads in (a) electron-

FIGURE 12.12 Gillerre
Sensor razor cartridge, with
laser-beam welds.

i i Nd:YAG laser with fiber-optic delivery

» Electron-beam welding (EBW)
= (Generates X-rays.
= High welding quality.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Fusion-Welded Joint (1)
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= Base metal
» Heat-affected zone (HAZ)
= Fusion zone

» Note that the grains form

parallel to the heat flow.

» similar to the dendrite in a cast
structure.

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

Original structure
|

FIGURE 12.13
Characteristics of a typical
fusion-weld zone in oxyfuel-
gas and arc welding.

Heat-affected zone

Fusion zone (weld metal)

Base metal

A
€L
T
=
=
]
| )
:F]
o,
§
-
Original
temperature

of base metal

(a)

3rd/4th ed. Addison Wesley

Molten

!/‘. weld metal

~—— Melting point of base metal

| .
— < Temperature at which the

base-metal microstructure
is affected.

(b)

FIGURE 12.14 Grain
structure in (a) a deep weld
and (b) a shallow weld. Note
that the grains in the
solidified weld metal are
perpendicular to their
interface with the base metal.
In a good weld, the
solidification line at the
center in the deep weld
shown in (a) has grain
migration, thus developing
uniform strength in the weld
bead.



Fusion-Welded Joint (2)
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= Heat-affected zone
» Cold-worked base metal.

= Heat applied during welding recrystallizes the elongated grains.

= Grains close to the weld metal grow and this grain growth will result in a

region which is softer and has less strength.

r_"""'__—'_'_ 1 mm —

FIGURE 1215 () Weld
bead on a cold-rolled nickel
st

|

(a)

I
|
~ I - .
Ferrite + cementite
I
|
|

HAZ

Ref.

0.5 10 20 3.0
“Weld Carbon content {(wt%)

4.0

°C
1700
1500
1300
1100
900
700
500

FIGURE 12.16 Schematic
illustration of various
regions in a fusion-weld zone
and the corresponding phase
diagram for 0.30% C steel.
Source: Courtesy of the
American Welding Sociery.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Residual Stresses

= Stress relieving |

= Preheating. hcompri:fal e

= Lower cooling rate.

= Lower magnitude of
thermal stresses.
(by reducing the E of
metals being welded.)

= Reducing shrinkage & (a)
crack.

FIGURE 12.23 Residual
stresses developed in a
straight butt joint. Sosrce:
Courtesy of the American
Welding Society.

Weld FIGURE 12.22 Distortion
of parts after welding:
(a) butt joints and (b) fillet
welds. Distortion is caused

X by differential thermal

Neutral axis expansion and contraction
of different regions of the
welded assembly. Warping
can be reduced or eliminated
by proper weld design and

Weld fixruring prior to welding.

|
il

Angular distortion  Longitudinal shrinkage

(a) Ref. (b)
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley



Cold Welding & Ultrasonic Welding
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Workpieee <=

Transdueer
de

supply

ac
BCYRPER

supply

Direction of vibration

(a}

polarization

Cladding metal

Process.

T Rolls

HGURE 12.27

ia} Components of an
wtrsonic-welding machne
for lap welds, The lataral
wibrgeions of the too. tp
sawss plastic deformation
ond bonding ai the interfave
of the werkpicess,

il Ultrasonik: seam welding
wslmg a rollen

(b} Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley

FIGURE 12.26 Schematic
Base illustration of the roll-

metal bonding, or cladding,



Friction Welding
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_Forc:e
increased

FIGURE 12.29 Shape of
the fusion zone in friction
welding as a function of the
force applied and the
rotational speed.

(1) High pressure (2) Low pressure (3) Optimum
or low speed or high speed

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley

FIGURE 12.28 Sequence
of operations in the friction-
welding process. {a) The part
on the left is rotated at high
speed. (b) The part on the
right is brought into contact
under an axial force. {c) The
axial force is increased; flash
begins to form. (d) The part
on the left stops rotating.
The weld is complered. Flash
can be removed by

(d} machining or grinding.

FIGURE 12.30 The
principle of the friction stir-
welding process. Aluminum-
alloy plates up to 75 mm

(3 in.) thick have been
welded by this process.
Source: TWI, Cambridge,
United Kingdom.

Shouldered
nonconsumable
tool

Weld



Resistance Welding (1)
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H=1°Rt

H = heat generated (J)
| =current (A)

» Resistance spot welding

Electrodes

_

Weld nugget

Lap joint

Pressure Current
applied on

Current off, Pressure released

pressure on
FIGURE 12.31

(a) {a) Sequence in the resistance
spot-welding process.
(b) Cross-section of a spot
weld, showing weld nugget
and light indentation by the
electrode on sheer surfaces.
This method is one of the
most common processes used
in sheet-metal fabrication
Sheet and automotive-body

separation assembly.

Electrode
Electrode tip

Indentation

Weld nugget

Heat-affected zone

Electrode

R = resistance (QQ)
t = flow time of the current (s)

FIGURE 12.32 Types of
special electrodes designed
for easy access in spot-
welding operations for
complex shapes.

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Resistance Welding (2)

» Resistance seam welding

Electrode wheels

Electrode wheel
Weld nuggets

Weld  Sheet

)

(c)
FIGURE 12.33 (a) Seam-welding process, with rolls acting as electrodes. (b) Overlapping
spots in a seam weld. (¢) Roll spot welds.
» Resistance projection welding
Force
Flat electrodes
Product
Weld nuggets
Workpiece ! o
Projections FIGURE 12.34 Schematic
illustration of resistance
Force projection welding:
(a) before and (b) after. The Ref.
(a) (b)  projections are produced by S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

embossing operations, as

described in Section 7.6. 3rd/4th ed. Addison Wesley
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Explosive welding (ZZ-&4)

» Joined by high kinetic energy.

= Detonation speed : 2400~3600m/s
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Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Brazing ("3'27%)
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workpiece surface.

Base
metal

|

The temperature is raised to melt the filler (£7}4]) metal, but not the workpiece.
Filler metals generally melt above 450°C.
Fluxes(& A]) : in order to prevent oxidation and to remove oxide films from

FIGURE 12.40
{a) Brazing and (b) braze
welding operations.

~— Brass filler metal

——

Filler —

/ — Base metal
I

|

metal

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Brazed joints

FIGURE 12.42 Joint
designs commonly used in
_ brazing operations.

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Soldering (9%

x—l)
| =)
y ncue 1243 o™ Flller metals melt below
designs commonly used for
! mld%.ring, 4 450°C.
= Fluxes are used.

(a) Flanged T (b) Flush lap (c) Flanged corner

(d) Line contact (e) Flat lock scam (f) Flanged bottom

— Copper land
~ Werted solder
coat
== Oil or air

TABLE 12.4

Copper land

Types of Solders and their Applications

coating

/- Residues Tin-lead General purpose
Flu T Tin-zinc Aluminum

Lead-silver Strength at higher than room temperature
Cadmium-silver Strength at high temperatures

Turbulent zone : ‘ : : :

| prevents dross) Zinc—aluminum Aluminum; corrosion resistance
Tin-silver Electronics
Tin-bismuth Electronics

(a)

From 2006, lead cannot be used

of a wave-soldered joint on a surface-mount device.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Adhesive bonding (33

Simple

—
Radiused
(a) (b)

e

Increased thickness Beveled
(c) (d) mome rae v
Re. el plos ) o

() seeap.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Mechanical fastening (7] A& ©]<)

e A=

FIGURE 12.48 Examples of rivets: (a) solid, (b) tubular, (c) split, or bifurcated and
{d) compression.

Nonmetal
e
r *—- Metal
Standard loop Flat clinch ' channel Roll-pin loop
(a) {b) (c) (d)

FIGURE 12.49 Examples of metal stitching.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Failure modes of riveted joint

(b)

©

Figure 10. Three of the ways in which a riveted joint may fail.
(a) Failure by shearing the rivets.
(b) Failure by tearing the rivets out of the plate (i.e. by *bear-
ing’ or elongation of the holes).
(c) Failure by tearing the plates.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Other methods of fastening

= Seaming

FIGURE 12.50 Stagesin
forming a double-lock seam.

(b) (c) (d)

FIGURE 12.51 Two

u Crl m p I n g examples of mechanical

joining by crimping,.

(a) (b)
Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Snap-in fasteners

FIGURE 12.52 Examples
of spring and snap-in
fasteners to facilirate

assembly,
Nut
Spring clip
/, pring
Rod-end attachment
to sheet-metal part Push-on fastener
(a) (b) (c)

Sheet-metal cover Sheet-metal cover Integrated snap fasteners

(d) (e) (f) (g)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Design considerations (1)
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FIGURE 12.56 Examples
of good and poor designs for
brazing.

Good

Poor

Comments

Too little joint
area in shear

Improved design
when fatigue
loading is a factor
to be considered

Insufficient
bonding

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Design considerations (2)

FIGURE 12.57 \Various -
joint designs in adhesive Adhesive
bonding. Note that good l
design requires large contact

areas between the members
to be joined.

(c) Very good
Adhesive Adhesive
|

Spot weld

(d) Combination joints Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Design considerations (3)

Poor Good Poor - Good

.|

(a) (c)

FIGURE 12.58 Design
guidelines for riveting.
Source: Bralla, ]. G. (ed.)
Handbook of Product
Design for Manufacturing,
2d ed. New York, McGraw-
Hill, 1999,

(b) (d)

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials"
3rd/4th ed. Addison Wesley



