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Importance of Assembly and Joining

Approximate Number of
Parts in Products

Why focus on Assembly?

Common pencil -
Rotary lawn mower 300
Grand piano 12,000
Automobile 15,000

Boeing 747-400 6,000,000

# parts: 1 4 Assemblies actually do things customers want
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Get it Right the First Time...

TABLE 1.5

Relative Cost of Repair at Various
Stages of Product Development

and Sale
Relative cost
Stage of repair

When the part is being made 1
Subassembly of the product 10
Assembly of the product 100
Product at the dealership 1000
Product at the customer 10,000

“The Multiplier” According to Ford and GM
or: Why Is DFM/DFA Important?

* For every product part, there are about 1000
manufacturing equipment parts*

* Or, for every toleranced dimension or feature on a
product part, there are about 1000 toleranced
dimensions or features on manufacturing
equipment

e Such “equipment” includes fixtures, transporters,

dies, clamps, robots, machine tool elements, etc
*Note: Ford’ s estimate is 1000, GM’ s is 1800. Both are informal estimates.

MIT Prof. Daniel Whitney
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Manufacturing Assemblies

DFA: Design for Assembly

1. Reduce the Part Count
relative motion
material properties

otherwise impossible

maybe disassembly: for recycling

2. Make Each Part Easier to Assemble

Note: parts still need to be
manufacturable (DFM still applies: DFMA)
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Process Planning: Your “Well Orchestrated Dance” Plan

which manufacturing methods + joining methods (plus all of the logistical details to make it happen)

._Joining processes and equipme_ﬂ S el e Cti on Crit eri 3

Safety and environmental

The weld joint, quality, and testing.i considerations

- geometry (sheet example)

(Chapter 30)

- material type

'Adhesive bonding

- size of production run
(Chapter 32) _
Fastening
Soari
| f G rimping - value of end product
Fusion | | Brazing and soldeﬁngl Stitching
(Chapter 32) (Chapter 32)

car: $40k for 4,000Ibs: ~$10/Ib

! |
Charica | [ o *
| l airplane: $1,000/1b (sensitive to weight increase)

Oxyfuel gas Arc Resistance Diffusion Cold
Thermit Resistance Explosion Friction

Electron beam Ultrasonic satellite: $10,000/1b

Laser beam
(Chapter 30) (Chapter 31)
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Joining Processes

Design for Joining

Joining processes and equipment

—

Safety and environmental _ - design parts with that joining

considerations

'—l'he weld joint, quality, and testing thod | ing
' metnoa Iin min

(Chapter 30)
- ease of locating/aligning (self-
Welding | |Adhesivebonding | | Mechanical location, self-alignment)
Seaming

Crimping

Fusion ‘ Brazing and soldering';§| Solid state Stitching

| (Chapter 32) (Chapter 32)

Chemical ” Electrical ‘  Electrical ||  Chemical ~ Mechanical

Oxyfuel gas Arc Resistance Diffusion Cold

Thermit Resistance Explosion Friction
Electron beam Ultrasonic
Laser beam

(Chapter 30) (Chapter 31)
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Joining Processes

Joining processes and equipment

——

The weld joint, quality, and testing Safety and environmental

_considerations
(Chapter 30)
Welding Adhesive bonding Mechanical Fastening
(Chapter 32) _
Fastening
Seaming
| ! Crimping
Fusion | Brazing and soldering | | Solid state Stitching
(Chapter 32) (Chapter 32)
| ~ Chemical | | ‘ Electrical ‘ Electrical - Chemical L‘ﬁ
Oxyfuel gas Arc Resistance Diffusion Cold
Thermit Resistance Explosion Friction
Electron beam Ultrasonic
Laser beam

(Chapter 30) (Chapter 31)
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Mechanical Fastening

Type of Fasteners

bolts/screws
disassembly/reassembly
cross threading
rivets
when disassembly not required
dowel pins
cotter pins

snap fits
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Mechanical Fastening

Considerations
any shape and material
semi-permanent
least expensive for low volume
limited strength and sealing
increases part count

assembly can be challenging

loosen over time
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Insertion force for press fit

Mechanical Fastening: Press/Shrink Fits
two cylinders of the same length pressed to interfere

or, one body Is heated to expand, and then allowed to cool over the other part

000 005 010 015 020 0.25

Press Depth, in

P = Eé I R2 ( 7'(% _ rlz) - I insert — /’tPZﬂinnsert
rof
WR, 5 T 5thermal = aRAT

:p: interface pressure, [Pa] or [psi]
Ainsert :E: Young’s Modulus, [Pa] or [psi]
:8: radial interference [m] or [in]

L Ea: coefficient of thermal expansion [deg-'] !
:AT: temperature change [deg]
:Xinsert: length of engagement [m] or [in]
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Insertion force for press fit

Mechanical Fastening: Press/Shrink Fits

two cylinders of the same length pressed to interfere

or, one body Is heated to expand, and then allowed to cool over the other part

000 005 010 015 020 0.25

Press Depth, in

— F.

insert

= Up Zﬂinnsert

xinsert

)
Nz
\Z
z
=z
<
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DF: Mechanical Joining consider how the material

IS loaded

designed to be loaded in tension

washer head

body

nut washers: distribute load (can
provide locking/preload)

threads
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Joining Processes

Joining processes and equipment

I ————

Safety and environmental

The weld joint, quality, and testing i | “considerations
(Chapter 30)
Welding Adhesive bonding Adhesive Joining
Fastening
Seaming
~ - Crimping
Fusion | Brazing and soldering | | Solid state Stitching
(Chapter 32) (Chapter 32)
| ~ Chemical | | ‘ Electrical ‘ Electrical - Chemical L‘ﬁ
Oxyfuel gas Arc Resistance Diffusion Cold
Thermit Resistance Explosion Friction
Electron beam Ultrasonic

Laser beam
(Chapter 30) (Chapter 31)
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Adhesive Joining

03 PAINTING

Then, sealer is applied‘torsteel’plate-joints.
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Adhesive Joining

Considerations
different materials
easily automated
Inexpensive
curing time limitations
surface prep
chemical compatibility

strength, porosity
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Adhesive Joining

adhesion physics: viscosity and separation forces (demo)

Stefan Equation: apply a force over time to induce parabolic flow

4
L U: iIncreases with
h f2 drying/solvent/curing

want a small gap (surface roughness/dirt can interfere)

:J: viscosity, [Pa-s]
Em: initial gap [mM]
qu: final gap [m]

—: applied force [N]
Et: time [s]
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Stefan Equation Derivation | | 1 dP ( , h2>
Fluid Dynamics: U = y
21 dr

~ 3u dh

substitute, integrate:

W3 dr
J, integrater, t, h:
|Jv|scos|ty[Pa-s] ...............................................
3 u 71'614 ] ] :u: velocity profile [m/s]
Fr = —_— h gap height [m]
4 hf2 h12 F applied force [N]
T T ) /l\ Et: time [S]

ia: radius of the disks [m]
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Adhesive Joining 9 epoxies: thermoset polymers ‘
L@ .
: : P( that cross-link while curin -
cohesion (like molecules) vs |
adhesion (different molecules)
types of surface interactions \ . ELMERS.
Instan E '(' ) Washable, No Run
- A e | | School
mechanical o | PVA (polyvinyl acetate) + water
chemical ' (similar to wood glue) L

electrostatic (Van der Waal’s)

diffusion latex (rubber) in a solvent

application with flexibility

GLUEMASTERS

AAAAAAAAAAAAA

SUPER

cyanoacrylate reacts to GE
moisture in air (org. medical) =
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Adhesive Joining

2
-
(=
>
s U
: O
-

thermoset that also can react with moisture in air, inert sealer

(urethane glue also reacts to moisture or is two part)

;0“, Foam, Paper, Metal, Plastic Fabri¢
t:;dbomd & Insulation oo
™R3, platie, aislo -

a. metales, cartéen, 1%

G Dries Quickly & Clear |

Se soca rapido y transparente ’

=y, | commercia streng'™

ara uso comercial

220 | Square Feet

zzzzzzzzzzzzz

: : spray ac_lheswe for fast, wide hot melt glue transitions with heat
ONETO 16,750 application

solvent that chemically melts

and reforms plastic, creating
new molecular bonds
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DF: Adhesive Joining

match loading type between design and adhesive choice

large contact area is best Poor Good Very good
Adhesive

I:I]J:I

N/
NS

(a)

L

(c)
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Joining Processes

Joining processes and equipment

‘Safety and environmental

The weld joint, quality, and testin.- :

considerations
(Chapter 30)
Welding |3 | Adhesive bonding | - Brazing and Soldering
El EEN l((l:r'laetlelrlsl2 [ IE F t H .
i filler metals are melted and
,, — Crimping used to fill the gap
Fusion Stitching
(Chapter 32) (Chapter 32)
| Chemical ||  Electrical | ~ Chemical || Mechanical
Oxyfuel gas Arc Resistance Diffusion Cold
Thermit Resistance Explosion Friction
Electron beam Ultrasonic
Laser beam

(Chapter 30) (Chapter 31)
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Brazing and Soldering

same process at different temperatures

electronics, plumbing, jewelry, structural

above 450°C (840°F) is brazing (e.g. Silver, Brass)

below is soldering (e.g. Tin/Lead)

liquid-solid-state bonding (+ dissimilar metals)

Soldering
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Brazing and Soldering: Capillary Forces

1. two pipes to be joined 2. Introduce liquid filler 3. surfaces joined
(strong in shear)

demo: surface preparation
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Brazing and Soldering

Processes
torch (oxyacetylene)
furnace
induction

resistance
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Brazing and Soldering

purpose of flux
removes oxides (protects from oxidation)
improves surface wetting
process
A. Flux on top of oxidized metal
B. boiling flux removes oxide
. base metal in contact with molten flux
. molten solder displaces molten flux

solder adheres to based metal

. m O O

solder solidifies

A

-¢+—— Direction of movement of
soldering iron
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Brazing and Soldering

purpose of flux
removes oxides (protects from oxidation)
improves surface wetting
process
A. Flux on top of oxidized metal
. boiling flux removes oxide

. base metal in contact with molten flux

B
C
D. molten solder displaces molten flux
E. solder adheres to based metal

=

solder solidifies
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DF: Brazing and Soldering

Comments

Too little joint

filler metal should have good “wetting” characteristics area in shear

joined surfaces should not be smooth Improved design

when fatigue
loading is a factor
to be considered

Insufficient
bonding area

FIGURE 32.6 Examples of poor and good designs for
brazing. Source: American Welding Society.
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Joining Processes

Joining processes and equipment

—

Safety and environmental
considerations

The weld joint, quality, and testin

(Chapter 30)

‘Mechanical
fastening

Solid State (Interatomic) Processes

‘Adhesive bonding

(Chapter 32) Fastening no third material: just bonding one
Seaming material directly to another

rimping

Fusion Brazing and soldering Solid state Stitching

| (Chapter 32) (Chapter 32)

Chemical ” Electrical ‘  Electrical ||  Chemical ~ Mechanical

Oxyfuel gas Arc Resistance Diffusion Cold

Thermit Resistance Explosion Friction
Electron beam Ultrasonic
Laser beam

(Chapter 30) (Chapter 31)
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Diffusion Bonding
materials “grow across to each other”
typically at temperatures of 2/3"Tmeit, pressures of 500 to 5,000 psi expensive: aerospace,

not automotive
surface quality/finish matters

Contact initial Pressure Void
surfaces ‘ ‘ ‘ disappearance Grain growth

. 0.0,
]

o ) <o

‘t 1‘ f some porosity trapped
by crystal growth

asperities + pressure = decreased porosity
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Diffusion Bonding

Nickel and Tungsten
react to each other,
otherwise you might
need a film of
another metal to
facilitate bonding

gradient of material is
formed

(a)

Back-scatter electron micrographs of W/Ni interfaces,
diffusion bonded for 3 hours at different temperatures

Zhihong Zhong, Tatsuya Hinoki, Hun-Chea Jung, Yi-Hyun Park, Akira Kohyama,
“Microstructure and mechanical properties of diffusion bonded SiC/steel joint using W/Ni
interlayer,” Msterials & Design, Vol. 31, 3, 2010, pp.1070-1076.
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Other Solid State Processes

Ultrasonic Welding
shear at 10-75 kHz vibration

The horn The horn The vibrations
applies pressure vibrates vertically create frictional

to the plastic ~ heat that causes
materials. he materials to melt
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Other Solid State Processes

Friction Welding

material surfaces sheared
against each other
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Joining Processes

Joining processes and equipment

‘Safety and environmental

The weld joint, quality, and testin.- :

considerations
(Chapter 30)
Welding Fusion Welding
(Chapters2) st melting occurs at the interface

Seaming
— [ - Crimping
Fusion | Brazing ghd soldering Stitching

(Chabter 32) (Chapter 32)

| chemical || Electrical | - Chenmical

Oxyfuel gas Arc Resistance Diffusion Cold
Thermit Resistance Explosion Friction
Electron beam Ultrasonic
Laser beam
(Chapter 30) (Chapter 31)
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Fusion Welding
different examples of welded parts

spot welding: based on electrical resistance

resistance of the interface is highest: melts
there first




Joining Il

Processes and Types

Fusion Welding
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Fusion Welding Heat Intensity Considerations

Radiation Intensity [W/cm?] over melting, evaporation

heat affected zone (HAZ)

Electroslag . . , _
Oxyacetylene Resistance Welding change in properties
Thermite (Oxygen Cutting)
Air/Fuel Eriction Electron Beam, efficiency
Gas Flame Arc Welding Laser Beam _ _

L | ] I J lower intensity, slow

---------------- down...
102 103 104 10° 106 107
heat small area quickly
high power output very focused beams
depth/width ratio
_ , . more intense: penetrate
more intense source = faster melting, but it’s easy to over melt! deeper without width

automation is essential for controlling the process
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Melt Pool Depth

How fast do you have to move?

Cp(Tmelt T initial) energy to get to melt temp

Jakob # J =

hfS energy to convert to liquid
thermal diffusivity o =— § =~ \/ xJ Ly

P
ip :_priz‘rt‘;;‘?::ncpa;:x[E’o{(k]g"’(] depth of melt pool over time, so:
ETinitiaI: starting temperature [°K] _ )
: hrs: specific latent heat of fusion [J/kg] S
:k: thermal conductivity [W/mK] tmax ~
{0: density [kg/ms 200

Es: melt pool depth [m] :
Htmax: time to reach depth s [s] 5 stay any longer, and you will over-melt!
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HAZ: Heat Affected Zone

region near the weld pool is affected by heat

the microstructure changes

the size of the HAZ is controlled by the thermal
diffusivity a

why a? 4 a means more localized heating

soldering iron on plastic: small weld pool
on metal, you heat the whole piece!

lower heat intensity takes longer: allows for more
time to diffuse

you want high intensity with less time to
diffuse: more efficient (faster) and more
localization (no over-melting)
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Melt Front Velocity Welding Rate

the rate at which the welding device must be
moved Is governed by:

the Heat Intensity: the greater the intensity,
the faster the device must move to keep
the melt depth s constant

ad: the larger this product, the faster the
melt front moves

y d

5 Vmin —

A — > f

max

you need to feed at least this
fast to prevent over melting
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Weld Pool: Heat Source Interaction Time Weld Velocity

10 _ 304 @ 100 -12 §
102- - 102 E 10% - - 10! &:”
2 q0- -0t G i W -
c O ey
S 100 - 100 '§ o 106 100 8
«§ 101 Copper, - 101 (§ = 105- - 102 é
B Aluminum o k..
2 102 102 % 104 - - 103 O
= 103 W -10° ® = o e §.
c 04— Steels, 5 i P oc Lo 0

2 1 Nickels 10 = s 10°- - 105
g 1= 10 g = 10 - EPPOR
— il Uranium, B -
§ 1 Carainion ol JRURFS 107 &
£ 107- o F107 € E 101 manual operation 108
“ = E arc/oxyacetylene weldin -
10° | | | | 10° 8 10 | , 3,/ ’ , : 100 T

10° 10* 10° 10° 107  10° =

10° 104 10° 106 107 10%

Heat Intensity (Watts/cn’) Heat Intensity (Watts/cm?)

Main factor : Thermal diffusivity
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Oxyfuel Gas Welding

air/fuel welding
low-cost and portable

oxidizing (high oxygen),
reducing (low oxygen), and
neutral flames

Resistance Welding
(Oxygen Cutting)

Air/Fucl “riction

2 - Electron Beam.
as Flame
|

n Arc Welding Laser Beam

| J

| | | |
10° 10* 10° 10° 1
Watts/cm?
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Arc Welding

voltage difference between
electrode and workpiece

voltage ~100-500V
current ~50-300A

electrode may be consumed

Resistance Welding
(Oxygen Cutting)

Electron Beam,
Laser Beam

1

1
10° 10° 10° 10
Watts/cm?

Arrangement for
consumable electrodes
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Arc Welding

filler metals
adds material to the weld zone
flux on/in filler prevents oxidation

slag protects molten puddle from oxidation

shielding

protects weld area contaminants

ectroslag Resistance Welding

Ox%;?r:')"::: (Oxygen Cutting)

i E'ﬁii‘i'l‘a’iii’n"" Sn ’; Shielding
1 | 3
10° 10° 10° 10° :

L Weld Base metal

Air/Fucl

Watts/cm?
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Resistance Welding

high current: 3k-40k Amps
contact pressure + current + time
simple and reliable
welds difficult to inspect

energy: I1°Rt

melting in steel: ~1400 J/g

—

Watts/cm? @

| | weld nugget
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Fusion Welding

electron beam welding: electrons transfer
energy

laser welding: photons transfer energy

small HAZ

expensive, careful fixturing needed

cicctroslag Resistance Weiding
Ol Gygen o
Fricts

Air/Fucl Elect

10°710° 10° 10° 10° 10
Watts/cm?
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DF: Welding Poor Good Poor Good
Load
cracks open
ntension 1 ] =T SRS
(@) (b)
Cut not Deburred

part preparation s I | Burr /edge
9 o]
s critical !Q/s &s 4 cl
(c)

(d)

Surface to be machined
—_ — welds are hard
to machine

(e) (f)

Figure 30.31: Some design guidelines for welds. Source: After ].G. Bralla.
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Sustainable Energy: Spiral Welding

Modern turbines need towers that are far larger

than can be shipped by road or rail

On-site spiral welding is a proven technology
from the pipe and piling industry
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Sustainable Energy: Spiral Welding

-

Steel shipped flat
on standard trucks

]

By fabricating at the project site,
Keystone can build the large
towers needed by modern
turbines, while shipping steel as
flat sheets utilizing commodity

transport.

%

Erected with tower
mounted crane

,

Over dimension loads moved
on site roads
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Sustainable Energy: Spiral Welding
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Sustainable Energy: Spiral Welding

-

Steel shipped flat
on standard trucks

]

By fabricating at the project site,
Keystone can build the large
towers needed by modern
turbines, while shipping steel as
flat sheets utilizing commodity

transport.

%

Erected with tower
mounted crane

,

Over dimension loads moved
on site roads




Image Credits

Slide 1:

© Shutterstock, Inc. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 2:

The table © Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 3:

B Table 1.5 © Source unknown. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-
use.

B Text excerpt about “The multiplier” courtesy of Prof. Daniel E. Whitney. Used with
permission.

Slide 14:

© Toyota Motor Sales, U.S.A., Inc. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see htips://ocw.mit.edu/help/fag-fair-use.

Slide 15:

© Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.



https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use

Image Credits (cont.)

Slide 22:

Both images © Source unknown. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 24:

B Photo of soldering process courtesy of neffk. Source: \Wikimedia Commons. License CC
BY.

B Photo of brazing process © Media Solutions inc. All rights reserved. This content is
excluded from our Creative Commons license. For more information, see
https://ocw.mit.edu/help/faqg-fair-use.

B Photo of joining process © Ambrell Corporation. All rights reserved. This content is
excluded from our Creative Commons license. For more information, see
https://ocw.mit.edu/help/fag-fair-use.

Slide 26:

© Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 27:

© Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.



https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://en.wikipedia.org/wiki/User:Neffk
https://commons.wikimedia.org/wiki/File:Propane_torch_soldering_copper_pipe.jpg
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use

Image Credits (cont.)

Slide 30:
Courtesy Elsevier, Inc., https://www.sciencedirect.com. Used with permission.
Slide 31:

Left image © HowStuffWorks and right image © Source unknown. All rights reserved. This
content is excluded from our Creative Commons license. For more information, see
https://ocw.mit.edu/help/fag-fair-use.

Slide 32:

© Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 34:

© Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 35:

© Toyota Motor Sales, U.S.A., Inc. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see htips://ocw.mit.edu/help/fag-fair-use.



https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use

Image Credits (cont.)

Slide 41:

© Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 42:

© Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 43:

© Tcsaba. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see https://ocw.mit.edu/help/fag-fair-use.

Slide 44:

© Arconic Fastening Systems and Rings. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see htips://ocw.mit.edu/help/fag-fair-use.

Slide 46:
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