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Understanding the Stress-Strain Curve

1. Understanding the Stress-Strain Curve

The Uniaxial Tensile Test

T Load
«—QObject —»|
Load l, Load
Figure from [1]
y
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Understanding the Stress-Strain Curve

. Understanding the Stress-Strain Curve

Ductile Material Stress-Strain Gurve
low carbon steel

TerminOIOgy frue curve
. . .. Strain Hardening Necking

@ Proportionality Limit; ‘ >
@ Elastic Limit; Fra[:turET
@ Yield Point; |

Q Ultimate Strength; —— . Utimate Strength

@ Fracture Point; %

@ Elongation at Failure;

, Frqprqrtlun?!rllrmlt | Paint

Stress

Ductile Fracture

/‘-’\iZp Strain
L

i Figure from [4]
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Figure from [1]
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1. Understanding the Stress-Strain Curve

Terminology
@ Proportionality Limit;
@ Elastic Limit;
@ Yield Point;
© Ultimate Strength;
@ Fracture Point;
@ Elongation at Failure;

Stress

Ductile Fracture

Figure from [1]
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Ductile Material Stress-Strain Gurve
low carbon steel

T

Yield Paint

frue curve

Fracture '

Paint

Strain Hardening Necking

Proportional limit |

Ultimate Strength

Toughness, Resilience [5]
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v
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. Understanding the Stress-Strain Curve
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@ Fracture Point;
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Understanding the Stress-Strain Curve

1. Understanding the Stress-Strain Curve

Ductile Material Stress-Strain Gurve
low carbon steel

TerminOIOgy frue curve
. . .. Strain Hardening Necking

@ Proportionality Limit; 1 >

@ Elastic Limit; Fra[:turET
@ Yield Point; |

Q Ultimate Strength; —— . Utimate Strength

@ Fracture Point;

, Frqprqrtlun?!rllrmlt | Paint

Stress

@ Elongation at Failure;

Classifications

@ Brittle, Ductile

@ Non-dissipative: Elastic,
Hyper-elastic

Strain

@ Dissipative: Elastic-perfectly Figure from [4]
plastic, Bi-linear
elastoplastic, etc.
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Fracture

1. Understanding the Stress-Strain Curve

“Griffith Theory” of brittle
fracture

@ Theoretical fracture stress
E __E

~ 2 — 35 (steel ~

T050)

@ Fracture occurs when
Estrain - Esu'rfaee

@ Crack propagates when
dEstrain — Psurface

dL dL
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Understanding the Stress-Strain Curve

Failure Mechanisms

1.1. Failure Mechanisms: Fracture

1. Understanding the Stress-Strain Curve

“Griffith Theory” of brittle

fracture

@ Theoretical fracture stress

E

B

~
5 30
@ Fracture occurs when

(steel ~ Tb:)o)

Estrain - Esu'rfaee

@ Crack propagates when

Ductile Fracture

. oo Cone
888 & (@& cup

(@ ®) © @

Ductile Fracture [1]

dEgtrain dEsurface
dL - dL
v
Balaji, N. N. (AE, IITM) AS3020% August 15, 2024

4/20



Understanding the Stress-Strain Curve

1.1. Failure

1. Understanding the St

“Griffith Theory” of brittle

fracture

@ Theoretical fracture stress

E E

5 30

@ Fracture occurs when
Estrain - Esu'rface

@ Crack propagates when

Mechanisms:

ress-Strain Curve

(steel ~ T}%o)

Failure Mechanisms

Fracture

Ductile Fracture

@ ®) ©

Ductile Fracture [1]

dE train dEsquace
dL - dL
vy y
Sr. No Brittle Fracture Ductile Fracture
1. | It occurs with no or little plastic deformation. | It oceurs with large plastic deformation.
2. | The rate of propagation of the crack is fast. | The rate of propagation of the crack is slow.
3 It occurs suddenly without any warning. It occurs slowly.
4. | The fractured surface is flat. The fractured surface has rough contour and the
shape is similar to cup and cone arrangement.
5. | The fractured surface appears shiny. The fractured surface is dull when viewed
with naked eye and the surface has dimpled
appearance when viewed with scanning electron
microscope.
6. | It occurs where micro crack is larger. It oceurs in localised region where the
deformation is larger.
Ductile vs Brittle Fracture [1]
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Fatigue

1. Understanding the Stress-Strain Curve

..over 90% of mechanical failures are caused because of metal fatigue [6]... )

Stress distibution at 56.9 kPa cabin pressure
and 1.3 g nertia loading

The De Havilland Comet [7] [lecture]
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Fatigue

1. Understanding the Stress-Strain Curve

..over 90% of mechanical failures are caused because of metal fatigue [6]... )

Stress distributon at 56.9 kPa cabin pressure
Fan Blade and 1.3 g inoria loading

Fan Blade ‘ No. 19
No. 18 &7

—

A more recent example (2021 United Airlines
Boeing 777) [8]. [video]
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Fatigue

1. Understanding the Stress-Strain Curve

..over 90% of mechanical failures are caused because of metal fatigue [6]... )

Fatigue Crack Propagation: Beech
Marks

omet [7] [lecture]

A more recent examn Figure from [9/
Boeing 7
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1.1. Failure Mechanisms: Fatigue

1. Understanding the Stress-Strain Curve

..over 90% of mechanical failures are caused because of metal fatigue [6]... )

Stress, o

L SN N h—g

Time

Tmin
Fatigue variables [3]

Stress distributon at 56.9 kPa cabin pressure
and 1.3 g inoria loading

The De Havilland Comet [7] [lecture]
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Fatigue

1. Understanding the Stress-Strain Curve

..over 90% of mechanical failures are caused because of metal fatigue [6]... )

Stress, o

Tmin
Fatigue variables [3]

Stress, o

Mild steel

ﬁ;ﬁ”“‘"“ BRI o
Aluminium
alloy The De Havilland Comet [7] [lecture]
e
10 102 10° 10* 10° 10° 107 108
Number of cycles to failure
The S-n Diagram [3]
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Understanding the Stress-Strain Curve

1.1. Failure Mechanisms: Fatigue

1. Understanding the Stress-Strain Curve

Failure Mechanisms

..over 90% of mechanical failures are caused because of metal fatigue [6]... |

Stress, o

Stress, o

Balaji, N. N.

700

300

Maximum stress, S (MPa)

200

100

(AE, IITM)

S-N Curves for Common Metals [2]

Ti-5A1-2.55n titanium alloy

4340 steel

Ductile cast iron

70Cu-30Zn brass

\

1045 steel

2014-T6 Al alloy

EQ21A-TE Mg alloy

Cycles to failure, N'
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a
long time

Secondary creep

e High temperature

Primary creep

phenomenon (>~ 30 —45% of =,
melting point) £
H
w2
;
e "7 (at room temperature)
0

Time (min) —

Creep curve [1]

Balaji, N. N. (AE, IITM) AS3020%* August 15, 2024 6 /20



Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a
long time

Secondary creep

e High temperature

Primary creep

phenomenon (>~ 30 —45% of =,
melting point) £
2,
Examples WL — T
at room temperature
Zinc Melts at ~ 420° C 0 Time (min)—

(Tcreep ~ 145 C) Creep curve [1]

v
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1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a
long time

Secondary creep

e High temperature

Primary creep

phenomenon (>~ 30 —45% of =,
melting point) £
2,
Examples WL — T
at room temperature
Zinc Melts at ~ 420° C 0 Time (min)—

(Tereep ~ 145° C)
Lead Tipeep ~ 114° C

Creep curve [1]

v
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a
long time

Secondary creep

e High temperature

Primary creep

phenomenon (>~ 30 —45% of =,
melting point) £
2,
Examples WL — T
at room temperature
Zinc Melts at ~ 420° C 0 Time (min)—

(Tereep ~ 145° C)
Lead Tipeep ~ 114° C
Titanium 7T¢yeep ~ 650° C

Creep curve [1]

v
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a
long time

Secondary creep

e High temperature

Primary creep

phenomenon (>~ 30 —45% of =,
melting point) £
2,
Examples WL — T
at room temperature
Zinc Melts at ~ 420° C 0 Time (min)—

(Tareep ~ 145° C)
Lead Tipeep ~ 114° C
Titanium 7T¢yeep ~ 650° C
Tin Tepeep ~ 80° C

Creep curve [1]

v
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a

long time Tentiay creep

Secondary creep

e High temperature
phenomenon (>~ 30 — 45% of
melting point)

Primary creep

Elongation in %

Examples N e .

(at room temperature)

Zinc Melts at ~ 420° C 0 Time (min) —
(Toreep ~ 145° C)

Lead Tipeep ~ 114° C

Titanium 7T¢yeep ~ 650° C
Tin Tepeep ~ 80° C

Steel, AA T,pcep ~ 400° C

Creep curve [1]

v
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1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a

long time Tentiay creep

Secondary creep

e High temperature

Primary creep

phenomenon (>~ 30 —45% of =,
melting point) 2
22
Examples WL e

(at room temperature)

Zinc Melts at ~ 420° C 0 Time Gy —
(Tereey ~ 145° C)
Lead Tipeep ~ 114° C
Titanium 7T¢yeep ~ 650° C
Tin Typeep ~ 80° C
Steel, AA T,pcep ~ 400° C
Nickel Melts at ~ 900° C

Creep curve [1]

v
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Constant stress applied over a
long time

Tertiary crecp

Secondary creep

e High temperature
phenomenon (>~ 30 — 45% of
melting point)

Primary creep

IS

Elongation in %

S
|
|
|
|

Examples

(at room temperature)

Zinc Melts at ~ 420° C Time (min) —
(Tupeep ~ 145° C)

Lead Tipeep ~ 114° C
Titanium 7T¢yeep ~ 650° C
Tin Topeep ~ 80° C @ Fundamentally related to grain
dislocati t
Steel, AA Tiroep ~ 400° C islocation movemen

Nickel Melts at ~ 900° C
Super-Alloys

°

Creep curve [1]

@ Single crystal solutions:
Super-Alloys: Tereep > 1000° C
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Understanding the Stress-Strain Curve Failure Mechanisms

1.1. Failure Mechanisms: Creep

1. Understanding the Stress-Strain Curve

o Cor Singie Crystal Casting [10]

on ary creep
COLUMNAR SINGLE 1S
o Hig CRYSTALS CRYSTAL %
phe T % |
me i !
| (4
Examp] EESaReis d - = . B
e i ’ » Time (min) —
POLYCRYSTALS
a) b) <)
CHILL
PLATE
Titax DMRL developed this capability in 2021 [11]
ain
Steel. o T, 11ing T = Evoung T, dgrain T <= creep resistance 1
. v
NicKel'Meltsat ~ 900 C Super-Alloys: Tereep > 1000° C
Super-Alloys
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Materials Used in Aircrafts Metallic Alloys

2. Materials Used in Aircrafts

2.1. Metallic Alloys

Main Considerations
@ Strength-to-weight ratio;
@ Stiffness, Strength;

@ Toughness, resistance to fast crack
propagation;

Fatigue life;

@ Thermal behavior (“Superalloys”)
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Materials Used in Aircrafts Metallic Alloys

2. Materials Used in Aircrafts

2.1. Metallic Alloys

Main Considerations
@ Strength-to-weight ratio; 551 MPa R
o Stiffness, Strength; -

@ Toughness, resistance to fast crack | /
. [' Sl Miasest e
propagation; ' / 2= T T T RS £ 10087 115MR30

@ Fatigue life;
& ’ Strong Grey Cast Iron
BS EN1561 EN-GJL-350

@ Thermal behavior (“Superalloys”)

Magnesium alloy

Weak Grey Cast Iron
BS EN1561 ENGJL 150

Metallic Alloys/“Solutions”

Fe Alloys C, Ni, Co, Mo, Ti, Mn, Si,
S, P (C 1, Ductilityd )

Pure Aluminium-Annealed

B R

: Y E S
0004 (g 0012 e 0020 0028 s,

0,024
Strain

Stress strain curve of common metals [12]

V.
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2. Materials Used in Aircrafts

2.1. Metallic Alloys

Main Considerations
@ Strength-to-weight ratio; 551 MPa R
o Stiffness, Strength; -

@ Toughness, resistance to fast crack | /
propagation; {- / __MidSteel _._.oocooee

- BS EN 10087 115Mn30

@ Fatigue life;
& ’ Strong Grey Cast Iron
BS EN1561 EN-GJL-350

@ Thermal behavior (“Superalloys”)

Magnesium alloy

j. 7]
Nl
¥
Metallic Alloys/“Solutions” h e e Bt 150
Fe Alloys C7 Ni7 CO7 ]‘\/[c)7 Ti7 Mn7 Si, Pure Aluminium-Annealed
S, P (C 1, Ductilityd )
- ) I N S B S
Al AllOyS Cu, Mg, 1\/[117 Si, Fe, Zn7 0004 5 o0s 0012 16 0020 ggpq 0028 g3y

. . Strai
Ni, Ti rain

Stress strain curve of common metals [12]

V.
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2. Materials Used in Aircrafts

2.1. Metallic Alloys

Main Considerations

@ Strength-to-weight ratio; 551 MPa R
o Stiffness, Strength; -
@ Toughness, resistance to fast crack | y
propagation; {- [ [ o--MiaStest. .o ooooooenoes
i
[}

@ Fatigue life;

Strong Grey Cast Iron
BS EN1561 EN-GJL-350

@ Thermal behavior (“Superalloys”)

Magnesium alloy

j. 7]
Nl
¥
Metallic Alloys/“Solutions” h e e Bt 150
Fe Alloys C7 Ni7 CO7 ]‘\/[c)7 Ti7 Mn7 Si, Pure Aluminium-Annealed
S, P (C 1, Ductilityd )
- ) I N S B S
Al AllOyS Cu, Mg, 1\/[117 Si, Fe, Zn7 0004 5 o0s 0012 16 0020 ggpq 0028 g3y

Strain

Ni, Ti
Ti Alloys Al V

Stress strain curve of common metals [12]
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Materials Used in Aircrafts Metallic Alloys

2. Materials Used in Aircrafts

2.1. Metallic Alloys

Main Considerations

@ Strength-to-weight ratio; 551 MPa {—7

@ Stiffness, Strength; s |

@ Toughness, resistance to fast ¢
. Alloy | p (ke m—3) E (GPa) o4 (GPa) .
propagation; Fo 7800 200 T

Al 2700 69 0.7
° Fatigue ]ife; Ti 4400 120 1.26
@ Thermal behavior (“Superalloy.. "

4 } ] Magnesium alloy

Weak Grey Cast Iron
BS EN1561 ENGJL 150

Metallic Alloys/“Solutions” #

Fe Alloys C, Ni, Co, Mo, Ti, Mn, Si,
S, P (C 1, Ductilityd ) )
o o0m Lo, Gom

Al AllOyS Cu, 1\/[g7 1\/[117 Si, Fe, Zn7 0.004 4 008 0016 0,024 0,032
Ni. Ti Strain

Ti Alloys Al, V
Ni Superalloys Cr, Al

V.
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Materials Used in Aircrafts

2. Materials Used in Aircrafts

2.1. Metallic Alloys

Main Considerations

Metallic Alloys

@ Strength-to-weight ratio; 551 MPa ——— ——;:_WT:___,W,_j
. . - Aluminium alloy 7075-T6 i
@ Stiffness,
Stiffness, gteel Alloys [1] |
[
@ Toughne _ i ‘
AIST | UNS Composition (wi %) Topical ) J
propagat mumber | number [~ or Ni "o e v icati -- *
. Ml TI301 [085] 375 |030 max| 870 175 120 | Drills, saws; lather
@ Fatigue ] and plancr tools
A2 T30102 | 1.00 515 0.30 max 115 — 0.35 Punches,
@ Thermal embossing dies
D2 T30402 | 1.50 12 0.30 max 0.95 — 1.10 max | Cutlery, drawing sesium alloy
dies
o1 T31501 [095| 050 |030 max| — 0.50 | 0.30 max | Shear blades,
. cutting tools ast Iron
Metallic All Sl T41901 |050| 140 |0.30 max | 0.50 max | 2.25 025 | Pipe cutters, 1 ENGJL 150
e AllOy‘ conerete drills € Aluminium-Annealed
F € lwi | 772301 | 110 0.15 max | 0.20 max | 0.10 max | 0.15 max | 0.10 max | Blacksmith tools,
woodworking tools
D S TR B _J
: 0.012 0,020 0.028
Al Alloys Cu, Mg, Mn, Si, Fe, Zn, 0004 4 008 0,016 0,024 0,032
. . Strain
Ni, Ti
. Stress strain curve of common metals [12]
Ti Alloys Al, V
Ni Superalloys Cr, Al
y
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Materials Used in Aircrafts

2. Materials Used in Aircrafts
Aluminum Alloys [1]

2.1. Metallic Allo;

Main Consis
@ Strength
@ Stiffness,

@ Toughne
propagat

o Fatigue |

@ Thermal

Metallic All
Fe Alloys

Al Alloys
Ti Alloys

Ni Superall

Balaji, N. N.

Metallic Alloys

Sr .No Alloy Composition Properties Applications
1. | Duralumin | Al = 94% High tensile strength and high Sheets, tubes, cables,
Cu = 4% electrical conductance forgings, rivets, nuts,
Mg, Mn, Si, Fe | Soft enough for a workable period bolts, ete.
0.5% each after it has been quenched. Airplanes and
Specific gravity = 2.8 other machines,
Melting point = 923 K nonmagnetic
Brinell hardness; instruments like
Annealed = 60 surgical and
Age hardened = 100 orthapaedic.
2. | Y-Alloy Al =925% Strength at 573 K is better than Components like
Cu=4% aluminium. piston cylinder heads,
Ni=2% High strength and hardness at high | crank cases of internal
Mg = 1.5% temperature. combustion engines
Easily cast and hot worked. and die casting, pump
rods, ete.
3. | Hindalium [ Cu = 4.5% Strong and hard. House bold
Si=0.8% Cannot be easily scratched. equipments like
Mn = 0.8% Can take fine finish. pressure vessels,
Mg .5% Does not absorb much heat and thus | pipes, food and
Al =93.4% saves fuel while cooking. chemical handling
Can be casily cleancd. storages.
Do not react with the food acids.
Low cost (about one-third of stainless
steel).
4. | Magnelium | Al = 85 to 95% | Light weight and high tensile strength | Gearbox housings,
Cu=01025% |annealed state ; vehicle door handles,
Mg =1 to 5.5% |200 MNm~2 luggage racks, coffee-
Ni=0to12% |Cold worked statc : grinder parts and
Sn =0 to 3% 280 MNm ™2 ornamental fixtures.
Fe =0 to 0.9% | Elongation
Mn = 0 to 0.03% | annealed state : 30%
Si=0.2 to 0.6% | Cold worked state : 7%
Alloy is brittle, Castability poor,
Machinability good and easily
welable.

(AE, IITM)
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Materials Used in Aircrafts

2. Materials Used in Aircrafts
Aluminum Alloys [1]

2.1. Metallic Allo;

Main Consis
@ Strength
@ Stiffness,

@ Toughne
propagat

o Fatigue |

@ Thermal

Metallic All
Fe Alloys

Al Alloys
Ti Alloys

Ni Superall

Balaji, N. N.

Metallic Alloys

Sr .No Alloy Composition Properties Applications
1. | Duralumin | Al = 94% High tensile strength and high Sheets, tubes, cables,
Cu = 4% electrical conductance forgings, rivets, nuts,
Mg, Mn, Si, Fe | Soft enough for a workable period bolts, ete.
0.5% each after it has been quenched. Airplanes and
Specific gravity = 2.8 other machines,
Melting point = 923 K nonmagnetic
Brinell hardness; instruments like
Annealed = 60 surgical and
Age hardened = 100 orthapaedic.
2. | Y-Alloy Al =925% Strength at 573 K is better than Components like
Cu=4% aluminium. piston cylinder heads,
Ni=2% High strength and hardness at high | crank cases of internal
Mg = 15% temnerature combustion engines
Necessary Reading g
3. |Hindalium [C .
s Pages 353-359 in Megson [3].
M.
Mg = 0.5% Does not absorb much heat and thus | pipes, food and
Al =93.4% saves fuel while cooking. chemical handling
Can be casily cleancd. storages.
Do not react with the food acids.
Low cost (about one-third of stainless
steel).
4. | Magnelium | Al = 85 to 95% | Light weight and high tensile strength | Gearbox housings,
Cu=01025% |annealed state ; vehicle door handles,
Mg =1 to 5.5% |200 MNm~2 luggage racks, coffee-
Ni=0to12% |Cold worked statc : grinder parts and
Sn =0 to 3% 280 MNm ™2 ornamental fixtures.
Fe =0 to 0.9% | Elongation
Mn = 0 to 0.03% | annealed state : 30%
Si=0.2 to 0.6% | Cold worked state : 7%
Alloy is brittle, Castability poor,
Machinability good and easily
welable.

(AE, IITM)

AS3020%*

pesium alloy

ast Iron
1 ENGJL 150

re Aluminium-Annealed

L
016 0.020 0,024
Strain

y
August 15, 2024
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Materials Used in Aircrafts

Mechanical Behavior of Steel

2. Materials Used in Aircrafts

©
o
=
1200
< Pearlite + ferrite
1100 — 350
Pearlite
+
1000 (— Fe3C
300
900 [— Tensile strength
2
5
£ 8001 E
s 250 3
@ 2
o 700 — i<l
3 s
2 600 Brinell hardness @
o — <
2 —200 &
=
°
> 500 [—
400 (— 150
Yield strength
300 —
100
TR R |
0 0.2 0.4 0.6 0.8 1.0

Composition (wt% C)

Ductility (%)

Metallic Alloys

120l = pearlite + ferrite
| Pearlite
+ Fe3C —180
100 —
R —
|zod impact
energy —| 60
80 —
— 40
60 —
Reduction
in area — 20
40 —
—0
20
Elongation
Py N T YT A B
0 0.2 0.4 0.6 0.8 1.0

Composition (wt% C)

As Carbon Contentt, Strengtht, but Ductility] [2]
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Introduction to Material Science

3. Introduction to Material Science

3.1. Metallic Crystal Structure

O

simple Face-centered
cubic cubic

7 A

Simple Body-centered
tetragonal tetragonal

7 4
&

Body-centered
cubic

Hexagonal

A!’g
Face-centered

&y

Simple Base-centered Triclinic
Monoalini

Simple

i

Types of crystal structures in metals [13]

q iR

Balaji, N. N. (AE, IITM) AS3020*

Metallic Crystal Structure

August 15, 2024
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3. Introduction to Material Science

3.1. Metallic Crystal Structure

O

simple Face-centered

Body-centered
cubic cubic

cubic

7 [

Simple Body-centered Hexagonal
tetragonal tetragonal
Simple dy d Face-centered
" " o or i ’ 7
e Bottom 001 101
o
ﬁ ‘y// @

Simple Base-centered Triclinic
Monoalini

Crystal and Grain Structures [14].
ini “Polycrystallinity”

Types of crystal structures in metals [13]
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3. Introduction to Material Science

3.1. Metallic Crystal Structure

e ; 7 ;
Dislocations and their “motion” under load
simp
cubic Applied shear
— —— [E—--
ABCD ABCD ABCD ABCD
Simple
tetragon
s 1
Simple
orthorhombic
[e— L — — [S—
001 101
Figure from [13]
tures [14].
Rrombehedral PR e PoTyerystallty”
Types of crystal structures in metals [13]
o
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Introduction to Material Science Metallic Crystal Structure

3.1. Metallic Crystal Structure

3. Introduction to Material Science SCI'GW Edge

Direction
of motion

o The ability of a metal to deform
plastically depends on the ability
of its disloications to mowve.

@ Restricting or hindering
dislocation motion renders a
material harder and stronger.

Figures from [2]
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3.1. Metallic Crystal Structure

3. Introduction to Material Science SCI'GW Edge

Direction
of motion

o The ability of a metal to deform
plastically depends on the ability
of its disloications to mowve.

@ Restricting or hindering
dislocation motion renders a
material harder and stronger.

Material Strengthening
@ Grain size reduction Q/<
@ Solid-solution (alloys)

@ Strain hardening

Figures from [2]

Balaji, N. N. (AE, IITM) AS3020%* August 15, 2024 10/ 20



Introduction to Material Science  Metallic Crystal Structure

3.1. Metallic Crystal Structure

LI d i . . .
8- Introduction Gipain Size Reduction

Qrvavr o

@ Grain boundaries act as barriers to dislocation movement )
0 Crystal B -
o The a Crystal A+
plastic ‘i B
of its °
. =
o Restri L1
disloc: //;/
mater 001 101 <£//
Material ¢ Figure from [14] /;:i'\ﬂ’
@ Grain ;/
. o Hall-Petch Equation:
O Solid- a
1
@ Strain oy =00+ kyd™ 2
@ Controlled by heat-treatment (rate of solidification, etc.)
Balaji, N. N. (AE, IITM) AS3020*
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3.1. Metallic Crystal Structure

LI d i . . .
8- Introduction Gipain Size Reduction

@ The a
plastic
of its -

o Restri
disloc:
mater

Material £
@ Grain
@ Solid-¢
@ Strain

Solid-Solution Alloying

Substitutional/interstitial impurity addition

Impurities redistribute lattice strains

3383388 oo 3333888

OO0 OO

0009000 QOCLOOO
OO0 000000 IO 000000

24 000000 000000

Figure from [2]

Solutes have a tendency to distribute around
imperfections in host lattice

@ Greater stress necessary for dislocation movement =—-

Greater strength and hardness

Controlled by heat-treatment (rate of solidification, etc.)
v

Balaji, N. N. (AE, IITM) AS3020* August 15, 2024

A¢

L

10/ 20
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3.1. Me .Strain/Work Hardehing aka Cold Working

3. Introductior . . . .
@ Increased yield stress with plastic deformation
@ The “price” that we pay is reduced ductility -
\ \ T \
@ The a so[— 20w
plasti( 00 a%ew EL
. O%CW
of its g . F
@ Restri Il ]
disloc: =%
200f— |1
mater L
100 |- [~
. [><]
Materlalf % 0‘05 0‘1 D.!IE 0‘2 0.25 //k\‘
Strain ol -
Grain =
o Figure from [2]
@ Solid-¢
@ Strain @ As plastic work is done, dislocations increase in size/move
closer. It takes higher stress to move bigger/more
numerous dislocations.
@ Annealing undoes this.
v
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3.2. Phase Diagrams

3. Introduction to Material Science

Mechanical properties are a direct consequence of microstructures, which are direct
consequences of thermal histories.
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3.2. Phase Diagrams

3. Introduction to Material Science

consequences of thermal histories.

Phase Diagrams

Mechanical properties are a direct consequence of microstructures, which are direct J

What is a phase diagram? [2]

Pressure (atm)

1,000 I
100 —
10
1.0
0.1

0.01

0.001

Liquid
(Water)

Temperature (°C)

Balaji, N. N.

(AE, IITM)

AS3020*

August 15, 2024
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3.2. Phase Diagrams

3. Introduction to Material Science

Phase Diagrams

consequences of thermal histories.

Mechanical properties are a direct consequence of microstructures, which are direct J

Balaji, N. N.

(AE, IITM)

The Copper-Nickel Phase
Diagram [2]

Temperature (°C)

Composition (at% Ni)

0 20 40 60 80 100
1600 T T —— —
—{2800
1500
Liquid 1453°C
—{2600
1400 {—
. Solidus line
Liquid 2400
1300 {—
B 7
1200 4 —{2200
1100 ¥ {2000
1085°C
1000 I | I
0 20 40 60 80 100

(Cu)

Composition (wt% Ni) (Ni)

Temperature (°F)

AS3020%*
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Introduction to Material Science

3. Introduction to Material Science

Phase Diagrams

consequences of thermal histories.

Mechanical properties are a direct consequence of microstructures, which are direct J

Equilibrium Cooling [2]

. L
(35 Ny
o 146 Ni)

The Copper-Nickel Phase
Diagram [2]

Composition (at% Ni)

0 20 40 60 80 100
1600 T T —— —
—{2800
1500 {—
Liquid 1453°C
—{2600
1400 [—
. Solidus line
Liquid 2400
1300 {—
°B 7
1200 4 —{2200
1100 ¥ 12000
1085°C
1000 I | I
0 20 40 60 80 100
(cw Composition (wt% Ni) (Ni)

Temperature (°F)

(46 Ni)
g ' {43 Ni) 143 Ni)
2
2 v
g
&
1100 | | !
20 30 a0 50
Composition (wt% Ni)
V.
Balaji, N. N. (AE, IITM) AS3020*
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3.2. Phase Diagrams

3. Introduction to Material Science

Phase Diagrams

consequences of thermal histories.

Mechanical properties are a direct consequence of microstructures, which are direct J

Non-Equilibrium Cooling [2]

The Copper-Nickel Phase
T T T T g
L Diagram [2
@ Composition (at% Ni)
L (35 Ni
(e 0 20 40 60 80 100
1300 ; @l - 1600 — T T —3
—12800
“ 1500 [—
b Liquid: 1453°C
(40 i) ¥ (46 Ni)
_ 4 —{ 2600
s 1400 |—
1 ,’ L (29 i)
5 242 Ni) P b Py
H 6 Niy 8 c
% 10 N . Liquid Solidus line ra00 @
& 2 1300|— £
1200 = g 2
31 Ny 5 $n ~ H
LizaNp 1200 . — 2200
a(46 Ni)
@ (40 Ni) -
'@ (35 Ni)
121 Nip 1100 £ —! 5000
(46 Ni) 1085°C
(40 Ni) i
(35 Ni) 1000 . ‘ .
L 0 20 40 50 80 100
1100 | | | 1
20 0 40 50 &0 (Cu) Composition (wt% Ni) (Ni)
Compositien (wt%e Ni)
<
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3.2. Phase Diagrams

3. Introduction to Material Science

Phase Diagrams

consequences of thermal histories.

Mechanical properties are a direct consequence of microstructures, which are direct J

Non-Equilibrium Cooling [2]

Mechanical Ramifications [2]

The Copper-Nickel Phase

Temperature (°F)

L - T L - 80 71 L I
- —|60 = \ N
. 400 (— <
g 3 250
s = E
z | = E L |
® 0B 3
[ £ = 40— ]
£ B w
£ g 300 e 8 L J
T = ‘@ =
iz —40 2 8
i8 2§30
o
5
s L _
2001 | ! I I K16 sol—t | | R T
0 20 40 60 80 100 0 20 40 60 80 100
(Cu) ) , (Ni) (cu) » (Ni)
Composition (wt% Ni) Composition (wt% Ni)
v
— waTy "2 140 Ni) T
asem 1000‘ ’ | ‘ L
el 0 20 20 60 80 100
1100 | | | 1
20 0 50 &0 (Cu) Composition (wt% Ni) (Ni)
Compositien (wt%e Ni)
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3.2. Phase Diagrams: Eutectic Systems

3. Introduction to Material Science

The Lead-Tin System [2]

300

[ Solidus
2 e
g 200 ‘é
H 183 ; TE|H
g 5
5 300 5

2183wt #1978 Wit
sSn}

|
I
I
|
|
i

100~ | Solvus ard i 200
i
i
i
I
|
|

Sn)
— 100
¥ _
0 I | I \ I | I |
0 20 40 g0} 80 100
P) Cs (sn)
(61.9)

Compasition (wt% 5Sn)

v
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Phase Diagrams

3.2. Phase Diagrams: Eutectic Systems

3. Introduction to Material Science

The Lead-Tin System [2]

400 T
w
|
|
! L
)
1
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1
e
]
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< ]
e || h
B 200 4
né | (Cywi% Sn)
E i
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i
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i
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i
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—

L 300

Balaji, N. N. (AE, IITM)
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v

183°C
s
£ 200 Cowt% 50—
s
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& #
k]
Savus Y
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T
100 “ —
|
1
H a+ g
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[ | |
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3.2. Phase Diagrams: Eutectic Systems

3. Introduction to Material Science

The Lead-Tin System [2]

400

oL 400

L (61.9 wt% 5n) " Eutectic

J structure 300

k)

Temperature (°C]
B
1
Temperature (*F}

Temperature (C)

Primary a |
@+ F {18.3 wt%% Sn}
200

A(97.8 wt% Sn)
Eutectic a |

(18.3 wt% Sn)

100

S ——m-— - ______

[ 20 } 60 80 100
(Pb) e, (sn)
(40) o

o
o

Compasition (wt3 Sn}

V.

V.

v
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3.2. Phase Diagrams: Eutectic Systems

3. Introduction to Material Science

The Lead-Tin System [2]

Some Pictures [2]
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3.2. Phase Diagrams

3. Introduction to Material Science

The Iron Carbon System [2]

Composition (at% C)

Phase Diagrams

1600 T 1‘0 1‘5 25
T
Comparative Stress/Strain Diagram
1400 5 \ |2
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L 1304°C y+L
1200 B
1147°C —
3 . 2.14 4.30 c
g F 7 Austenit | &
2 1. Austenite 2000 &
= 2
T 1000 g
g . g
E 912°C 7+ Fe3C E
800 {9 —{1500
M 727°C
076
0.02
6001 Ny, Fenite a+FesC
Cementite (FesC) ___—] 1000
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o
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3.2. Phase Diagrams

3. Introduction to Material Science

The Al-Cu-Mg System (2024 AA) [15]
700 , y 5
sor K+l L
548°C 0+L M
X 57 33 )
g r (CuAl)
" K+0
400 |~
300 L | L 1
o] 10 20 30 40 50
Al wt. % Cu
AS3020%* August 15, 2024 13 /20
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3. Introduction to Material Science

. XTernperature (°C)

Balaji, N. N.

Introduction to Material Science  Phase Diagrams

1600

The Iron-Carbon System |[2]
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3.2. Phase Diagrams: The Iron-Carbon System [2]

3. Introduction to Material Science
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3.2. Phase Diagrams: The Iron-Carbon System [2]

3. Introduction to Material Science

Balaji, N. N.
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3.2. Phase Diagrams: The Iron-Carbon System [2]

3. Introduction to Material Science

{ Equilibrium Microstructure ]

© |
1538°C
1493°C
L
— 2500
L 1394
"—________..-
| -
1147°C "
g - ¥, Austenite 2.14 4.30 — 12000 t
@ | ©
] g
T 1000 — | T
2 I g
5 glzc | y+ FesC £
——— | =
X |
| o | — 1500
M ) 727°C

I\o 276
'\ 0.022
IB , Ferrite a+FesC
Cementite (Fe3C)
Eutectoid | | I |
2 3 4 5 6
. Composition (wt% C)
Cementite
a-Ferrite
Balaji, N. N. (AE, IITM) AS3020*

August 15, 2024



Introduction to Material Science

Phase Diagrams

3.2. Phase Diagrams: The Iron-Carbon System [2]

3. Introduction to Material Science
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3.2. Phase Diagrams: The Iron-Carbon System [2]

3. Introduction to Material Science
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3.2. The Fe-Fe3C System: Heat Treatment

Isothermal transformation
diagram [2]

3. Introduction to Material Science

e Although a phase may be unstable (eg., 10T \ VAN \
: 58 T t T
Austenite for T' < 727° C), phase-change  $2 temperature 675°C |
. . . om BOf——m - — —
takes time, especially when solid. 22 / |
88 Transformation | |
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gLy NS !
1 10| 102 | 10° 10* 10°
I Time (s)
I
1 } |
Lo
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3.2. The Fe-Fe3C System: Heat Treatment

Isothermal transformation
diagram [2]
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3. Introduction to Material Science

15}
3

e Although a phase may be unstable (eg.,
Austenite for T' < 727° C), phase-change
takes time, especially when solid.

Percent of austenite
transformed to pearlite
@

2

@ When cooled at higher temperatures, we
get thick lamellae = coarse pearlite
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3.2. The Fe-Fe3C System: Heat Treatment

Isothermal transformation
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3. Introduction to Material Science
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3.2. The Fe-Fe3C System: Heat Treatment

Isothermal transformation
diagram [2]

3. Introduction to Material Science

e Although a phase may be unstable (eg., o2 I VAN \
. 5 T
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3.2. The Fe-Fe3C System: Heat Treatment

Isothermal transformation
diagram [2]

3. Introduction to Material Science
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3.2. The Fe-Fe3C System: Heat Treatment

Isothermal transformation
diagram [2]

3. Introduction to Material Science

e Although a phase may be unstable (eg.,
Austenite for T' < 727° C), phase-change
takes time, especially when solid.

@ When cooled at higher temperatures, we
get thick lamellae = coarse pearlite

e For T € (215° C,540° C), Bainite is
formed

@ When quenched to ~ambient, Martensite

o “Diffusion-less” transformation
e Super-saturated carbon solution
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3.2. The Fe-Fe3C System: Heat Treatment
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e Although a phase may be unstable (eg.,
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3.2. The Fe-Fe3C System: Heat Treatment
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3.2. The Fe-Fe3C System: The Heat Treatment Process

3. Introduction to Material Science
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A typical heat treatment process involving Austenizing, quenching and tempering
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Summary

Module 2: Aircraft Materials

@ Understanding the Stress-Strain Curve
@ Failure Mechanisms

© Materials Used in Aircrafts
o Metallic Alloys

© Introduction to Material Science
@ Metallic Crystal Structure
@ Phase Diagrams
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