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Sheet Metal Drawing
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-Elastic deformation
-Plastic deformation
-Fracture




Mode of Deformations

viavoanse + Material Characteristic

Elastic deformation
i Fracture

Plastic deformation
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o Stress (anuiau) F
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— Engineering stress |
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— True stress (anuAuasa)

— Shear stress (anuAumou)




Engineering stress vs. True stress




M ludedeateny stress?

Cross
sectional

SO = -

Mo load
4cm x 4cm

=0.0016m?

1 force
0.0004 cross sectional area 0.0016
N N

stress = 250000

-— = 0.25MPa stress = 62500
11 m

= 0.0625MPa

=




Stress dumnldulFondonla! (lailsuse)

force
stress =

cross sectional area

Wodoad Mo load
2cm X 2¢m 4cm x 4cm’™”

=0.0004m?

stress = &
B 0.0004 stress = _400
0.0016
N N

stress = 250000

= 0.25MPa stress = 250000
m m

> = 0.25MPa
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force shearing force
stress (0) = ——— | shear stress(7) = _ SIeATne O

cross sectional area cross sectional area

Force Area
1 N = 10° dynes 1 dyne = 10> N 1 m? = 10* cm? 1cm? =10"*m?
1N = 0.2248 Ib; 11by=4.448N J1 mm?=10"2cm? 1 cm? = 10> mm?
1 m? = 10.76 ft? 1 ft*> = 0.093 m?
1 cm? = 0.15501in.? 1in.2 = 6.452 cm?

Stress
1 psi = 6.90 X 10~ MPa
1 MPa = 0.102 kg/mmg
1 Pa = 10 dynes/cm’ 1 dyne/cm* = 0.10 Pa
L kg/mm® = 1422 psi 1 psi = 7.03 x 10* kg/mm?
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® Tensile StreSS tensile stress

e Compressive Stress (siommiton Tensile uauss
nauneiu)

e Shear Stress

force
stress =

cross sectional area

shearing force
shear stress =

Ccross sectional area
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e Strain (anunsen)

— Engineering strain
(ANMUIATIANINIAINTTY)

— True strain (anuasonvse)

— Shear strain (anunssamon

o
=tanf = —




Engineering Strain (AuA38AN1IAINTTN)

< 1 Ao A (A Y, A
o Wumnmurnnnanueniwasulilvesigamsaieanueruay
. extension L-L,
Strain=—————— =
original length L,
A0E14

L,=1 was, L=1.01 was

New length: 1.01 m

NUVDIANUIATIARD 7

%Strain = strain x 100% =1%




True Strain (anuaseaas9)

= 1 Ao 1 Y Aa
o Humndwmnn In mmmmmﬂwmmaﬁawﬁﬁ’aammmamu

True strain =

A20814

L,=1 was, L=1.01 was
1.01

= ln(—) O 0099 — New length: 1.01 111

NUVDIANUIATIARD 7

%Strain =

strain X 100% = 0.99%

" Original length: 1 m




When to use € and When to use g?
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Shear Strain (anunssamen

S = shear force

Shear Strain =tand =

tané ~ @ eyuiimifos
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ELASTIC DEFORMATION

1. Initial £°2 Smallload & 3. Unload

@®®8®bonds
stretch

return to

Elastic means reversible!




PLASTIC DEFORMATION
(METALS)

1. Initial ‘& 2. Small load 3. Unload

bonds
stretch
& planes

Y

Plastic means permanent!




linear nonlinear

- - . YANANVILL TN U I

elastic lastic } o
"_‘_|_L'I (Proportional Limit)

PAINNAANNEANEI
(Elastic Limit)

loading if unloading
at = Ly Y a I3 = Y]
i ANNAURTIU 1150 A NIEUIAATIN
(Proof Stress or Yield Stress)

NIANRANNEAEIU,
NOAARUDIINA
elastic strain (g9) (Elastic Modulus,

" ‘ o/ Strain ,‘ Young’s Modulus)

0.002
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otting the values for Stress and Strain gives:

Stress, o = A£ Y
Elastic —=#= Plastic

Ultimate tensile

/ strength (UTS)
Yield

o o stress (Y)
ANMHMNULLINNN

ANMHLAULLIIANRIRA
ARG

Linear, elastic
part of curve

Young's
Modulus
1
Dissimilar materials never
have the same value of E

|._

Offset ®=——The offset strain is usually aken at 0,002 strain




~ ! Y, ~ A v I 1 )
ﬂ'l'i!f]JﬂfJ‘Llﬂ”l AULIAU LL@$ﬂ’JTJJLﬂ'§fJﬂ‘V'IN’Jﬁ’Jﬂ'i'ﬁJCLWL‘LIHﬂTﬂ’JﬁJ!,ﬂ‘L!

239 UAZANUIATIADTI

o,=c,(1+e)fe=In(1+e)

(NouULAa necking)

Valid for some metallic materials up to M'
n: strain hardening exponent (< 1, constant)

K: constant

or =Kg&;"

P
e
—

Engineering
necking starting point
due to
complex
(non-
uniaxial)
stress state

Strain
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Valid for some metallic materials up to M'
n: strain hardening exponent (< 1, constant)

K: constant

or =Kg&;"

P
e
—

(¥i84 necking)

andaglaila Engineering

ﬁa\j%ﬂ A La\‘i%%\j 6] necking starting point —
complex
(non-
uniaxial)
stress state

Strain




stress-strain diagram veslawgiszinnman

- Hot-rolled AISI 1020 steel

true (o vs. €

D
o
o

B
o
o

engineering (o vs.

©
o
=
v
w
]
=
0
o)
| -
o
©

S\

o o test data
e m fracture

Upper yield
point

Lower yield
point

0.8
€ or €, Strain

JuUannmsniaaasn (Yield point phenomena)

Strain

(b)
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1) L‘]J’f)'iL%HﬁﬂTiﬂﬂﬁﬂ%@ﬁWHﬂﬂHW@ﬂ (% Reduction Area)
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Original diameter d

Reduction in Diameter at failure
diameter

RA% =(A, — A ) /A X 100

Af wumuummm YRS msmmaan
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2) 1o UANTEAAT (% elongation)

Funagauiini lagegatrinlsavazuna

Original
gauge Ienglr}

deformation

Gauge length
at failure

El% = (L, - L_)/L, x100

where
L; = gauge length at fracture, L, = original gauge length
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 sasdauilwes, v (Poisson’s ratio)

— sandiuszrinanuaseauuaine (Lateral Strain) fu
AVIATIANINYT?

— apslany Uanlszana 0.33 (0.25-0.395)

o wonamaou, G (Shear Modulus/ Modulus of

Rigidity) g
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— Modulus of Resilience = wuildnsimanuau-
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minadeuanuuds (Hardness test)

RTEIRIT
— anudumuaemsuilsgons (Plastic deformation)
 Indentation >Metallurgist
* Wearing >Lubrication Engineer
 Scratching >Mineralogist
e Cutting >Machinist
» Flow stress >Design Engineer
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« Static indentation test (Reproducible, Accurate)

— Rockwell (ASTM E18), Brinell (ASTM E10), Knoop
(ASTM E384), Vickers (ASTM E92)

e Dynamic hardness test
— Scleroscope (ASTM Practice E 448 standard)

» Scratch test
— Mohs, file hardness test




Brinell Hardness
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— #ana vwa 5-10 mm
— Harden steel ball (up to 444 HB)
— Tungsten carbide ball (444 to 627)

9
nansuaed uaa1e13dszua 10-30 sec

doaldnaes microscope doslunisia

Load 500, 1000, 1500, 2000,
2500, 3000 kgf
— 500 kgf: soft metal Cu, Al alloys
— 3000 kgf: steel, hard metal

35
ASTM E10




vanms (Brinell Principle)

o 1 <
NITATUHIUAIAITNLUN HB

Jaa d udnhunldgasdiuiunin HB 3o
Jaa d udadlamsraieua HB

.. A9 135201 10-30 sec
RN

D=10 mm, F=3000 kgf, arduriugudnaield 2.0 mm -—> HB = 945




Table 1 Brinell hardness numbers
diameier 10 mm

1] 1 2 13
nnnmnnnm




Vickers/Knoop Microhardness Testm
Load < 1000 gf e

segnaivuia 0.01-0.1 mm

anuanieena< 19 luaseu

nageuanuuisrunuunld (foil, wire

IS A A Y
Wﬂﬁﬂﬂﬂ’ﬂiﬂﬁl\‘m’)!ﬂa@ﬂllﬂ
doslsndos microscope lunisia

[~
RONNATDUANUUTURNNIZ YA
= 3,
Tusunaaoy 1@

fmsurinauuy Vickers snse
I$usenaduansae microhardness
lanslszanm 120 kgt (dszana Rockwell C) ASTR B384




Fig. 1 Indentations made by
Knoop and Vickers indenters in
the same work metal at the
same load

-<>

3000 gf

3000 gf
— O
1000 of 1000 gf
-_— o

- ©
100 of 100 gf

Knoop indentations Vickers indentations




 P(kgf) 14.229P

HK

L2

Fig. 2 Pyramidal Knoop indenter
and resulting indentation in the
workpiece

Operating
position

Fig. 3 Diamond pyramid
indenter used for the Vickers
test and resulting indentation in
the workpiece

D is the mean diagonal of the indentation in
millimeters.

Operating
position
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Rockwell hardness testing

%410 Sadiuidenlfunsvane
AMTOOIUAIANNLU
Taglaidaalsnansvenssie

Soft metal to very hard steel

naaoulasias i salu
5 — 10 3w (manual, auto)

9 Y
® YBAITISI

— Sensitive to specimen support
anvil

Standard Test Method for Rockwell Hardgﬁss and
Rockwell Superficial Hardness of Metallic Materials", ASTM E18-97a, pp116-129




vianms (Rockwell Principle)

K sk sk = o ' A Ax o en
UNI1INATDIVUU (mﬂmﬂm’i%ﬂﬁ@mmuaummm’iﬂmmﬁuumm)

A B c

] Minor foad FO
Minor load F0 '"“; ::; Minor load FO

Major load F1 = Total load F

Rockwell ————  Minor load = 10kgf

Diamond < Major load = 60, 100, 150 kgf

Steel Ball
Superficial ——— Minor load = kgt

Rockwell (fonnainiia) Major load = 15, 30, 45 kgf
siiavana + minor load + major load > Rockwell Scale (~30)




Rockwell standard hardness

Table 1

Major

Indenter load, kgf

Typical applications

Diamond (two scales—carbide and steel) 60
1/16-in. (1.588-mm) ball 100

Diamond

1/8-in. (3.175-mm) ball
1/16-in. (1.588-mm) ball
1/16-in. (1.588-mm) ball

. (3.175-mm) ball
in. (3.175-mm) ball

in. (6.350-mm) ball

. (6.350-mm) ball

in. (6.350-mm) ball

1/2-in. (12.70-mm) ball

1/2-in. (12.70-mm) ball

in. (12.70-mm) ball

Source: ASTM Standard E 18

Cemented carbides, thin steel, and shallow
case-hardened steel

Copper alloys, soft steels, aluminum alloys,
malleable iron

Steel, hard cast irons, pearlitic malleable
iron, titanium, deep case-hardened steel,
and other materials harder than HRB 100

Thin steel and medium case-hardened steel
and pearlitic malleable iron

Cast iron, aluminum and magnesium alloys,
bearing metals

Annealed copper alloys, thin soft sheet metals

Phosphor bronze, beryllium copper, malleable
irons. Upper limit HRG 92 to avoid
possible flattening of ball

Aluminum, zinc, lead

Bearing metals and other very soft or thin
materials. Use smallest ball and heaviest
load that do not produce anvil effect.

Bearing metals and other very soft or thin
materials. Use smallest ball and heaviest
load that do not produce anvil effect.

Bearing metals and other very soft or thin
materials. Use smallest ball and heaviest
load that do not produce anvil effect.

Bearing metals and other very soft or thin
materials. Use smallest ball and heaviest
load that do not produce anvil effect.

Bearing metals and other very soft or thin
materials. Use smallest ball and heaviest
load that do not produce anvil effect.

Bearing metals and other very soft or thin
materials. Use smallest ball and heaviest
load that do not produce anvil effect.

Bearing metals and other very soft or thin
materials. Use smallest ball and heaviest
load that do not produce anvil effect.




Table 2 Rockwell superficial hardness scales

Major load,
Indenter kef

15
Diamond 30
Diamond 45

1/16-in. (1.588-mm) ball 15
1/16-in. (1.588-mm) ball 30
1/16-in. (1.588-mm) ball 45

in. (3.175-mm) ball 15
in. (3.175-mm) ball 30
in. (3.175-mm) ball 45

in. (6.350-mm) ball 15
in. (6.350-mm) ball 30
in. (6.350-mm) ball 45

in. (12.70-mm) ball 15
in. (12.70-mm) ball 30
in. (12.70-mm) ball 45

Note: The Rockwell N scales of a superficial hardness tester are used for materials similar to those tested on the Rockwell C, A, and D scales,
but of thinner gage or case depth. The Rockwell T scales are used for materials similar to those tested on the Rockwell B, F, and G scales, but
of thinner gage. When minute indentations are required, a superficial hardness tester should be used. The Rockwell W, X, and Y scales are
used for very soft materials. The letter N designates the use of the diamond indenter; the letters T, W, X, and Y designate steel ball indenters.
Superficial Rockwell hardness values are always expressed by the number suffixed by a number and a letter that show the load and indenter
combination. For example, 80 HR30N indicates a reading of 80 on the superficial Rockwell scale using a diamond indenter and a major load
of 30 kgf.




test

Shape of indentation

Indenter Cr . Load P Hardness number
Side view Top view
500 kg
10-mm steel or 2P

. _ 1500kg HB =

Brinell tungsten carbide ball *'CdD 3000 ke (#D) (DVD? — d?)
L)\ 1.854P
Vickers Diamond pyramid X 1-120 kg HV .LZ
. . b _142P
Knoop Diamond pyramid T 25g-5kg HK =—
Lib=7.11 L
blt = 4.00 L*L

Rockwell kg

. o e b = 100-500

C Diamond cone 150 HRC (= t

D 100 HRD

5

B 100 HRB

F % -in-diameter steel ball 60 HRF

G 150 HRG

= 130-500¢
E %-in-diameter steel ball 100 HRE




Hardness value: Designate values in the appropriate
scale range. Specify either limits,
maximum or minimum, as required.

Letter code for hardness

Letter designation for hardness

Measurement method
R = Rockwell
V = Vickers (DPH, diamond pyramid hardness)
K = Knoop
B = Brinell

Rockwell hardness scale designations
(These designations are used only when the Rockwell test
method has been specified.)
B = Rockwell B scale
C = Rockwell C scale
15T = Rockwell superficial 15T scale
15N = Rockwell superficial 15N scale
etc.

Example
1. 50-60 HRC means: a hardness value of 50 to 60 using the Rockwell C scale

2. 85HR15Tmax  means: a maximum hardness value of 85 using the Rockwell Superficial 15T scale

3. 185-240 HV g means: a hardness value of 185-240 using the Vickers hardness tester and a test
load of 100 kilogram-force, use HK for Knoop

4. 200 HB min means: a minimum hardness value of 200 using the Brinell hardness tester

Figure 2-18
Specification of hardness numbers for metals (ASTM E 10, E 384, and E 18). See
ASTM E 140 for scale conversions.




HARDNESS CONVERSION TABLE

Approximate Equivalents of Rockwell C Hardness Numbers
for Hard Materials

VICKERS BRINELL SCLERO-

ROCKWELL U.T.Ss.

DPH BHN SCOPE
HV/10 A C D 15-N 30-N 45-N 3000kg Kpsi MPa
' 1076 8770 79| 94 86 78 101 ' '
1004 86 69 78 94 85 77 99
040 36 68 77 93 84 75 97
000 85 6776/ 93 84| 74 05

865 85 6675 93 83 73 92
830 84 6575 92 82| 72 91
80034 6474 92 81 71 88
I s363|73] 91| 80| 7o 87
746 83/62/72] 91| 79, 69 85
7200826172 91 79 68 83 |
©97 s1/60/71| o0/ 78| 67 81 320 2206
674 81/5970 90 77 66 80| 310 2137
653 80 5860 89 76| 64 78 300 2068
©33 805769/ B89 75 63 76 290 1999
©13 70 56 68 88 74 62 75 282 1944
565 705567 88 73 61 74 274 1889




anuduiusseran Hardness: Strength

Rockwell hardness

|
607080 90 100 HRB

20 30 40

UTS(MPa) =3.45(HB)
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Cast iron (nodular)
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100 200 300 400

Brinell hardness number Surface tre atment !




Hardness Scale
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Mohs Scale
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