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Recap

Stress/strain

Yield criterion (as a function of stress state) — yield functions
Tresca

von Mises
Yield surface/ yield locus in various subsets of stress space (principal, pi-plane ...)

Effective stress / effective strains

Plasticity independent of hydrostatic pressure (means tress)
Deviatoric stress space




Outline

Uniaxial tension test and work hardening

A few mechanical properties
%EL
%RA

Engineering stress vs. engineering strain curve / true stress vs. true strain curve
Mathematical model for work-hardening (Hollomon equation)
Necking

Other mechanical tests to avoid necking
Compression

Bulge tests
Plane-strain compression (rolling)

Torsion
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Tension tests

(Uniaxial) tension test: the most common mechanical
stress-strain test performed in tension (2! &)

Al H (specimen)2 T2 Lt 1|(fracture)/t H S
[ 7FX] AT,

Dogbone 2 2FO| A|H

Load-cell: A|HO| 7} &l forceES =™ Tensile tester

Extensometer: A| Q2| ZO| (elongation) H2IE 57 Extensometer

Reduced section

| 60 mm i

E ) ; t \mf
-——-—1—-——-12.8 mm Diameter—— {—— - —# -19 mm Diameter b =
| f ‘
~ _J
o Eranm (e
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| 50 mm l Z\
Gauge length 9.5 mm Radius

Load-cell

Images from Callister, Int. MISE
http://www.epsilontech.com/products/axial-extensometer-model-3542/
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Typical conditions:

1. Strain rate: (% 22£)1073 [sec]™! < € <107% [sec]™?!

2. =& (RT)

3. Uniformity in strain/stress has to be maintained in the gauged volume



Typical shape of stress-strain curve
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Tension tests
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3] Uniform Non-uniform
—_ deformation deformation
g < >
Y2 Yield Fracture
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load
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24 (=3 H); yield strength, (yield stress)

0

: Tensile strength; =2 Z|C 21 & Z & (ultimate tensile strength) — UTS

Ductility (Hd)

These are engineering terms
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Yield (¥ =)
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Yield stress determination

RD4/Voltage.txt

200 upper/lower limits

linear fit of modulus
raw data

" 150 Fit by polynomial order of 5

$ 0.2% Offset

g 100 0.2% vyield point

0k
0.000 0.002 0.004
Strain

https://en.wikipedia.org/wiki/Polynomial



What determines the shape of engi o vs. engi. € curve?
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Plastic Instability in uniaxial tension tests(1)

Plastic instability in uniaxial tension

Competition between two phenomena: 1) increase in yield strength due to strain
hardening and 2) increase in imposed load (or stress) caused by area reduction

d , - . .
doy = (—) de (d—Z: hardening rate; 22 Hdol= HAE T LIEILI= d = 5713

O 2SN BHEY Z20| ME S S7L S olld U0 M 2 72| 5k
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Plastic Instability in uniaxial tension tests(2)
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Necking
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Post-necking and Bridgmann method

Without special care
Force, disp. = 0, € Force, disp. + 0, &

<

Fracture

/

Force [kN]
N

1 1 Maximum V
load

0.0 02 04 0.6 0.8
displacement [inches]



Stress/strain states near the neck

Onset of
Uniform e; necking

Post-necking

0 00 6,0 0 0
c=|0 0 O0f everywhere ogneck — 0 G,y > 0 0]
0 0 o 0 0 -
—05 €33 0 0 0O 0 O
k _
£ = 0 —0565; 0 |everywhere gfar away fromneck — [0 0 0
0 0 o
0 0 £33

Post-necking T+ ZF 0| M true stress-true strain 2f 2 ¥ 7| ?I51A= £ 2| inhomogeneityE = 7 (correct)d OF L.
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Bridgmann correction

True

Corrected

3}\

Engineering

Stress

Strain

Bridgmann method

(a) €"=0.41 Fa/—
o \ /. S

(b) &”=1.42 (close to fracture)

1600 x L |
O—8—£8 Step (a) '
|/ m—m—m Step (b) '

0 -©- O Step (d) J/"

1200 . ® - ®- @ Step (e) v’

_ -
g | / :

g w00 M- -
7 "
|
3 . :
- 1
400 T
Preyious strain for fracture —>:
'
|
:

0 ! ' ' !
0 0.4 08 1.2 16 2

True Strain

Bridgmann method2| St
_ola Ty R0 M of Lk,

_Void MO 2 OISH MCHH ZtA S
Defety| St

Choung and Cho, JMST 22, 2008 p 1039-1051



Direct compression (
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Bulge test

The most popular experimental method to obtain stress-strain behavior for an
extended amount of strain — a lot larger deformation is realized in comparison with

uniaxial tension test.
€ " €3

eg |l e,
/ — eq lle,
o For isotropic material
% Op = 0p = I;—f: according to Pp 0 0
gs 0 0 membrane theory 2t
.7 O— -
g=|0 o5 0 P:internal pressure 0 Pp 0
p: radius of curvature 2t
0 0 o,

t: specimen thickness - 0 0 O



Bulge test
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s_loo o
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0 O —Z—f
38 HIMEZ YH =20 Y= &= 3 (uniaxial
compression stress) & Ef & E Of &L}, IFEfA, bulge
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=S e 2t s




HH A= HAE Al (plane-strain compression test)

Indenter : Load

Specimen Indented region

4
oy

Region that is
adjacent to the
| indented region but
W . , is not stressed.

b — e
dojotEmE Yo
| Ze 2o| Big)(s)7t
L otCH
2 plane-strain conditionO| &|Lt? F=7tX| ko = o
= JA| HbSE = hps " S5l &
e; T T Zatsto| BIE S H|oHsls H1tE Yrh €11 = —
1. Zojwsoz ArjNo= Bn, Eysto Art b
IndenterOi| O3l Z1} 20| Q&0 2 H| %317 20| )
ST BB C{ Bt EESt0 20| S 0 22 =
L goH ez HA EC ifw > b
| N e, 2 2. Indenter0f 2[5 =2|= F=22| &+ 0f x|t ~ 0
e; 20| & WRES stress7t Q= AS) Z gisto 20| BigtE €11 2 €2 ®
absshs &t



Torsion tests

Various shear testing geometries are discussed in the literature

(a) | (c) (d)
] [ N
-«
(b) % 3
-«
1 [ ¢
—>
(a) )
DR <— —
(b) (d) Area of redt:ced thickness
e <+
< *
e N —>

Yin et al., 1JSS 66, 2015



(strain hardening models)
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Determine parameters in Hollomon equation

o = Ke" O A| kK@ n 2f2 T5}7]. k2
nat= M =ZOf| h2f CrELLS ZHEI T
SHLFH XH = Ot A CHE o vs. € curve
£ 7HX| 7] I =0

1). 7l Mol 0| logE H-E T

log(o) = log(K) + nXxlog(¢)

Pl y=ax + b FE{ 2| L FHOIC}:

log(o) =y, log(e) = x

hetA A2 SollA] @ T g vs. e

HO|E{Off /2 &0 log &t=E AHESIH
x| S

M M(linearity)’F F =22 HEf =
LFEFLFCE

IF steelO| A| 2 0{%l 5, ¢ GIO|HE
logarithmic scale Of| A{ 2121 2=

6x10°

4x10°
S 3x10?

2x10°

6.2 4
6.0 -
5.8 1
5.6 1
5.4 4

5.2 -

10°

10?
103 1072 107! 10°




Determine parameters in Hollomon equation

Bt A S (typically & < 0.0005)0| A=
Hollomon equationO| OFL|2} ... Hooke’s
lawOf| X|HH & =CF.

o = Ee
(1) logo =loge +logE (y=x+b 3EH)

A8 Y-S Hollomon equationd
CH O::IAPE

2|9] a,b,c 242 RE CIELY,

b 2fS 0| 83} E 2/ 2 estimate? A 1)°I
eOfl 1 CHUSHH, S| & x ZtHE O A 2] y44 O]
logE 2= 2|0(3tC},

True stress, o in psi

107 1 T T ~
Value of elastic modulus, y
E = 10’ which is the value P
of 0 when e = 1.0 by /,/
extrapolation of Y
the line denoting 7
the elastic region. P |
108 |- 7
/
%
s
e
S
Q,q\o//
NP4
;00
,\e}&/
10° + '\\0 // -
e
NI
L7
é@//
3x10* &7 K=25000Walue _ __________ &
= =
4 of o for e = 1.0} -
104 N /// &/ —
g ,0:’/°’—° | 1
{r‘f}’/ | Slope = n = 0.25
|
A |
o | |
./ | |
3 [ I ! 111
10 I 1 Ll 1
0.0001 0.001 0.010 0.100 1.00

True strain, €



Strain-hardening curves

Strain-hardening behavior of metals are represented by G vs € curve.

Uniaxial tension

0'11 0 0 811 O O
0'=[0 0 0“£=|:0 €r0 O] [[l-El-A-|,6=O'11§=811

0 0 O 0 0 &3
Bulge test:
Pp
> 0 0 g4 >0 0 0
o=y Pp ol €= 0 €, >0 0 uniaxial compression 2 £ 7tZ5}0
2t 0 0 €33 ® —€11 — €22 <0
0 0 0 33 11 22
— Pp _
o = Z € = —&z3
Plane-strain compression:
o = 0 072 0 € = 0 0 0
0 0O O 0 0 e33=—¢4
. —yM _ V3 =VM _ Cij&j _ 011811 _ 2
Using VM, c"™ = ~ 011, & = i = EGH = \/5811
2



Recap

Uniaxial tension test
Mechanical properties that can be obtained from uniaxial tension tests such as

YS, TS, Poisson ratio, Elastic modulus, r (EFH 7t& &, area of reduction in process) , %EL,
%RA, toughness ...

Necking and pre- and post-necking
Instability — Considere’s criterion
Bridgmann method (correction)

Other mechanical tests
Direct compression

Bulge
Plane-strain compression test
Torsion tests

Hollomon equation
Effective stress-effective strain obtained from various mechanical tests.
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