Work Hardening

ZolH. A8 7E (MSA0026)
HAE
Heffstn Maxfsete

YJEONG@CHANGWON.AC.KR

AP A #452-212 M3} 055-213-3694
HOMEPAGE: HTTP://YOUNGUNG.GITHUB.IO



mailto:yjeong@changwon.ac.kr
http://youngung.github.io/

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 (mean stress)
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 =2 Lt 1|(fracture) 7| & et
I 7kX| =74 Lt

Dogbone 2 FO| A|H

Load-cell: A|EHO|| 7}5H Rl forceS ™ Tensile tester

Extensometer: A|EHO| Z O] (elongation) HlE =7 Extensometer

Reduced section
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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. 2T (RT)

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



nical shape of stress-strain curve
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Tension tests
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= (Area reduction in processing)
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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 doy and 2) increase in imposed load (or stress) caused by area reduction

dO'A
doy = (E) de (Z—Z: hardening rate; Hd& S7I0| It E 2= S7HE)

oY 2SN HHY Z20 IHE S5 St

Fd(l) = _FA2dA= - % _ de
A A A 1

don=a()

fujn
g
o
OH
o
am

(_d—A — —l = de) = 2d HAFZ 9| ‘B L] = H 3} (incompressibility)

Volume=A><l :V,A,l 25 variable; L2t A ZFHHZ OF2ljF £ 0| O|23}H
av dA

— — d —
dV = Adl + ldA = 0 - A—l_—+—_0EErEM1T — =de



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, €
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Stress/strain states near the neck

Onset of
Uniform e; necking
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Post-necking
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Bridgmann correction
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Corrected

3}\

Engineering
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Bridgmann method
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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.
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y g — eg Il e
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gy 0 0 membrane theory 2t
. o = P
c=|0 g5 O P: mt_ernal pressure 0 ep 0
p: radius of curvature 2t
0O 0 o

t: specimen thickness -0 0 O
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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
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Determine parameters in Hollomon equation

Et M AA (typically € < 0.0005)H| A=
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Strain-hardening curves

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

Uniaxial tension

0'11 0 0 811 0 0
G=[0 0 0le=|0 &, O [IEtM, 5=0,8=¢1,

0 0 O 0 0 &35
Bulge test:
Pp
5 0 0 g1 >0 0 0
c=[o Po ole= 0 €,, >0 0 uniaxial compression 2 £ 7t35}H0
2t 0 0 €33 ® —&€11 — &2 <0
0O 0 O
—_Pp
0o = . E = €33
Plane-strain compression:
0'11 O 0 811 > O 0 0
0o = 0 (o5 ) 0 €= 0 0 0
0 0 O 0 0 &33=—gy
: —yM _ V3 =VM _ Cij&ij _ 011811 _ 2
Using VM, c"™ = S 011,87 =y = E et
2 11



Recap

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

YS, TS, Poisson ratio, Elastic modulus, r (EFH 71& &=, 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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