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Recap

IStress/strain

JYield criterion (as a function of stress state) — yield functions
»Tresca
»von Mises

Flow rule

Jinstability
» Considere’s criterion for the case of uniaxial tension
»Thin-walled tube
» Biaxial tension

JApproach based on inhomogeneity

INumerical methods
» Newton-Raphson method

»Secant method
»Various exercises (practice them for your own good)




Outline

IStrain rate

JViscosity

JRelation between strain rate and flow stress (strain rate sensitivity; SRS)
SRS measurement technique

JUnwanted effect of negative SRS

JPredicting necking due to inhomogeneity considering
» Strain rate sensitivity
» Combined effect of strain rate sensitivity and strain hardening
» Application of NR method again

+* Euler method

“* Euler method + NR example
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Strain rate@} flow stress@| £t A A,

AHIAEIN FE5SEH2 S3S power lawl| HEZE HEAHEICE
= C

»C: a constant that depends on strain, temperature, material.

»>m: strain rate sensitivity. (7&o = 0| strain rate0] OfL}

UL oK LIELY = K| &)
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»>m=0: F&a H(flow stress)O| strain rateOf| F2t.

»>m>0: strainrate 5717 &35 572 O[O0 & (CH7H <
==X 2~ 0.03, 0.05)

»>m<0: strainrate 377t 588 ZAE 0|0 & (some aluminum
alloys)




Strain rate@} flow stress@| £t A A,

Jdo=C g™m (1)
OZAM )2 AMESIH A2 MEE UM ESF cmFEH) Y HAE, 2 0|A 20|
strain rateS H| 1 S} A} H

> 0% =C (Y™ strainrate/t ¢ & EF

»ol =C (e’b)m strain rate’} ¢ & A2 case b
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A

8tk m Z40| 2k 0.01 Q1 RHEE LA 2 2 strain rateZ} 10H] S7FHCHH oF

023 mlogs; - 23 mlog10 = 2.3x0.01 = 0.023

QAerA, HAE0| 1081 S7IA =M, SHO| & 2.3% S = 7 - UX[LO
SHOAM 2440[2r 27| 7.




Strain ratel| 1847 E Qo 427

QgHtE o= MEsEe F01|)\1 =Bl AN JIZL O =2
strain rateS 7% 27 ULt (roIImg O||—fdrawmg0ﬂ)\'| = A<

10%s~1) O[of| H|ol, il T =5 M=2| 7| AN =32 E2 strain rate
S ERO[ AT (CH7H 10—45—1~10—3s—1) FSEl= 897 YA 0L,
[ 2FA] &2 strain rate Z0|A F O 2l 8= =2 strain
rateX7'|o = I:t|9h>H-r-|OF ol= 427t &% %-’F UL —mafdt
strain rate2| XI0| &= 11 OH/\'l A4,

QLS R E 5529 8F 271 00| WEfA m 40| S7tetLt
(m = 0.1 or 0.2).

A2t A 7SO A 249 strain rate sensitivityS .2

WNRIXK| & HESH| RN =dliY ZHUM, 22, m, =2380| F 5=
strain rate2l & A S8 0| A Ol & E| = strain rate9| 7(} | &=
{5t &5l OfF ot




Strain rate sensitivity (SRS, m)

A3A F7HX| 2 Ltz T
J1. Continuous test

2. Abrupt test (a.k.a. jump test)
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SRS depends on temperature

T
=0l yo|ael 2E01H (5L > 05)
m
e i n ML
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g % 0081
< g )
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0.04 — —
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| I | | | | 1
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High SRS at elevated temp

IReasons:
» Deformation mechanisms at high temperature are promoted by
‘diffusion’
» Diffusion is a time-dependent mechanism

» Therefore, the deformation behavior at high temperature becomes
time-dependent

»Strain rate can be viewed as stimuli given at a specific time duration,
whereas the stress can be considered as response

JWhat microscopic mechanisms occur behind the scene of
creep?

» Thermally activated mechanisms (diffusion-involved) that include
‘erain boundary sliding’, dislocation climb, and so forth.




Negative SRS and its effect

At low temp (or at high strain rate),

diffusion of solute becomes slow (the
dislocation moves too quick for solute
to diffuse to form the Cottrell locking)

‘ Difficult for disl.

to move, leading

S‘E to strengthening.

Some alloys exhibit negative
SRS at low temperature.




Why negative SRS is unwanted?

JPromote Luders bands

1Can promote strain localization (much drastically than the case of positive strain rate)

Inhomogeneous region0| I Bf=2
t=0 sec HAO| 4 > T B2 strain
hardening & /4

22 AZHE O T B WE 0|
|

L =) o O = O.
[T} 2F Al inhomogeneous regionO| I ==
t=1 sec strain rate 24,
e SRS>0 == strain rate O &4 ol| XILC},
e SRS<0 = strain rate & 2Fol| RILC},




SRS 12|11 = -8 (viscosity)

DM =0 2835 E hearstressﬂl HE O
LM St= M B H O|*1§H|E1|'5f of

ME= ’Newtoman viscosity’ S &=Lt
Ov=ny (%M H%®Ss = ¢ em o ALSH
S Ef- CF2F m=1)

Z] (eta, O Et2t2 QI =CHE FEt
= “d(viscosity)2F 1T BFC,

Ct
o

INewtonian viscosity & 7tX|= M E&= 6 = né
28NS BEA s,

Non-viscos Viscos




Super |
plasticity (Z=2~-8)
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Pl =1) = (e

aX| 243t b K| & ARO[O A = I T Z710] BHZ &[0f0f BhCt. patA

F,=F, - 0,A; = OpAp €9)
= XYl 29X = QICt (remember! RE2|= 98 ¢ F2HS
ANES). M2t F XY srRs HE2 L. Pt 6 = cem2
A& SHCHH,
Ce]A, = CéglAb (2)
oM = X|0| &2 ¢, m &f 7FK|L}, = X[ 2 CFE strain rateS
7tE == QUL 20| AP &[S 2 O|5HSHAL oHH Y= 2IF

SEOAM AYHAE2 TN Biot2Z A & ULH(F).

(3)

0| 83ot0] 2|9 =7| =« & LtEf0[E(f,)S A&t

o
&= =+ ULt

0

d2[1 (3)2
SEf Sl W EH S (2)0| M FH ChS2t Z0

Cex'Aq0 exp(—¢,) = Céy'Apg exp(—¢p)

= &3'Aqo exp(—¢€,) = & Apg exp(—¢p)

- foéa' exp(—¢,) = &y exp(—gp)

c de\ ™ e, _ (98 m e

~0(G) o= () e

Canceling out dt term and raising both sides to the power of (1/m)
= £/ dg e E/M = dgpe /™

If you integrate the above for strain paths for both sides, so that the
end strain state of both region becomes ¢, and g, respectively:

€a 1 €b
J f/Me~ta/mdg, = j e~ s/Mdgy
0 0




Again, apply the NR method

J1. Form the objective function to minimize:
S €p
#F(ep) = f(e%/m —1) = (em — 1) =0

2. Let’s determine €, as a function of €, as in Fig. 5-9. To that end, we need dF/d¢y,

OF 1 _Eb

3. Guess the initial value g, for the given m, €, value and repeat:

(n) o
F
2e0D = ) aF<z:(n>)) e Ol superscript (n) 2 (n+1)2 O™ 12[1
aSb b

A XY iterative step= 7F= ZILCF.




Exercise

1
F(ep,) = f()ﬁ(e""a/”1 — 1) — (e_sﬁb — 1) =0

0F 1 _&& LD _ () _ F(?«(n))

— =—€ Im b b OF

de m (n)
b 6£b ( )

Provided that m=0.05 and f, = 0.98, at ¢, = 0.01 what is g,?

Guess g, fore, = 0.02 as 0.006230

(n+1) —
Sl()n-l-ﬁbno 8603120 al;(o 01) = 0, 0632% 98_5 —0.01/0.05 __ 1)
- F(O 06326) ) . Qgém c =505
1 s
a_sb (0.06320) ~ 0.06320 0.05

~ 0.06320 (I guess the solution is converged)




Result (1)

foﬁ(e‘sé‘/r‘f1 — 1) = (e‘sb/m — 1)

fo = 0.98 B2 F=X|5|A AL}

0.5 A

0.4 4

0.3

0.2 1

0.1

0.0 1

00 01 02 03 04 05
€3

https://github.com/youngung/lectures/blob/master/ipynb/fig5-10_metalforming_hosford%26caddell.ipynb
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Result (2)

_L

[[fEM-l

1
= 30
f(0°= 1) = (e7®/M —1) — £0.900
—— £50.950
231 — 0280
— gy, = —min(1—f, — £0.990
20 { — £0.995
— £;0.998
* Q
W 15
10 -
05 -
0.0 ‘ T T T T T T

0.0 01 0.2 03 04 05 0.6 0.7

SRS (m)




Result (2) and experimental observations

- A X2t H| W SHY effective

3f ' 2000 inhomogeneity parameter
] O HAXIT L

e Ti-5Al-25Sn 1500 (2= 2U2io| g, 1 Xjof=

® Zircaloy-4 HAOIEHTSO| X 7|'O§ _.H.__('D_:l

o Ti-6 Al-4v 11000 =w 2HI AU )

> Pb-Sn Eutectic
Al ) o | Al K| 29| Eh=H| Wl 2 £ effective

© . < inhomogeneity parameterg =M=
S/ = KXSE A
x SAEL 10 g T+ UL
b o .Q QQ A S
S o
Q- B —_—
1+ ' . Q‘f’ /-200 - t.'_H:ﬂ,—rEuf OH%DFjEdII-l-E’G”;’ ==
. 5 - mealsel dopohyrst B 50|
. X - 100 ‘assumption’= ol Zt=X| 4 ZHSlf 2 At
= ok 150 - Hollomon Eq
- von Mises
0 s 1 s . R . ASEIEA S
0 01 02 03 04 05 06 07 - SRS equation (Xl_l_%l-‘l‘ AE =
Strain rate exponent, m a ppI’OXi mation)

Theory and experiments




Combined strain and strain-rate effects

DO|I7HK| 22

| = Al Of o|ot A|HO| otA HY E0| 22 B & 1}
strain rateOf| 2|5l X|H{ | = 22 = 0|85t 2HOIULL X|IFFEEHE=0| =2 25
2ot Otgfet £2 R EH S A H At

»o = Celeg™

02 HHo| (e ZEHIA = Ayexp(—¢) = 1 2{6tH

Iforce, = force, - A0, = A0}

- Aa,O exp(—&,) 0, = Ab,O exp(—¢p) Op
— Ao exp(—¢,) 463" = Ap g exp(—&p) epép’
> exp(—e) €56l = foexp(—ep) ehel
dx dy
e (D) — _\ oy (2
- exp(—x) X (dt) fo exp(—y)y (dt)




Cdxy ™" dy\™

exp(—0 %" (3) = foexp(—y)y" (3)

Q AT HASIY F 5= U= 2222 CH20| AL
. constant®t strain rate2 reglon b= B = [, a region?| HIF2 f,Ltt0|EO]
Ol FHEtX|A =T o Z , YU O 2 region a2t region b2| HAHE &£ & H|7}
10847t Ho ™ Jlf_'|7f H“ H:f_' SICH (F ¢,/6, =10 & [, Thu| 7 EH). '
IO nm 2 foa,tO| 2tZ+ 0.20, 0.05 12| O98OOE el AlES Y™
 HAYES HAM ¢ O'* Clds & I, dotE HAdES FUS M Tt 7F L lSHLE:




(Forward) Euler method

CJEuler method= Ordinary differential equation (ODEs)E XM 2 = 2 HZ 0
OFLICE =01l 2271 4f (initial value)Of| 2|l ==X| M & (numerical integration)=
ot= Ot Z/Efor Ol Lt

L

A
A5 A3 Ay

Az

Ap




Exercise

Let’s say you are to solve ODE: d— = f(x,y) =
—jlq—jl I:IAol f(Xo;Y()) — f(O,l) =1= O’l%ié [[H y(4 E 9-I\O|_|7|'?

x2hyQ| A7} 0|2 L Z Ao B = O M T [MEtN, y=g(x) HEH| Bt E2
ol= & & 8t A0 = 7ot x4 M,y = & R

= S Rg 4 AT
M 22| 0|20 W2 FojH L = f(x,y) S TAKSHE:
lim 2 = 22t SE| 2 Ax 42 ALSBICHE J0f s shs yof BtE
285101 2 = f(x,y) ~ 222 T AH(approximate). Ynt1 = Yo+ AXf (Xn) Yn)
y where Ax is the step size.
Vs | f(Xns1 Yna1)
V1 f(xo’yoy,/v
Yo Yn)-]l-l f(xn: yn)
n




Exercise

Let’s say you are to solve an ODE: —= = f(x,y) =y

X

£7|240] f(x0,yo) = £(0,1) = 1 2 FOIHES I, y(a)y= £}

dy
d

1st trial with Ax = 1

no|l oy | x| fOw) | Ynn

o] 1 | 0 | 1 | 14+41.-1=2
1 ] 2 | 1 | 2 | 241.2=4
2 | 4 | 2 | 4 | 441.-4=38
31 8 | 3 | 8 | 8+1-8=16

4 | 16 | 4 Fin.




Another example

Elde=%

JQuestion:
#l, =501, 1 =80| I, e ZAQATI2 (E7|Zh: 1 =1, L I, & = 0)

de 1 1st trial with Al = 1
d I 1
[=5¢e=0 n | €n | ln f(lnlgn)=l_ €n+1
n
0 |0 | 5 | 1/5 | 0+1-1/5=0.2
1 |02 | 6| 1/6 |02+1-1/6=0.367
2 |1 0367 | 7 | 1/7 10367+1-1/7=0.510

3 | 0510 | 8 | 1/8 | 0510+1-1/8=0.634




Excel demonstration?

Q1.

dy _ ¢ B
dX - (X’ Y) - y
27| 4x0| f(xo,y0) = £(0,1) =1

Q2.
ds_l
dl 1

1=5e=0




Adv. Exercise dx\"™ dy\"™
exp(—x) x" (;) = fo exp(—y) y" ( d—t)
Let’s specify the problem: % =1073[s71],n = 0.25,m = 0.05,f, = 0.995

m m
dx

d
f(x,y) = exp(—x) x" (E) — fo exp(—y) y" (d—i') =0
= exp(—x) x"(107%)%9% — 0.995 - exp(—y) - y*** - ()™ = 0

f G, yie) = exp(=x) x¢* (1075)%%% — 0.995 - exp(=yic) - yie ™ - (3e)**° = 0

o _AY _ Yk — Wk
Yk = At At

Let’s set Ax = 0.5  Since Ax/At = 1073, At = 0.5x103

Atxo =O,y0 =0

Atx; =x,+Ax =05 Whatisy,? We can find y, by applying NRto f(x4,y;) =0

How?




Adv. Exercise (continued)

We can find y; by applying NRto f(x4,y;) =0

How?

f (e i) = exp(=x;) x¢2°(1073)%9% — 0.995 - exp(—y) - ¥y 2° - (7)*%° = 0

Ay Yk =Yk
Yk = At At f e yie) = f (ks Vie Yier1)

Yk+1 — Yk)O'OS

f (e Vie Viesr) = exp(—xz) x225(1073)%05 — 0.995 - exp(—yy) - yo-2° - ( L

Vier1 — Vi 0.05
af 0.25 ’ <( At ) )
= —0.995 - exp(—yy) - yp*> -

OYVrrt Vi +1
Vier1 — Vien 00571 1
= —0.995 - exp(—y;) '3’18'25 +0.05 ( +1At ) At

__i' ‘_ i o i)’k+1—}’kim_1i




Adv. Exercise (continued)

m-1 1

At

af
0Vk+1

Yk+1 — )’k)

= —fo - exp(=yi) - yi - m( v

Yik+1 — YR)m

f X, Vi Y1) = exp(—axg) x ()™ — fo - exp(=yg) - Yy - ( At

My initial guess for y,,, (denoted as yp,; = Xj41)

0
My next guess for y, ., (denoted as y,%“ = y£+1 + ;f(y'(”(l,) ))
Yk+1

OYVk+1

o)
o) \
You have found vy, ; that satisfies |f(xy, Vi, Vi+1)| < tolerance

Repeat this while
Yik+1 — Yk

Then repeat the above NR iteration for the next step (k <« k + 1)

At
< 10x

New x, = x,_1 + Ax




Advanced exercise Excel demonstration

of n (Y1 — Vi \™ 1
ey —fo - exp(=yk) - Vi 'm( At ) At
, Yi+1 — Y\
f X, Vi Y1) = exp(—axg) x ()™ — fo - exp(=yg) - Yy - ( +1At )

x0=0,y0=0

Initial guess on NR method seeking y;.41?
Candidates:

Xk

Xk+1

Yk
Yk + Ax

(Vk — Vk-1) + Yk

KA W NN




Results

Case of fy = 0.98 and §, = 0.001 s~1

Solve the same equation with fixing §, = 0.001 s~1
10—3 .
\
0.30 -
0.25 -
10-* 1
0.20 -
Q Q
W 015 A ‘W
0.10 107
0.05 -
0.00 - 10-° 1
000 005 010 015 020 025 030 035 040 .
£, 0 5 0w 15 20 3 30 35

Numerical Solution can be found in below link:
https://github.com/youngung/lectures/blob/master/ipynb/Eq5-14-Hosford-Caddell.ipynb

=
_ <
N/



https://github.com/youngung/lectures/blob/master/ipynb/Eq5-14-Hosford-Caddell.ipynb

Alternative description of strain-rate dependence

Q%M 22| = 753 HE| strain-rate dependence= Cr=1dF £ 0| LIEFLY LY.
ro=Cem

%] des T2 SOEX| B0t 2" S SOl 2L (steel)2| EF

cri ptlon% S PARSIIPZ B = S
m @ O] 24 B 2t2F(the amount of hardening due to plastic deformation)0i| [CF2f
dEfil= A 2E g = UARULCEH
MPa
2?0 . 4(20 . 600 800
0.05} . -
3 . -..
§0,04' e 0= O
] QSRS m 0| #&5H2
: L. . o
g O e mversegf H| o= A=
£ 002} ’.:r." g y EO:I 2'|_S|:|-
0.01} . ‘ . N
0

0 40 80 120

Static flow stress, ksi




Alternative description of strain-rate dependence

SRS m 240 5280

Ol inverse2f H| 2| Sl =

A2 B &L}
a2t A CtS 2 22 descriptionO| OFOFE § RFCY. !
O EHE

S Y=ot 70N HY

d(ln s)
o= ok UCHH Of 2 2f

AE KT 7r¢) M g 2 B T10f Ciet BrS 2 2 SHESt 6y U A
o 28 = 20| FFs3tCt
_ 1 . 01 _ €1 N / 5_1
Odo = m'd(In¢) » fGO do = féo m'd(Iné) = m In 5
a —>0—00—mln,—1—>01=m’1n?—1+00
€0 €0
OYOIN RS S 2 strain rate Bt OFL| 2}, strainOf| O[S A & BISISIS 2 AT (B B34, strain
hardening). 8 & o, strain rate £, i ZIOFL| 2} HAF0f| it &S & 5= ULt
Q%2 A0 M TS 2ofot= 2 e8| S Fe 1) HEE 2242t 2)sRs=2 12| 38
250 Cf ot 7| o:I(contrlbutlon)7f additive®t HEf 2 B S =ICH= M O| L}
Q%M RE|= JAgA CHEA 1)HHE S H=tet 2) SRS & 10t7t &5
o = Cene™

& ofl 2 FEj 2 LIEHRE

1 Ci B[l Tt




Alternative description of strain-rate dependence
Oo, o HEE0| L3t | E 42 6,2 E8f CHS T} 20| describe & 4 UL,
Ooy=m'InZ+Ke" K 3tn' & S HYE & & (5) 0l M ZHE K n 30ICt
(K, n Of strain rateOfl [Tt EHahE 4= QUCn 7HBL ALY,

%t 7|2 strain rate £, 2} strain 0| A{ 22 0| K'en” ZCHH

strain rate £ 2._|'7c:>| O1|)\‘| ol 8= L1t €0

Qo =m'Ins + K'e"
€0




Alternative description of strain-rate dependence

O0tefet 22 HE 2 RsS3HS E5HRIL

Jo=m’ 1n§ + K'e" (1)

A% 2|= M 5353 = = Hollomon equation2 2 2 A}SHRI LY,
Jo = Ke"

O2|1 9o/0e 4= THotHA Chad €2 A Z ZOFLH AL,

I:Ia_o- — nKsn_l = K.‘j:n)(B = GE - n = Ea_O' (2)
oe € € o d¢
(1)2f (2)F Ar&StHH
On = Ea_()' — En’K’Sn,—l _ ‘E I‘l’K'Sn’_l _ HIKIEH _ n’

€ ! € ! €
o d¢ (o) ml lné__l_KISn ml ll’lé—+K’£n m’ lnT




Temperature dependence of flow stress

0 =20]| A 2] strain-hardening rate (0o /0e)= =& &S0 F2t 49| ‘4 ATHC).

Il

Strain-hardening exponent, n

0 200 400 600

Temperature, °K




/enner and Hollomon

JAdapted Arrhenius equation to describe P 200
the effect of temperature on strain rate. e l |
& = Aexp(—Q/RT) N .,‘\M,,m \ |

1Ot

JQ: Activation enerF%ﬂT temperature R:

the asconstant(7 ).
HI2A ;

At constant strain, A is described as a
function of stress alone:

A = A(o) = ¢exp(—Q/RT)

Q52 O 7S] 332 Zenner

n

Strain rate, min. "

o
o

Hollomon parameter Z0f| Cli ot &t+=2 .
HASICY 0.2
Jdo =1(Z) 0.0

dwhere Z = € exp(Q/RT)




Recap

IStrain rate

JViscosity

JRelation between strain rate and flow stress (strain rate sensitivity; SRS)
SRS measurement technique

JUnwanted effect of negative SRS

JPredicting necking due to inhomogeneity considering
» Strain rate sensitivity
» Combined effect of strain rate sensitivity and strain hardening
» Application of NR method again

Zenner-Hollomon
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