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IStrain rate

JViscosity

IRelation 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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§ = % (HEYE 20| E, strain rate)
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OHSEEN = S| 71 QiCt SHX| 2 S & 2| O] E (strain rate)= EHR7F UL
FTEE s [1/5] B2 [sec] ! S22 H 7|




Strain rate @} flow stress@| 2t A| A,

El 5382 53 power lawl| HEE HEAH =L
C

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

»>m: strain rate sensitivity. (& = 0| strain rate] € 0OfLE
D ZSHX| LIEFU = X[ &)

A2 Mo M m 20| e CHE A= 2-HE = UL
>m=0: 7&& = (flow stress)O| strain rate0f] 52t
»>m>0: strainrate 577 &35 5712 O[O & (CH7H <
=5 XH E~0.03, 0.05)

»>m<0: strainrate 717t S 588 ZAE 0| E (some aluminum
alloys)




Strain rate2f flow stress@| 2FA| Al

Jdo=C&™ (1)
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OB m 4£0] 2F0.01 Q! T =& L& 2 2 strain rate/| 10H] S 7R CHH <F

D23mlog —>23mlog10 = 2.3x0.01 = 0.023

QAMErA, HEHE0| 1081 S7IA S, SHO| 2 2.3% = 7 - UX[LOE
=Qo|A 23tol2tn 27] 22,




Strain ratel| 1847 E Qo 427

Qg8 = N85 e +01|A1 = MWz2o A0 52
strain rateg 7} & 371 2 I:Hrolllng Oll—fdrawmg()ﬂ)\'l i = 42

10%*s~1) O|0f H|3Y, 6H =25 M=o 7| AN =82 W2 strain rate
SFEROf| A1 (CH7ZH 1045~ ~10_3S_1) HsEl= 871 EBHAO|C}
(L2t 2 strain rate DAY Al E O X 2= =2 strain
rateX7'|O = I:'49FC>H-|'-|OF ot= 71 &% E’Q—T— QUL —mgrt
strain rate2| XI0| &= D25l 2.
QSN EE 252 8% 2571 ORI 2t m 4£0| S 7ot}
(m = 0.1 or 0.2).

A2t A 7SO 249 strain rate sensitivityS .2
WNRIX[E HESH | RIS =0T =AM, 22, m, 80| F 5=
strain rate2f 2 K| SZ SO0 M Ol & &l = strain rate2| At0| S=
25t &g 5HOF otCt,




Strain rate sensitivity (SRS, m)

A3A F7HX| = Ltz T
J1. Continuous test

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

T
SEMO| o[ 2 E0)A (5 = > 0.5)
m .
SRS7} 2t =712 H=OIC}, Pure aluminum 2} 2024-0 Al. H| 1,
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02k a Alumm«.Jm ] 0.14 |-
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s N B % 0.10
X ‘@
2 % 0081
£ T o
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| | { | | 1 1
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Homologous AlloyingOl| 2|5l negative == 00|
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igh SRS at elevated temp

JReasons:
» 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
‘grain 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| &l > B2 strain
hardening & /4

22 Ats0tEH B2 H2F0] 2,
[T} 2+ Al inhomogeneous regionO| I ==
t=1 sec strain rate §._|'7c:>|.
e SRS>0 == strain rate & &4 ol| XILC},
e SRS<0 == strain rate & 2FoSl| RILC},




SRS 12|11 X = B8 (viscosity)

AX| 20| 223} = shearstress@t 1 HS O 2
HMS= MCt HHY EO0| M2 H|2|oHH S|

= O
X Z= ‘Newtonian viscosity’ & & =L
r—ny (M AW = ¢ em o QAR

SEfl- CFEF m=1)

On (eta, Y Ef2F2 S =ChHS HE
=8 (viscosity)2F 1T BFC,

CINewtonian viscosity & 7IX|= M2 = 7 = né
E1gds 879 /5.

Non-viscos Viscos




Superplasticity (Z=2~-8)

Of BHEE [ LEEFCE,
m) with uniform and equiaxed grains structure
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B3 Z 70| U £|00F BT mratA
Fa = Fb - b

0,A, =0

F X9l ‘29X = QULt (remember! 2E2|l= 2 20 & 282
AHES). M2tA F X|ho| sRs Ha2 &Y. Bt o = cemS
A&t H:
CeMA, = CElA,  (2)
I0M &= X|H0| 22 ¢, m &k 7FX|LE, &= K| Y2 CFHE strain rate S
7HE == ULk ZUO0| AE LA S S O|S5HAL o = 21
2HEoM QA ER THHA Ol Hotz AtEE = UL (F).
A
e=—1In <A_ — A =Apexp(—¢) 3)
0
d2|4 (3)= 0|85t ?[2] =7| =« & Tiet0|E(fy) & AFESt
JEfol HHA S (2)0 M £ H L=t 20| ¥= 5 ULk

CeR A0 exp(—¢,) = Cép Ay exp(—ep)

— £3'A0 exp(—¢,) = &p'App exp(—gp)

- fo£3" exp(—¢,) = &' exp(—&p)

de\™ e, _ (d&p m e

~ho(g) e = () e

Canceling out dt term and raising both sides to the power of (1/m)
- fg/mdsae‘sa/m = degyeEp/m

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

€3 €p
f fé/me'sa/mdsa = f e~8/Mdg,
0 0




Again, apply the NR method

1. Form the objective function to minimize:
1
»F(ep) = fP(e~%a/m — 1) — (e m — 1) =0

2. Let’s determine €, as a function of €, as in Fig. 5-9. To that end, we need 0F/d¢y,

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

Fe™ =
>Egn+1) _ Egl) _(‘E (n))) ep Oll superscript (n) 2 (n+1)2 O™ 12|11
6sb

oA XY iterative step= 7t = ZILCF.




Exercise

1

F(ep) = fP(e™%/M™ — 1) — (e®—1)=0

(n)
0F 1 & (n+1) _ (m) _ F(Sn)

dep m. o "% aai((n))

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

Guess €, for e, = 0.02 as 0.006230

(n+1) —
gmﬁb D o1 F(0.01) 0. 06328 98 ~001/005 _ 1)
= 0.06320 OF = Qgéoo B4/0:
F(O 06326y 0D _ —
_ ﬁ e-@oﬁs_
¥(0.06320) ~ 0.06320 -
b

~ 0.06320 (I guess the solution is converged)




Result (1)

foﬁ(e“"'a/m — 1) = (e‘sb/m — 1)

fo = 0.98 B2 =X|5{|A A1}
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https://github.com/youngung/lectures/blob/master/ipynb/fig5-10_metalforming_hosford%26caddell.ipynb
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Result (2) and experimental observations

. AlB K| 9 H| E}0] effective

. T 20 . .
3 %0 inhomogeneity parameter
] o T L
e Ti-5Al-2.5Sn R (2T L0/ H, Xl =
m Zircaloy-4 H A HGEHO|XZto 2 4
o Ti-6 Al-4V 41000 =w g AL )
> Pb-Sn Eutectic
S 5 7 | - X[l HeHlun 2R E‘l effective
W inh it terZ O] = M
® . o inhomogeneity parameterg& O =78
NS Ja00 = XXSEHA Ol
£ - 7 /P “ § T/ =TT M.
m

8 /O &
Q N
1T s /_200 - HHH 22|7tolY ANE0E =22
| S | E;%,I'aﬂﬂwomﬂ_}q 1S =20

' ot S &9
. X - {100 ‘assumption’= ol =X 25| £ Xt
i 150 - Hollomon Eq.
| - von Mises
o1 o7 o3 oa 05 06 07 - SRS equation (A| =2 FEZ

Strain rate exponent, m

approximation)

Theory and experiments




Combined strain and strain-rate effects
iy

0| I 77t K] -?—ELE AEHO| 72 H| ’é‘%l}l@ *|r|5_|_9| oHA| HAEO| 22 HAE &1t
strain rateOf| 2|5l A|H{ | = 22 = O| 2510 2EOIBULL X|IFEEHE=0| =2 25
2ot Otgfet £2 R EH S A H At

> = CengM
A2 B0 ?{ef 22D A = Agexp(—¢) = LE{otH

_Iforce, = force, = A,0, = A0y
> Aqo exp(—£,) 0y = Angexp(—e) oy
= Ag exp(—£,) €aéy’ = Apg exp(—€p) gpéy,
— exp(—¢,) ea¢y" = fo exp(—¢p) epéy)
m

dx d

- exp-0x (Z) = fyexp(-y)yt (&)
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olsf HetX|A =ICt o E &0, LBI™HO 2 region a2t region b2 HHE £ H|J}
1|7} 2hA

=
= TA= Of ofd 7t ZdotLt

! A | B O E’
HHEES M US NS T, PUF

0%
M
Il




(Forward) Euler method

CJEuler method= Ordinary differential equation (ODE)E X| M2 2 = HH S0
OfLICE O Tl =271 4/ (initial value)O| 2|5l = X| B & (numerical integration)=
ot= O ZIEror Y& O| Lt

A
A5 A3 Ay

Az

Ap




Exercise

Let’s say you are to solve an ODE: % =f(x,y) =y
E71450] f(xq,y0) = f(0,1) = 1 2 FOHRNZ I, y(4)= FA 27t

-0
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rir
o
1
TQ
Al
|
o
i) 0}
H1
M
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Ot
E
N
N
D
no
<
N
[0
ot
[0
1
$0
[0
=

M f2lE 0l HEl2 Fo{T L = f(x,y)S SAtetCt
lim 22 = 2 0tat S8 2 Ax 3HS AFSTICHE 10j s ote yo| BotE
Ax—0 AX X
20 2 = f(x,y) ~ 22 = M(approximate). Y1 = Yo+ BX] Cn )
y where Ax is the step size.
¥, 1 f Xnt1 Yns1)
Yo Yn+1 £ (n yn)
Yn




Exercise

Let’s say you are to solve an ODE: % =f(x,y) =y
Z271450] f(xq,y0) = (0,1) = 1 2 FOHREZ W, y(4)= FACIT}?

1st trial with Ax = 1

no|l oy | x| fOy) | Ynn

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

4 | 16 | 4 Fin.




Another example

Ddez%

JQuestion:
~lp =501, 1 =80| & I, e ZAQATI2 (E7IZh: 1 =1, L I, & = 0)

de 1 1st trial with Al = 1
dl 1
[=5e=0 no| e | L | flwg) =1 enn
n
o lo |5 | 1/5 | 0+1-1/5=0.2
1 |02 | 6| 1/6 |02+1-1/6=0.367
2 10367 | 7 | 1/7 10367+1-1/7=0.510

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




Excel demonstration?

Q1.

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

Q2.
ds_l
dl 1

1=5,e=0




Adv. Exercise exp(—x) X" (%)m = fo exp(—y) y" (%)m

Let’s specify the problem: % = 1073 [s71],n = 0.25,m = 0.05, f, = 0.995

d m m
fay) = exp(—0x" () —foexp(-y)y" () =0
= exp(—x) x™(107%)%9° - 0.995 - exp(—y) - y*** - ()™ = 0

(X, Vie) = exp(—xx) x22°(1073)905 — 0.995 - exp(—yy) - y22° - (3,)%%5 = 0

o _BY _ Vi1~ Yk
Yk = At At

Let’sset Ax = 0.5  Since Ax/At = 1073, At = 0.5x1073

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

How?




Adv. Exercise (continued)

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

How?

f (e yie) = exp(=x) x¢2°(1073)%0% — 0.995 - exp(—y) - y*® - ()% = 0

Ay Yk =Yk
Yk ¥ At At f e yi) = f (s Vi Yier1)

Yik+1 — yk)o.os

F e Vi Vierr) = exp(—x;,) x225(1073)005 — 0,995 - exp(—yy,) - y 25 - ( L

e

of
= —0.995 - exp(—y;) - y°

ayk+1 p yk yk ayk+1
o | N 025 Yir1 = Yi\0*t 1
= —0.995 - exp(—yx) - y§ 0-05( A7 ) At

_ _i i‘m_“ i'“niiu‘m_ll




Adv. Exercise (continued)

m-1 1
At

af
Vi +1

YVk+1 — Yk)

= —fo - exp(=yi) - yi - m( v

Yi+1 — )’k)m

f Xk Yier Vierr) = exp(—xp) xpe ()™ — fo - exp(=yi) - ¥ - ( At

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

0
My next guess for vy, (denoted as 4., = yp.1 + a];(y"“) )

0
m(yk+1)

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

Repeat this until
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

af n Ve+1 — Y\ 1 1
ey~ o exp(=yi) * Vi 'm( A7 ) At
, Yi+1 — Yi\™
f Xk Yier Vierr) = exp(—xp) xpe ()™ — fo - exp(=yi) - ¥ - ( +1At )

x0=0,y0=0




Results

Case of f, = 0.98 and §;, = 0.001 s~

Solve the same equation with fixing ¢, = 0.001 s~
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 W 15 20 25 30 35

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

=
_ <
N/




Alternative description of strain-rate dependence

QYA 22| = 7353 HE| strain-rate dependence =
do=Ce&g™m
%] description 22| ¢ & S0{4HX|
— cC L (&)
m 0| &-d B30 el Eefk|= A S
MPa
00 g " am o
0.05} .
Se o
S,
13 .
2 004} .
§ ) .:..:. ..
50.03- Y’o.o .,
g P
g o:o:.
(,3 0.02F f.o -
001 ) .
0 A 1 N
0 40 80 120

Static flow stress, ksi

Sofl &

= &9
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= O —

= L=t 20 LIEFLE R

8
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o of
T TI=

dSRSm 4

mversegf H| 24| 5t

to] 9%

==}
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H o=}

2 O
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A=)
A=
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Alternative description of strain-rate dependence

SRS m 20| S == 9| inverselt H|&|ol= AS E =LY,

Odo = m'd(In¢) - [*tdo = m 'd(né&) = m n&
Go

0

a -0, —0p=m'In2 > 0, =m'In2 + g,
€o €o

AR M 5 SH2 tralnrate—.-_—mof'—ﬁf,
oo 0

—
hardening). & & o, strain rate £, &= Tt

L

M

|:|
AT

afef gy A IO1|A-| 0|5 A H}OFSt= E S =
250 | H 7|01(contr|but|on)7fadd|t|v 5 SEf 2 E 3 &ICH= Aol

AUM R2[= DA CHEA 1)HIE 222t 2) sRs 20t/ S| T HE| = LIEHH B 1f CHH| E T




Z= M
- O

SIS0 L 2

do; =m’In2 + K'et

Alternative description of strain-rate dependence
o, 9| B

CtZ 1t 20| describe & == ULt
K'itn 2 EHHAE S (¢,) Ol =K n 24O|Ct
€o -4

(K, n Of strain rateOf| (2} EH2tE = UCHD 7HESERICH.

2k 7| strain rate £, 2} strain 0| A S 0] K_’s“’jEFE

strainrate ¢ 2 Z 0| M| SH S Cta1t 20| Y

Jo=m’ lnéi + K'e"
0

I Z2 strain € O| X| Bt CIE
=N

C}.




Alternative description of strain-rate dependence

do=m’ ln_i + KV (1)

€0
%2 2|= &AM 5753 = Hollomon equation2 £ HALSH LY
Jo = Ke"
Od2|1 go/0e 2f= TOIHA T2t 22 2HAE Y OFLH RICH

Jdo _ n n
J—=nKe" ! =Ke’'Xx—-=0- - n=-— (2)
as € € o d¢

(1)2 (2)E AHEorE




Temperature dependence of flow stress

0 =20]| A 2] strain-hardening rate (0o /0s)= =& &5 0| F2f 49| 4O}

Il

Strain-hardening exponent, n

0 200 400 600

Temperature, °K




/enner and

ollo

mon

JAdapted Arrhenius equation to describe
the effect of temperature on strain rate.

Jé = Aexp(—Q/RT)

JQ: Activation enerF%/ T temperature R:
the as constant(7
H| &=

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

A = A(o) = ¢exp(—Q/RT)
A= 2 O 7HEHS| S5 2 Zenner
Hollomon parameter Z0f| Cli ot &t+=2
HoASHT}

Ho = 1(2)
dwhere Z = £exp(Q/RT)

Strain rate, min. "

HO0 400 300 200

20

4,000 psi

1Ot

n

o
o




Recap

IStrain rate

JViscosity

IRelation 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

1Zenner-Hollomon
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