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Recap 1

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




Recap 2

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.



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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Direct compression test

Bulge test

Plane-strain compression test
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I: minimum area moment of inertia
L: unsupported length of column
K: column effective length factor

Euler®| critical load
[E: elastic modulus



General approach to instability — uniaxial tension
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Plastic instability in uniaxial tension

Ductile ¢ 52| IZ A 0| M necking 271 (2)Z Hollomon equation (¢ = K&")
(22 plastic instability2| A|2HH, =22 Off CHISE7| I8l F flow stress&
= Y HAO| AZE) 2 A[H A0 strainOf| CHoll 0| 25I™ Cta= Y=L
‘Z|CH 3}’ 0| 2 ddt= Er YX|HCE
: — % _ re=n—1
2o 615 0| GRSt TpiMof cyef  do/dE = nKeTT B)
H0| ohAH Instability =712l (2)Z (3)01| CH Y StH
_ Fo= =+ _ Cr=1F 20| ME2 YA = MOl
O=3a=9° HF=0A (1) instability 2= @2 = ULt
Z|CHO| B2 dF = 0 T A do _ o
N = = —=nKe"1=5=Ke" (4
SEAISHTE (1)0f A = “)
2| (4)0| A instability 2710l Al n = ¢
dF = 6dA + Ado = 0 i e
ZAA O] dEieh= LA E[RICE L2fA] n

— () . ope o~
[[l_al_A.I g _ _d_A — ds ﬁ}tE O|_|-E|'Ecl)r?itak;l|lty7|' I:él-éaﬂ Oo|-70.| o .

G A R[] A Yot X[ P ES Y= =+

L ds  _ QULCE

Ol=—==75 (2)

€



1)
2)

5)

7)
8)

Al (specimen)2| &7 (12|11 &) o 2w 2 EX.
2E CHEHO| 202 OIF 2 (F)0| 7YX K|, CHEHE Q)
Xt0] 2 QIsf CHE 20| ZhsfEIC
A CHRE g JHEl HE0M O 2 830|548
[hapi] X2 T M S 717 BRI O 22
ol E 0| MO (S20| HUSE O UL B
2 22 1 9
[h2pA] X2 CHOTM S 7h7 220f O e
JhSZ el LAt
A2 CHEAO| O ZBiMA QHEE o2 W 7hs
SR B Astel F7tED) 2 BH A4

€
[h2bAf 2 instability 2 4Y... 0| 242 BE 210

=70l HEE g 2 2 Hollomon Eq.0| A 2| ngf)1t
ALHO| UL,



Balanced biaxial tension

Balanced biaxial tension<= L X||
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Balanced biaxial tension
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Thin-walled sphere under internal pressure
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Thin-walled sphere under internal pressure
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Thin-walled sphere ...
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fo€a exp(—€a) = &, exp(—¢p)
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Visual illustration of NR (ex 1)

y, f(x)

-10




Visual illustration of NR (ex 2)

y, f(x)

-10




Newton Raphson Method - Algorithm

1. Guess x value and let’s name it as xy where the subscript 0 means ‘initial’.

2. Obtain new guess x4 by following the below tasks.

: ] of . : :
Estimate f(x,) and é. In case é is a function of x. For the first attempt, use x.

Obtain the next guess x; by drawing a tangent line at the point of (x,, f(x)) and obtain its

intercept with x-axis. You can do it by defining the line function derived from the tangent
line, i.e.,

(xo)x(x xo) + f (%)

Find the intercept of the line with x-axis, i.e., y = 0, which gives x:

af f(XO) f(xO)
0=—=—(xg)X(xy —x9) + f(xg) & x1 —x9 = —> X, =X
Ox X0 1~ Xo 0 1~ Xo f(xo) 1 0~ f(xo)

3. We are using this intercept as the new x. And repeat 2-1/2-2 steps until f(x,,) =

O| I{|O| K| & =FQISIM| 2 https://youngung.github.io/nr example/




NR summary

f(xn)
%(xn)

Repeat the above until f(x,,) < tolerance

Xn+1 = Xn

Of course, you can do it manually, step-by-
step. Usually, people make computer do
the repetitive and tedious tasks.



Apply NR to el exp(—e,) = & exp(—&p)

Given g, value, obtain g or vice versa.
First, rearrange the objective function such as

F(x) =0

For a constant €, and given f; and n parameters, the objective function is a function
of solely gy,.

Fey) = foell exp(—g,) — £ exp(—ep)

Find the value of &, that satisfies F(g,) = 0 using NR method. You’ll need 0F /0¢y,:

OF

b

Now, make the proper initial guess on gy, for the first step, and use

f(sb,(n))

af
a(sb.(n))

€b,(n+1) = €b,(n) —
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Pnax = 500 [MPa] & | n gf2 #2H, 1
0| Sl T =H Ol X[ABHO| n ZfO| EIC

H == n0f| CH St objective function (58 & 2 H)

f(n) =0

f(n) = Ppax(n) —300 =0

n

2
f(n) =2-300- (—) n" - exp(—n) —300=0

Hollomon equation2 2 & A k= 3
AN ASS BT, SYNE [ w
L= =zetn g 0, Cr= 2| on
HFX Al O 2 ility =HES MOst &~ | gn™ da™
S 'S === instability = =Z2o=T = n"(n+1) — a"Inn
QIC}, on on
2 n

2 \'tg 9 (—) Inn-n™-exp(—n)

Pmax = 2K(§ n) —exp(—n) j;;n) =600+ ., 3 o
° L (§) n"(n+ 1) - exp(—n) — (§) n" exp(—n)




Exercise

2 n
f(n) =2-300- (§) n" - exp(—n) —300 =0
) _ 00, (3) ton-n-expCn
on + @)n n"(n+ 1) - exp(—n) — @)" n" exp(—n)

Initial guess of n value; Let’s start withng = 0.1

f(ny) = 45.08 ...and a];(:) using ny = 0.1 gives: -1589.




Newton Raphson method: application (1)

ZO{7l MRl £7| 23N Tat0|E(f,)7F 0.990 O|CHSH T K| & 2| U QIE
flow stress-strain curve= Hollomon equationd| &SI &2 n /2 022
THEHE[QICE Ol A CHE fyel exp(—=¢,) = ef exp(—¢gp) A= AFESHO] ,7 0.1
M 7|CHE| = g, 4= S OFEXKL

flof IEAMZ f(e) =0 & HEJZ LIEFLH D, =0 Xl parameter A==
A& Cte= € =L

[ O= [ L—
ep exp(—¢ep) — foelexp(—g,) = 0 - gp exp(—g) — 0.990%0.1%2x exp(—0.1) = 0
[CF2FA] f(x) = x%2? exp(—x) — C =0 where C=0.565204676325580609....

0f(x)

-—=0.2 x 98exp(—x) — x°? exp(—x)




Newton Raphson method: application (2)

f(x) = x%2 exp(—x) — C = 0 where C=0.56520467632558060....

o0f(x)

5— = 0.2x™"Sexp(—x) — x°? exp(—x) Find x value that satisfies

| f(x) | <0.000001

Step 0: I'd pick the initial guess of x (denoted as x;) as 0.1 — Why?

Step 1: Let’s calculate f(0.1): £(0.1)= 0.0057091381447028633... > 0.000001

af(x) (%)

0x

Step 2 (0.1)? (0.1) = 0.57091381447 ..

Step 3: Find the linear function - and let’s call it g(x) - that satisfies two conditions — 1: slope
should be 0.5709138144 ... and it goes through the point of (0.1, 0.0057091381447028633...).

Step 4: Find the x value that satisfies g(x)=0 and use it as the new guess.

Repeat the steps 1 through 4 until |f(x)|<0.000001



Exercise using Excel

| will be demonstrating how to use
Microsoft Excel for the NR method

X H




Exercise using Excel




NR method to find the approximate f(x,)

Exe rC | S e solution of x that satisfies Xnt+1 = Xn — of

f(x) =0 55 (Xn)

foga exp(—£a) = & exp(—&p)

Question: For an inhomogeneous material with f, = 0.995, what would be the strain of
inhomogeneous region (a) when the homogeneous region (b) is deformed to be 0.2? FYI, the
material follows the Hollomon equation and its n value is 0.2

f(gy) = 0.995 22 exp(—¢g,) — 0.2" exp(—0.2)

(o _ oo T ()

a a 0
a];iga) = 0.995{0.2 £ exp(—£,) — &3 exp(—£,)} " (8 n))

Take your pick! Let’s guess g, = 0.2




Stability of numerical analysis (divergence)

F(X)\

v

X

You ended up landing on a flat
region that gives you zero slope

e _ T (gc(ln))
‘o T TQf (g(n))

de, \7a

/

Shouldn’t be zero ...




Stability of numerical analysis (divergence)

F(X)\

Local minima




of
0x

We have assume that we know the analytical solution
of— at any point of x.

In case that =— cannot be obtained?

Some times, this is not the case and you are not able to
make use of the Newton-Raphson method.

Luckily, mathematicians and scientists developed
numerical methods that do not require one to know

the derivative.




Secant method

Xn—1 — Xp-2 Secant method

Xn = Xn_1 — f(Xn_1)

f(xn—l) _ f(xn—z)

_ _ f (¥n-1) Newton-Raphson method
Xn = Xp-1 df
a (xn—l)
f(xp-1)
Xn = Xn-1— oo 1) —nftxn—z) Secant method (Rearranged)

Xn—-1 — Xp-2

A ZHAE B2~ E & unknown

(=13
B

29| derivative® T& T 912 Il FESILCY.



Secant method




Secant method




Find the numerical solution

OMINAM W % Pynon BB AN

If you read this slide as in pdf file on a
computer, simply click the below link:

https://github.com/youngung/lectures/blo
b/master/ipynb/fig4- v
6_metalforming_hosford%26caddell.ipynb
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You'll find something like

There is a special task for advanced
students in the bottom of the note.
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Results
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Fig 4.7/
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Fig 4-8
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Ch= 1 oM 2| H & -0l 2|2t necking

Previously, we studied the necking condition of sheet metals under ‘uniaxial loading’
condition.

Polish scientists Marciniak and Kuczynski have pioneered a simple theoretical
framework to describe the necking phenomena of sheet metals under biaxial
stretching conditions.

This method is often called the MK approach, MK model, MK solution and the likes.

| also have done some works following the MK approach:

Y. Jeong, M. S. Pham, M. ladicola, A. Creuziger, T Foecke, MSMSE 24, 2016
D. Steglich, Y. Jeong, IJMS 117 p102-114, 2016




MK method (Graphical Illustration)
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FLD — forming limit diagram
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Recap

Instability
BB

Thin-walled sphere

Inhomogeneity

=d =

7|5tety 2w & (w2 7|0

JOl‘

N 22 4)

Numerical methods
Newton-Raphson method (xn+1 =X, — ;;((x”)))
n
Xn—-1—"Xn-2 )

fxn—1)—f(xn-2)

Secant method (xn =Xp_1 — f(xp_1)

Exercises and Applications

Marciniak-Kuczynski
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