Modelling Strain-Rate Dependent
Ductile-to-Brittle Transition

J. Hartikainen!, K. Kolari?, R. Kouhia?
LAalto University, 2VTT, 3Tampere University of Technology

ESMC-2012, July 9-13, 2012, Graz University of Technology, Austria

Partially funded by the Academy of Finland (121778)

&
A' _F m— $ TAMPERE UNIVERSITY OF TECHNOLOGY



OUTLINE

Kari Kolan. V11 '.

e Motivation

e The model

— Thermodyn. form.
— Helmholtz free en.
— Dissipation pot.

e Concluding remarks

Photographs Kari Kolari

2/10

A' —‘/‘W— $ TAMPERE UNIVERSITY OF TECHNOLOGY



Cotnpressive Stross, f ——p

MOTIVATION

(@)

" Brittle———»

— . [uckle

-
-
—_-

Strais, € E

A!

Straio Rate —

Uniaxiad Failure Stress (MPg)

(b)

i3 i | [P I rl ; 1 1
1 8ym. Lowt, WC) Refecipe

g # T -1 Laa [LUNF) o
| o LN e Sl § 315400 ™

gt & € b Sehulsom o Coanmon (19 i
o i 3 Hawkes & bicar {5572

7. - C -1E o {1907}

/
;

Fig. ain E. M. Schulson: Brittle failure of ice, Engineering Fracture Mechanics 68 (2001) 1839-1887.
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Strength vs. strain-rate

Asymmetry in the ductile to brittle transition rate in compression and tension:
10~ 1/s in compression and 10~ in tension
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THERMODYNAMIC FORMULATION

Helmholtz free energy Y(€e, d) where €. — € — €.
Clausius-Duhem Inequality v = —pyp+0o:€>0

L . 0 0
Dissipation potential p(o,y) suchthat ~ = a—gp r o+ a—gp -y >0
o Y

— (a—p?i):ée—l—(éi—g—f):a—l—(d—g—z)oy:()
o= paw € = ¢ j = 9

€, Oo oy
— v >0 satisfies CDI

—
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Helmholtz free energy
Integrity basis

I =tre., Ir= %tr e, Iz= %tr e, I=|d|, I5=de€-d, Is=d-e-d

or

A A

Iy =d-e’d, Is=d-€*d where d=d/||d|=d/I,

po = (1= In) (GAI{ + 2pl2)

by .. )
+ H(ob) T +M2ul4(112 — 2015+ I3) + (1 — H(o) (AN + pl?)

4ol (212 . 2]6> +als

Heaviside function H (o) takes into account the “crack” opening/closure
Stresses are continuous when the “crack” closes
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Dissipation potential

Decomposed as
p(o,y) = 0a(y)ei(o) + ovp(o)
where

H(e1 — €uresn) ((y SRR y0)> -

T

and
M=n®n, y,=738Yn
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MODEL CHARACTERISTICS

e Elastic stiffness is reduced monotonously due to damage

e Qualitatively predicts correct brittle failure mode in compression/tension
Animation

e The constraint for the damage ||d|| € [0, 1] is satisfied automatically

e The transition function ¢, deals with the change in the mode of deformation through the
damage evolution such that

pir > 0 and @, =~ 0Owhen ||&|| <nm and ¢y > 1 when ||&]|| > n;

e CDI is satisfied a priori for any admissible isothermal process

e The dissipation potential is a non-convex function with respect to the thermodynamic forces
o and y
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http://plutaajat.gotdns.org/pub/science/brittle/

Implemented in ABAQUS as a user subroutine

EXAMPLE - tension test

E=9MPa, o, = 0.9 MPa, v = 0.3, 74 = 100 s, n = 106 1/s,
Top =400-103s, p=n=4,r =153 =0.025
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CONCLUSIONS AND FURTHER DEVELOPMENTS

Thermodynamically consistent formulation

Easily extensible to more realistic damage and plasticity models
Length scale ?

Brittle compressive failure is a challenge

Alternative formulation using ¥* (o, «) and o(é;, Z) |
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