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Ductile fracture of metals

• Linear-elastic fracture 
mechanics proved 
inadequate for assessing, 
e.g., safety of mild-steel 
pressure vessels in nuclear 
power plants, which 
spurred the development 
of elastic-plastic fracture 
mechanics (with focus on 
Rice’s J-integral formalism)

Reactor Pressure Vessel (RPV) 
from Greifswald Nuclear Power Plant
(courtesy Viehrig, H.W. and Houska, M.,
Helmholtz Zentrum, Dresden-Rossendorf,
https://www.hzdr.de/db/Cms?pNid=2698)

https://www.hzdr.de/db/Cms?pNid=2698
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Ductile fracture of metals

• In general, the specific 
fracture energy for ductile 
fracture is greatly in 
excess of that required for 
brittle fracture…

• A number of ASTM 
engineering standards are 
in place to characterize 
ductile fracture properties 
(J-testing, Charpy test)

• Can we understand 
fracture energy, scaling, 
from micromechanics?

Charpy energy of A508 steel2
2Tanguy, B., Besson, J., Piques, R. & Pineau, A.,  

Eng. Frac. Mechanics, 72 (2005) 49.

brittle ductile

(Courtesy NSW HSC online)
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Ductile fracture of metals

Fracture surface in SA333 steel2,
room temp., dε/dt=3×10-3s-1

• Ductile fracture in metals 
occurs by void nucleation, 
growth and coalescence 

• Fractography of ductile-
fracture surfaces exhibits 
profuse dimpling

• Ductile fracture entails 
large amounts of plastic 
deformation (vs. surface 
energy) and dissipation.

• Microplasticity → fracture?
• Scaling? Size effect?

Spall test in copper disk1

1Heller, A., Science & Technology, 
LLNL, pp. 13-20, July/August, 2002.

2S.V. Kamata, M. Srinivasa and P.R. Rao, 
Mater. Sci. Engr. A, 528 (2011)  4141.
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Micro-to-macro: Effective problem
lattice parameter → 0 grain size → 0

unknown!
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Local deformation theory: Growth

Ti

Eleiche & Campbell (1974)

Armand Considère, Annales des Ponts et Chaussées, 9 (1885) 574-775.

Necking of bars
Rittel et al. (2014)

`
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Local deformation theory: Stability

localization of 
deformations
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Strain-gradient plasticity

W. Nix & H. Gao (1998)

N. Fleck et al. (1993)

N.A. Fleck and J.W. Hutchinson, JMPS, 41 (1993) 1825.
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Strain-gradient plasticity: Growth 

Fence structure 
in copper

(J.W. Steeds, Proc. Roy. Soc. London, 
A292, 1966, p. 343)

Dislocation wall
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Micro-to-macro: Effective problem
lattice parameter → 0 grain size → 0
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Model problem: Uniaxial extension of slab

→
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Optimal scaling: Heuristics
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Ductile fracture: Void sheets

Heller, A., How Metals Fail, Science & Technology Review Magazine, 
Lawrence Livermore National Laboratory, pp. 13-20, July/August, 2002 

void 
sheet
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Ductile fracture: Upper bound

L. Fokoua, S. Conti & MO, ARMA, 212 (2014) 331–357.



Michael Ortiz
ETH 2022

Upper bound: Sketch of proof

void

void
sheet

QED
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Ductile fracture: Lower bound

L. Fokoua, S. Conti & MO, ARMA, 212 (2014) 331–357.
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Micro-plasticity to ductile fracture: Discussion

L. Fokoua, S. Conti & M. Ortiz, JMPS, 62 (2014) 295.
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● Ni specimen, D = 50 mm, t = 4.95 mm
● J2 plasticity, power-law hardening
● h= 0.49 mm, 191,960 tets, 456,262 nodes

back-
surface
loading
profile

Example: Spall fracture simulations

Cohesive law
determined from
optimal scaling
inserted using
cohesive elements
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Example: Spall fracture simulations

● Visualization of cohesive element set
at the end of the calculations

● Upscaled cohesive law accounts for 
void sheet in an effective sense 
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Micro-plasticity to ductile fracture: Discussion
lattice parameter → 0 grain size → 0

?
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Critique of SGP (I): Size effect

Mu, Y., Chen, K., Meng, W.J., 2014. MRS Commun. Res. Lett. 4, 126–133.
Mu, Y., Zhang, X., Hutchinson, J.W., Meng, W.J., 2016. MRS Commun. Res. Lett.20, 1–6.
Mu, Y., Zhang, X., Hutchinson, J.W., Meng, W.J., 2017. J. Mater. Res. 32 (8), 1421–1431.
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1Mu, Y., Zhang, X., Hutchinson, J.W., Meng, W.J., 2016.  MRS 
Commun. Res. Lett. 20, 1–6.

Shear flow stress as a function of thickness for Cu layers1. 
SGP model prediction shown as dashed line. 

Insert shows SEM image of experimental setup.

SGP
GAP!

Mu, Y., Zhang, X., 
Hutchinson, J.W., Meng, W.J., 

2017. J. Mater. Res. 
32 (8), 1421–1431.

Strain-gradient plasticity misses size effect!
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Confined layer under prescribed simple shear
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Confined layer under prescribed simple shear
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Critique of SBP (II): Final stages of fracture

Final fracture of high-purity Ni 

P. Noell, J. Carroll, B. Boyce, K. Hattar & B. Clark, SAND2018-2431C 

ligament
pull-out 
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EAM Nickel,
[111] loading,

NPT 300K1

1M.I. Baskes and M. Ortiz, JAM, 82: 071003-1-071003-5, 2015

Final stages of fracture in metals
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Ligament formation as topological transition

bores of vanishing radius
inscribed in crack plane

ligaments
crack
flanks

S. Conti & MO, ARMA, 219(2) (2016) 607-636.
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Ligament formation as topological transition

bores of vanishing radius
inscribed in crack plane

ligaments
crack
flanks

S. Heyden, S. Conti & MO, Mechanics of Materials, 90 (2015) 131.
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Fractional strain-gradient plasticity
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Confined layer under prescribed simple shear

can match
size scaling

exactly!
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1Mu, Y., Zhang, X., Hutchinson, J.W., Meng, W.J., 2016.  MRS 
Commun. Res. Lett. 20, 1–6.

Shear flow stress as a function of thickness for Cu layers1. 
SGP model prediction shown as dashed line. 

Insert shows SEM image of experimental setup.

SGP

Mu, Y., Zhang, X., 
Hutchinson, J.W., Meng, W.J., 

2017. J. Mater. Res. 
32 (8), 1421–1431.

𝜎𝜎 = 0.2!
FSGP

Fractional strain-gradient plasticity 
can match size scaling
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Ductile fracture revisited: FSGP

S. Conti & MO, ARMA, 219 (2016) 607–636

adapted from 

adapted from 
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Upper bound: Sketch of proof

craze 
sheet

ligament

QED

Crazing in 800 nm polystyrene 
thin film (C. K. Desai et al., 2011)
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Fractional micro-plasticity to ductile fracture
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Concluding remarks

• Optimal scaling provides a practical avenue for traversing 
length scales, from micro-plasticity to ductile fracture.

• Optimal scaling exponents depend only on the growth 
properties of the constitutive equations, other details get 
‘buried’ in the upper and lower-bound constants

• Fractional strain-gradient plasticity (FSGP) provides a 
way of removing the excessive rigidity of conventional 
strain-gradient plasticity (SGP) and match observed size 
scaling

• Physical origin of fractional derivatives? Connections to 
dislocation mechanics?

• Numerical implementation of FSGP? 

Thank you!
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