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Crack propagation in SD-printed structures

Printing pattern: Printing pattern

Printing pattern

Duplex stainless steel by DED (Roucou et al., 2023) Polycarbonate CT specimen by FDM (Zhai, 2023)

Global objective

Modelling and simulating quasi-static crack propagation in 3D-printed structures
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The problem we want to solve

Fracture mechanics

Loading

We consider

e adomain 2 with a crack Iy,
e an elastic material (E, v),

e aforce and/or displacement load,

and we want to determine

e the crack path,

e the evolution of the displacement field.

To solve this problem, we want to employ numerical methods.



Linear Elastic Fracture Mechanics (LEFM)

State
The state of a domain €2 is described by:

e the displacement field u(x),

e the cracklength a.



Linear Elastic Fracture Mechanics (LEFM)

State Griffith criterion (Griffith, 1920)

The state of a domain €2 is described by: The crack propagates when:

e the displacement field u(x), G = G.

e the crack length a. elastic energy fracture energy

release required
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Linear Elastic Fracture Mechanics (LEFM)

State Griffith criterion (Griffith, 1920)

The state of a domain €2 is described by: The crack propagates when:

e the displacement field u(x), G = G.

e the crack length a. elastic energy fracture energy
release required

Variational approach to fracture (Francfort & Marigo, 1998)
The state minimizes the potential energy P,

(u,a) = argmin P(u,a), P(u,a)=E',a’)+ D(a') — Wex(u') .
u'cld elastic dissipation = external work

aeA

with  D(a) = / G.dsS.
(o
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Variational Phase-Field Model for fracture (VPFM)

State
The state of a domain €2 is described by: 0
e the displacement field u(x),
e the crack phase field a(x), %
= o = 0 — unbroken, Phase

field
= ¢ = 1 — broken,

= ot + At) > aft).



Variational Phase-Field Model for fracture (VPFM)

State
The state of a domain €2 is described by: 0
e the displacement field u(x),
e the crack phase field a(x), %
= o = 0 — unbroken, Phase

field
= o = 1 — broken,

= ot + At) > aft).

Variational phase field model (Bourdin et al., 2000; Francfort & Marigo, 1998)
The state minimizes the regularized potential energy P,

(u,a) = argmin P(u,a), P(u,a)=~E,d)+ D@) — We(u') .

UIIEU elastic dissipation = external work
a'ceA
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I'-convergence of VPFM towards LEFIM

We consider the classic dissipation functional

D(a) = @/Q w(@) +{|Val*dz.

Cuw 14

With continous field o (Braides, 1998; Giacomini, 2005),

D(Oé) EjO . Go ds.
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I'-convergence of VPFM towards LEFIM

We consider the classic dissipation functional

D(a) = @/Q w(@) +{|Val*dz.

Cuw 14

With continous field o (Braides, 1998; Giacomini, 2005),

D(Oé) EjO . Go ds.

However, with a discrete field a (Negri, 1999, 2003),

D(a) e : Gop(0) dS.

Observation

The discretization induces artificial anisotropy: Gy ¢(6) = G.().

6.1
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lllustration of mesh-induced anisotropy
Negri (1999), Negri (2003)

Mesh-induced anisotropy function ¢, (n) Mesh-induced anisotropy function ¢,(n) Mesh-induced anisotropy function ¢;(n)
10' """""""""""" 10' ------------ 10'

Polar plot of the mesh-induced anisotropy function ¢(n) for different triangulation (based on the calculations of Negri (2003)).
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Numeric analysis:
Mesh influence on crack path

Objective
Preliminary analysis of the mesh influence on the crack path in variational phase-field models

Outline

e Presentation of the benchmark proposed by H. Henry
e Comparison of crack path on structured and unstructured meshes for:
= Instable propagation case

= Stable propagation case



Benchmark: Eccentric Pure Shear (H. Henry)

Tensile load

e

Clamped areas

H=1 W =8H ag = H/2 e=H/A

Other parameters are given at the end of the presentation (see appendix in Section 5.1)
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Benchmark: Expected results

Tensile load

[ S S I

— Exponential decrease

I

Clamped areas



Two types of meshes

Structured mesh

Unstructured mesh

Remarks

e Meshes have been coarsened for illustration purposes (h = H/12).

e Initial crack is one-element wide and @ = 1 on it (see preprint Loiseau & Lazarus (2025)).
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Unstable propagation’ - Structured mesh

LEFM (ref) Structured h=H/128
Structured h=H/64 Structured h=H/256
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Unstable propagation’ - Unstructured mesh

LEFM (ref) Unstructured h=H/128
Unstructured h=H/64 Unstructured h=H/256
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Unstable propagation’ - Struct vs Unstruct
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Stable crack propagation
Change of load

"Fan" load




Stable crack propagation

LEFM (ref)
Structured h=H/64
Structured h=H/128

Unstructured h=H/64
Unstructured h=H/128
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Conclusion
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Discussion of the results

Unstable crack propagation?

e Unstructured mesh : large bias which decreases with mesh refinement.

e Structured mesh : mesh only adds noise to the path.

Stable crack propagation

e Unstructured mesh : no convergence.

e Structured mesh : convergence but high noise.

Crack increments are more sensitive to the (local) discretization-induced anisotropy.

1 NnrAa AN wihatAaviar i+ maanc |
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Summary

In this work, we:

e Propose a benchmark to assess the influence of the mesh on crack path.
e Encourage to extend mesh-sensitivity study to its structure (not only mesh size).

e Show that structured meshes severely bias the crack path (stable propagation).
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Thank you for your attention! [Eigz[El

F. Loiseau, E. Zembra, H. Henry, V. Lazarus

flavien.loiseau@ensta-paris.fr E

Presentation

The work was supported by Agence de 'lnnovation de Défense - AID - via Centre
Interdisciplinaire d’Etudes pour la Défense et la Sécurité — CIEDS - (projects 2022 - FracAddi).
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Appendices



Appendix : Parameters for the simulations

e 2D: plane stress.

e Phase-field model: AT1.

e Elastic parameters: A = u = 1Pa.

e Fracture parameters: G, = 1.

e Regularization length: £ = 0.0625 = H /16.

e Meshsizes:h € H/64, H/128, H/256.

e Load u, = 0 and u,(x,t) = =(t + tan(7/180) x (H — z))
= Unstable: 0 =0
= Stable:0 = 7/180
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