
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Parameter window for assisted crack tip flipping: Studied by a shear extended Gurson
model

Nielsen, K. L.; Felter, C. L.

Published in:
International Journal of Solids and Structures

Link to article, DOI:
10.1016/j.ijsolstr.2019.04.021

Publication date:
2019

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Nielsen, K. L., & Felter, C. L. (2019). Parameter window for assisted crack tip flipping: Studied by a shear
extended Gurson model. International Journal of Solids and Structures, 171, 135-145.
https://doi.org/10.1016/j.ijsolstr.2019.04.021

https://doi.org/10.1016/j.ijsolstr.2019.04.021
https://orbit.dtu.dk/en/publications/3adc12c6-6df5-49af-ab16-4c1d38daccec
https://doi.org/10.1016/j.ijsolstr.2019.04.021


Parameter Window for Assisted Crack Tip Flipping: Studied

by a Shear Extended Gurson Model

K.L. Nielsena,∗, C.L. Felterb

aDepartment of Mechanical Engineering, Solid Mechanics, Technical University of Denmark,
DK-2800 Kgs. Lyngby, Denmark

bCenter for Bachelor Engineering Studies, Technical University of Denmark, DK-2750 Ballerup,
Denmark

Abstract

Assisted flipping of a slant mode I dominated tearing crack, where the crack tip flip-

ping mechanism is made to engage by imposing a slight mode III, has recently been

studied in Felter and Nielsen (2017) [Assisted crack tip flipping under Mode I thin

sheet tearing, Europ. J. Mech. A/Solids, 64;2017:58-68]. In the previous study, the

Gurson-Tvergaard-Needleman model was used in its original form to limit the model

parameter space and facilitate a search for a set of parameter that allows flipping of the

slant crack face to occur. It is well known that the adopted version of the Gurson model

can predict the shear bands that travel in front of a mode I tearing crack and these are

essential features to slant crack propagation — let alone the experimentally observed

crack tip flipping phenomenon. In fact, assisted crack tip flipping was achieved with

this numerical model set-up, but only within a very narrow parameter window. The

present work adopts a phenomenological shear extended Gurson model that allows for

a study of the J3 dependency in ductile fracture at engineering scale in an attempt to

widen this parameter window. By running series of large-scale computations, where

a ductile tearing crack propagates multiple plate thicknesses, the authors can demon-
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strate tearing modes for various combinations of strain hardening, initial void volume

fraction, and shear parameter. The shear damage contribution is found to shift the

engagement of the crack tip flipping mechanism toward lower values of the initial void

volume fraction for all levels of strain hardening considered.

Keywords: Plate tearing, Crack tip flipping, Shear extension, Gurson model

1. Introduction

Conclusive insight into the mechanics that controls the so-called “crack tip flipping

mechanism” related to slant crack propagation in ductile metal plates subject to mode

I loading (see e.g. Rivalin et al., 2001; Simonsen and Tornqvist, 2004; Zheng et al.,

2009; Gruben et al., 2013) remains to be revealed. Key findings that have been obtained

through recent years of research include: i) The crack tip flipping mechanism evolves in

a stable and controlled manner which is easily traced by the naked eye on the outer free

surface of a test specimen. ii) Tested steel plates yield a higher frequency of the flipping

compared to aluminum plates of the same plate dimensions. iii) The constraints on

the plate influence the flipping frequency and a lower frequency is observed when the

constraints are relaxed. iv) The formation of shear-lips initiates the crack tip flipping

at the outer free surface, behind the leading crack tip. v) The fracture surface shows

a 180-degree rotational symmetry about crack growth direction. vi) While the flip

is underway, recent research suggests that the crack tip consists of two evolving edges

being the leading edge of the primary slant crack and the leading edge of the shear-lips.

vii) The shear-lips eventually overtake the slant crack face orientation to complete the

flip (see e.g. El-Naaman and Nielsen, 2013; Nielsen and Gundlach, 2017, for further

details). In this way, the flipping phenomenon is truly three dimensional and the
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mechanics involved span multiple length scales. Moreover, crack tip flipping largely

contrasts the established tearing modes (slanting, cup-cup, or cup-cone, see Noel et al.,

2018), where the orientation of the crack front remains stationary during steady-state

propagation. Therefore, the modelling of the crack tip flipping phenomenon poses a

significant challenge.

The numerical challenge of modelling the crack tip flipping mechanism is recognized

in Nielsen and Hutchinson (2017) in a recent numerical study of a symmetrical mode

I loaded plate strip of elastic-plastic material containing a propagating slant crack.

The study relies on a 3D steady-state code tailored to reveal the crack tip conditions,

under the assumption of small strains, and rather than focusing on modeling the crack

flipping mechanism, the intention was to search for clues as to why a slant crack will flip

its orientation. A clear out-of-plane action was observed for the plate once the crack

slants, breaking the symmetry of the problem, and thereby giving rise to a significant

mode III loading on the crack tip (also influenced by the constraint imposed on the

plate). This asymmetry also manifests itself in the plastic zone ahead of the crack tip

and the stress distribution, in the acute angle corner where the slant crack intersects

the plate outer free surface, appears to be consistent with initiation of a re-orientated

shear crack in the flipping direction. Moreover, a competition between the elastic far-

field and the near-tip elastic-plastic field unfolds during slant crack propagation such

that a purely elastic solution displays an out-of-plane action to one side, whereas a

plate dominated by the plastic response displays an out-of-plane action to the other

side.

The out-of-plane action induced by the propagating slant crack has long been specu-

3



lated to control the crack tip flipping. Thus, in a recent attempt to determine whether

(or not) a small out-of-plane action is capable of making the crack flip, Felter and

Nielsen (2017) adopted the traditional Double Edge Notched Tension (DENT) test

with overlaid twisting of the specimen. The imposed twist adds an additional mode III

loading on the crack that already propagates in one, roughly 45◦, shear bands. The idea

was to assist the slanted crack to flip — if possible — and to study the combination

of material parameters that allow the flipping phenomenon to engage. The flipping of

a slant tearing crack, modelled by the original Gurson-Tvergaard-Needleman (GTN)

model (Gurson, 1977; Tvergaard, 1982; Tvergaard and Needleman, 1984; Tvergaard,

1990; Besson, 2010), was achieved, but only for a fine-tuned parameter set. This puts

thrust behind the present work as a deeper insight into what determines this parame-

ter set is crucial in order to predict naturally occurring crack tip flipping in full-scale

engineering structures. The aim of the present study is two-fold: i) Determine the

parameter window that allows assisted crack tip flipping to evolve when accounting

for the known J3 dependency in ductile failure. ii) Link the findings to the naturally

occurring crack tip flipping mechanism by extracting knowledge on when this intrigu-

ing phenomenon can be expected to emerge in large-scale plate tearing. The model

setup, and material parameters, known to produce flipping in Felter and Nielsen (2017)

is taken as offset. This circumvents parameter tuning with the computationally de-

manding 3D model, but it also implies considering an aluminum-like material in the

numerical model. Thus, the comparison to existing steel samples can only be made

qualitative.

After the shear extended Gurson model is introduced and the adopted numerical
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procedure is laid out (see Section 2), the problem formulation and model set-up is

presented (see Section 3). The model is based on the traditional Double Edge Notched

Tension (DENT) test with a slight mode III superimposed in terms of a twisting motion

at the far boundary. Results are presented (see Section 4) before the concluding remarks

are reached (see Section 5).

2. Constitutive relations

A brief description of the constitutive material model, the finite strain elastic-plastic

formulation, and the numerical framework is presented in the following, while details

can be found in Tvergaard (1990); Nahshon and Hutchinson (2008); Felter and Nielsen

(2017). General tensor notation is adopted for the presentation such that sub-/super-

scripted indices denote co-/contra-variant components, respectively, while incremental

quantities are marked by (˙), and ( ),j denotes covariant differentiation in the reference

frame.

2.1. Constitutive Material Model

The shear extended Gurson model proposed by Nahshon and Hutchinson (2008)

is adopted in the following to represent the long sequence of micro-mechanics events

that lead to ductile failure in metal plates. One should bear in mind, however, that the

Nahshon-Hutchinson model accounts for the void shearing effect in a phenomenological

fashion. The damage evolution reads;

ḟ = (1− f)Gij η̇pij + kωfω(σ)
sij η̇pij
σe

, (1)

where sij is the deviatoric part of the Cauchy stress tensor, σij, which determines the

von Mises stress; σe =
√

3sijsij/2. The contravariant components of the metric tensor
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for the deformed frame is Gij, and the plastic strain increments are denoted η̇pij.

The first term in Eq. (1) represents growth of existing voids, whereas the second

term mimics the mechanism of void softening in shear. The shear term essentially

increases the damage parameter f (controlled by a single new constant parameter,

kω) such that the Gurson yield surface shrinks even under shear dominated loading

conditions (Tvergaard and Nielsen, 2010). This is purely phenomenological as voids

tend to collapse under intense shearing (thereby diminishing their volume), and shear

certainly restricts void growth rather than promotes it (Barsoum and Faleskog, 2007;

Tvergaard, 2008, 2009; Dahl et al., 2012; Nielsen et al., 2012; Liu et al., 2016). Thus,

the parameter f should be considered a damage parameter when large contributions

of shear exist.

Nahshon and Hutchinson (2008) originally defined the shear term to vanish in

axisymmetric loading conditions and to yield maximum contribution in all cases of

pure shear plus hydrostatic tension/compression. The stress state weighting function,

ω(σ), in Eq. (1) is defined as

ω(σ) = 1−
(

27J3
2σ3

e

)2

(2)

where; J3 = 1
3
Gijskjsils

lk, is the third invariant of the Cauchy stress. It is worth

to notice that ω(σ) ∈ [0, 1] with symmetry around shear cases (J3 = 0). Thus, the

shear extended model is consistent with existing versions of the Gurson model, based

on the mechanics of void growth under axi-symmetric loading, but it cannot distin-

guish between generalized tension and generalized compression. This is a choice made

by Nahshon and Hutchinson (2008) due to the lack of evidence in favor of one over

the other. In a very recent numerical study, however, Dæhli et al. (2018) clearly
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demonstrates damage evolution to be favored under generalized tension, whereas dam-

age evolution under generalized compression is retarded. Dæhli et al. (2018) takes the

Nahshon-Hutchinson shear extension as off-set, but proposes to change the stress state

weighting function to; ω(σ) = 1
2

(
1 + 27J3

2σ3
e

)
, where ω(σ) ∈ [0, 1]. In relation to plate

tearing it is important to realize that; i) Both models put equal weight on plane strain

conditions (dominating the fracture process zone, see Andersen et al., 2019), ii) The

conditions in the acute angle corner where the flip initiates are the same on both sides

of the plate due to the 180-degree rotational symmetry.

The material yield surface remains that of the classical Gurson-Tvergaard-Needle-

man model, such that;

Φ =
σ2
e

σ2
M

+ 2q1f
∗ cosh

(
q2
2

σkk
σM

)
−
[
1 + (q1f

∗)2
]

(3)

where initial plastic yielding requires Φ = 0 and Φ̇ > 0, whereas continued plastic

loading takes place when Φ = 0 and mij
5
σij/H ≥ 0. In the last expression H is

the hardening modulus,
5
σij is the (co-rotational) Jaumann rate of the Cauchy stress,

and mij is the yield surface normal. In Eq. (3), σM is the reference stress in the

matrix material surrounding the voids, q1 and q2 are the Tvergaard constants, while f ∗

accounts for accelerated void growth due to void coalescence. The adopted coalescence

model is that of Tvergaard and Needleman (1984) which reads;

f ∗(f) =


f for f ≤ fc

fc + (f ∗U − fc)
f−fc
ff−fc

for f > fc.

(4)

Here, fc determines the critical level of damage where accelerated void growth sets in

due to coalescence and final fracture is reached at; f ∗ = f ∗U = 1/q1.

Throughout, the matrix material true stress/strain response under uni-axial tension
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is approximated by a power-law model to limit the number of model parameters;

ε =


σM
E

for σM ≤ σY

σM
E

(
σM
σY

)1/N
for σM > σY

, (5)

where σY is the initial yield stress, and N is the strain hardening exponent.

2.2. Numerical Modeling Procedure

The FE-code developed through the work presented in Felter and Nielsen (2017) is

employed. The numerical method is derived from the dynamic form of the principle

of virtual work in Eq. (6) (in line with Mathur et al., 1994, 1996). Thus, a transient

analysis is conducted, but with a low loading rate to approximate the static solution

(by limiting the kinetic energy of the system, see also Felter and Nielsen, 2017, for

details). Hence, it is not the intention to enter the regime where inertia will affect the

response. The principle of virtual work reads;

∫
V

τ ijδηijdV =

∫
S

T iδuidS +

∫
V

ρ
∂2ui

∂t2
δuidV (6)

with

ηij =
1

2

(
ui,j + uj,i + uki uk,j

)
(7)

Here, ηij is the total Lagrangian strain, τ ij holds the contravariant components of the

Kirchhoff stress tensor, and ρ is the mass density. The integration in Eq. (6) is carried

out in the reference configuration such that V and S denote the volume and surface,

respectively, of the undeformed body.

The dynamic formulation has the advantage that the system of equations decouples

when lumping the mass matrix. Hence, the modelling approach becomes very suitable

for parallel computing. The in-house code is developed in Fortran 2008 with OpenMPI
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for the parallel execution on any given number of cores (Gabriel et al., 2004). The finite

element mesh is partitioned by exploiting the software package METIS (Karypis and

Kumar, 1999), such that only a portion of the full problem runs on the individual cores.

The downside of the adopted explicit approach is that the stable time step is set by the

wave speed in the material and the smallest element length (the Courant conditions).

Throughout, no artificial mass scaling has been applied and the time integration is

carried out by a standard Newmark β-method.

3. Problem formulation and model set-up

3.1. Parametric initial boundary value problem

The initial boundary value problem considered was first analyzed in Felter and

Nielsen (2017). The aim was to investigate how a slight out-of-plane mode III type

loading can influence the fracture surface of a tearing crack propagating under dom-

inant far-field mode I. The traditional Double Edged Notched Tension (DENT) test

is considered, in which the loading of the top/bottom boundary is a combination of

tension and a slight torque (see Fig. 1). The applied torque is small but sufficient

to make the crack choose one shear band over the other and the tearing crack will

thereby start propagating in a slant manner. Once the crack has propagated some

distance through the ligament and developed a slant, the twisting motion is reversed

such that the top/bottom boundaries rotates in opposite directions. In this way, Felter

and Nielsen (2017) modelled the first (assisted) flip of a tearing crack by tuning the

material properties.

As discussed in Felter and Nielsen (2017), dimensional analysis dictates the model
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response to be governed by the following dimensionless groups

Φ = F

(
H

b
,
B

b
,
t

b
,
r

b
,

Θ̇

∆̇/b
,

∆̇√
E/ρ

,
σy
E
, ν, f0, N, kω

)
(8)

with the first four parameter groups specifying the specimen dimensions, group five

determines the mode mixity ratio (twist vs. tension), and the sixth group ties to

material inertia. All of these will remain fixed in the present study to allow a direct

comparison with the study in Felter and Nielsen (2017) and without entering the regime

where material inertia becomes important. The material properties, in terms of yield

stress, Young’s modulus, and Poisson’s ratio is taken to approximate aluminum (see

Table 1), and only the remaining three parameter groups, being: i) the initial void

volume fraction f0, ii) the strain hardening N , iii) and the shear amplification factor

kω, respectively, will be subject to changes in this study. The main focus is on widening

the parameter window for assisted crack tip flipping and, in this way, gain a parametric

understanding of the underlying mechanism that governs naturally occurring crack tip

flipping in large plates. Throughout, the tensile loading rate is prescribed such that

the final displacement of the top boundary ends at ∆/H = 0.056, whereas the twisting

motion (see Fig. 1) is composed of two parts: i) first the torsion is in the positive

direction, ii) followed by a twist in the opposite (negative) direction at double rate

(see Fig. 1). The change between the two twisting directions is denoted “changeover”

in Table 2. The relative rotation between the top and bottom boundaries is on the

order of one degree at the “changeover” and, thus, it is worth noting that the applied

rotation is larger than the out-of-plane deflection expected to drive naturally occurring

flipping during tearing of large plates.
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3.2. Numerical model set-up

The problem outlined in Section 3 possesses two rotational symmetries which have

been exploited in the following to limit the computational cost. Thus, only one quarter

of the original problem is considered by imposing proper rotational boundary condi-

tions (see also Nielsen, 2008, 2010; Felter and Nielsen, 2017). It is, however, worth to

notice that the imposed boundary conditions put no constraint on the symmetric thin-

ning of the plate ahead of the crack tip nor does it constrain the subsequent asymmetric

localization into a single shear band. The unconstrained development of a single shear

band (resulting in crack slanting) is crucial for studying the interplay between the two

shear bands that co-exists ahead of an advancing tearing crack (Mathur et al., 1996).

The DENT specimen considered (see Fig. 1) is discretized using 20-noded isoparamet-

ric elements with reduced Gauss integration (2× 2× 2 Gauss points), except for when

calculating the mass matrix which requires full integration (3× 3× 3 Gauss points).

Specific actions have been taken for the Gurson modelling; i) as damage develops,

the material loses stress carrying capacity and the Gurson yield surface shrinks to a

point in stress space. This can cause the numerics to break down. To accommodate

this numerical issue, the damage evolution is turned off when a Gauss point reaches

f = 0.99ff , while the element is removed from the simulation, and residual forces are

ramped down, when two Gauss points in the same element reach this limit (see also

Tvergaard, 1982). ii) The inherent mesh dependency in the Gurson model must be kept

in mind, and it is treated here by having roughly the same element size throughout

the entire domain, where the crack will initiate and propagate. This avoids favoring a

specific growth direction or favoring specific failure modes by the meshing. As demon-
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strated in Besson (2010); Nielsen and Hutchinson (2012), the softening effect related

to damage localization and failure in shear bands (governing crack slanting) is mesh

sensitive when employing the GTN model. In line with the early 2D studies, a too

coarse discretization will not allow the shear localization to take place, which has been

observed to yield a flat crack surface morphology in the present 3D model. On the

other hand, the slant crack emerges when refining the mesh with the localization band

intensifying with diminishing element size. In all simulations 32 elements are used

through the plate thickness and 70,376 elements are used in total. The initial element

size is Lex × Ley × Lez = 160 × 94 × 100 µm in the fracture process zone. With an

average number of time steps in the order of 3,000,000, one simulation requires roughly

15 hours on a cluster with 200 cores (10 nodes of dual Intel Xeon E5-2680v2 with 10

cores).

4. Results

The crack tip flipping phenomenon can be demonstrated by taking as starting-point

the reference case with initial void volume fraction f0 = 0.01, shear damage parameter

kω = 0, and strain hardening N = 0.05 (also considered in Felter and Nielsen, 2017).

In this case, flipping of the primary slant crack face is predicted to engage roughly

midway through the half ligament of the DENT specimen (see Fig. 2). The crack

propagation initiates from the pre-existing notch in the specimen and first slants into

a +45◦ orientation, due to the overlaid positive twisting motion at the far boundary.

The crack subsequently flips its orientation to the other side (−45◦) when the twisting

motion is reversed. This has to do with the combined effect of the rate at which damage

develops (driven by f0 and kω), the extent of the fracture process zone, and the thinning
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region immediately in front of the crack (determined by the strain hardening, N) (also

discussed in Nielsen and Hutchinson, 2012; Andersen et al., 2019). In the reference

case (with N = 0.05), thinning of the plate takes place early due to the low strain

hardening and the initial damage thereafter develops to propagate a slant crack some

distance before the reversed twisting motion assists the crack to flip. This sequence of

events is strongly influenced by the damage related material properties — by taking

the initial void volume fraction too high, the damage evolution will becomes so intense

that the reversed twisting motion cannot make the already slanted crack flip.

4.1. The interplay between material parameters

The interplay between the initial void volume fraction, f0, the shear damage parameter,

kω, and the strain hardening, N , is evident when comparing Fig. 2 to Figs. 3-4. By

keeping the strain hardening exponent constant, Fig. 2 clearly displays the change

in the fracture surface morphology for changing damage parameters. By comparing

the different fracture surfaces to that of the reference case (f0 = 0.01, kω = 0, and

N = 0.05), it is clear that the distinct features related to the flip midway on the half

ligament vanish when increasing (or lowering) the initial void volume fraction (keeping

kω = 0 and N = 0.05). This is explained by; increasing the void volume fraction

to f0 = 0.02, the damage evolution ahead of the already slanted crack becomes too

intense to be influenced by the slight reversed twisting motion and, hence, the crack

will remain slanted to one side. In contrast, by lowering the initial void volume fraction

to f0 = 0.006, the damage evolves too slowly from the pre-existing notch to form a slant

crack before the twisting motion is reversed. Therefore, it is only after the reverse in

the twisting motion that the localization process (and the related damage development)
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gets sufficient time to develop the shear band (oriented at −45◦). The slant crack will,

thereby, develop to the opposite (negative) side with no visible trace of a flip. Figure 2

clearly depicts the transition from one fracture surface morphology to the other.

The importance of the damage growth rate is also illustrated in Fig. 2 by the case

of low initial void volume fraction (f0 = 0.006). By increasing the shear damage

parameter to kω = 2, the damage evolution is amplified to an extent where the crack

slants to a +45◦ orientation and maintains this configuration throughout the ligament

(reversed twisting motion is insufficient). Thus, it is only in a favorable combination

of the initial void volume fraction and shear damage parameter that flipping can occur

when driven by a small out-of-plane action. This is also evident from Figs. 3-4, where

the parameter window that yields crack tip flipping is shown for two levels of material

strain hardening (N = 0.05 and N = 0.1). The crack tip flipping mechanism is found

to engage only in a rather narrow band across the parameter window such that; little

contribution from the shear damage is required to yield flipping for a high initial void

volume fraction, whereas the shear damage contribution becomes an important factor

when the initial void volume fraction is low. This is the case for both levels of strain

hardening considered, but the narrow parameter band favoring crack tip flipping shifts

towards the southeast corner of the window for increasing strain hardening.

The shift of the parameter band favoring crack tip flipping is tied to the delayed

thinning of the plate in front for the crack tip when increasing the strain hardening.

Recall that the twisting motion remains unchanged and, hence, the plate thinning that

governs damage evolution is less pronounced when the twisting motion is reversed for

high values of strain hardening. Thus, for fixed shear damage parameter, a higher
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initial void volume fraction is required to accumulate sufficient damage for the shear

band to develop a +45◦ orientation before the twisting motion is reversed. This is in

line with the findings for the low strain hardening case; taking the initial void volume

fraction too high and the reversed twisting motion will be insufficient to flip the crack

face, whereas taking it too low and a −45◦ oriented slant crack will develop only after

the twisting motion is reversed. The crack tip flipping mechanism only engages on

the DENT specimen ligament in the narrow parameter band in between these two

extremes.

4.2. Crack tip flipping and the overall response of the plate

The overall structural response of the plate, in terms of applied tensile force and applied

torque as a function of elongation of the specimen, is depicted in Fig. 5 for the case of

fixed shear damage parameter (kω = 0) and varying initial void volume fraction, f0. All

load-elongation curves essentially initiate with the same slope, while the peak load and

the related specimen elongation is somewhat affected by the initial void volume fraction.

By increasing the initial void volume fraction, the peak load drops and it is attained

earlier in the deformation. This, in turn, yields lower overall energy dissipation, taken

as the area underneath the curve, as damage and the subsequent fracture more rapidly

evolves (as expected).

It is worth to notice that the curve for intermediate initial void volume fraction

(f0 = 0.01) displays a slight drop in the load carrying capacity shortly after the twisting

motion has been reversed (indicated by the dotted line), but that the plate regains

hardening as the slope on the load-elongation curve subsequently becomes less steep.

This distinct feature on the load-elongation curve is seen for all parameter combinations
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where the crack tip flipping engages, but it is, unfortunately, too weak to be obvious

from corresponding experimental observations (Jensen, 2015). In a similar fashion,

the crack tip flipping action is not immediately identifiable from the applied torque

that results from the enforced twisting motion. It is, however, noticed that the overall

elongation at which the peak torque is attained drops for increasing initial void volume

fraction. This cannot only be assigned lower fracture resistance due to easier damage

development, but it is also tied to the out-of-plane deflection associated with slant crack

propagation (quantified in Nielsen and Hutchinson, 2017). For example, a slanted crack

will develop a naturally occurring out-of-plane deflection in the direction of the applied

twisting motion for the case of high initial void volume fraction (f0 = 0.02). Thereby,

the prescribed twist and the plate response support each other, which in turn makes

the resulting applied torque lower. In fact, it is worth to notice that the peak torque

for the case of high initial void volume fraction is reached before the twisting motion is

reversed and that the torque, moreover, drops to the lowest value predicted when the

twisting motion is reversed. This indicates that the naturally occurring out-of-plane

deflection now counteracts the prescribed (reversed) twisting motion and the crack

maintains an orientation of +45◦. This contrasts the case of low initial void volume

fraction where the applied torque continues to build up until the twisting motion is

reversed. The development of the shear bands are here postponed and the out-of-plane

deflection does not come naturally. In fact, the torque is found only to drop slightly

below zero after the twisting motion has been reversed. All cases which yield crack tip

flipping displays a response that somewhat interpolates between these two extremes.

For cases that yield crack tip flipping, the peak torque is attained shortly before the
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twisting motion is reversed, indicating a developed slant fracture and natural out-of-

plane deflection, whereas the subsequent dip of the torque to the negative side is less

pronounced.

Similar observations are made when keeping the initial void volume fraction fixed

while varying the shear damage parameter (see Fig. 6). In the case of a large contri-

bution from the shear damage (kω = 2), the peak torque is reached before the twisting

is reversed, which again is tied to the developed slant crack that naturally deflects

out-of-plane. Moreover, the largest negative torque is also here predicted for the case

where the crack maintains an orientation of +45◦. The drop in load carrying capacity

is also observed in Fig. 6 for cases where the crack tip flipping mechanism engages.

4.3. The fracture surface morphology

Figures 7-9 present the fracture surface morphology of specimens simulated with

different combinations of initial void volume fraction, f0, shear damage parameter,

kω, and strain hardening, N . The series of images compare the model predictions for

assisted crack tip flipping to a naturally occurring flip observed in normal strength

steel (see El-Naaman and Nielsen, 2013). Figure 7a displays a macro-scopic 3D view

of the specimen made transparent to visualize the orientation of the cross-sections

first considered. In an early experimental study of crack tip flipping, El-Naaman and

Nielsen (2013) published a series of cross-sections, cut from a large plate, polished and

inspected through a light-optical microscope in order to underline that the fracture

surface morphology poses 180◦ rotational symmetry about the crack growth direction.

This characteristic of the fracture surface is also evident from the present study, in-

dependent of the model parameter set, for all simulated specimens where crack tip
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flipping engaged. Figure 7b-c shows two different cases, one without the shear exten-

sion (kω = 0) and one with the shear extension (kω = 1), and both display the following

sequence when considering cross-section at different position along crack growth direc-

tion: (i-ii) A shear-lip is found on the fracture surface close to the outer free surface,

while the primary crack face remains slanted in +45◦. (iii-iv) The shear lips have

grown to become major parts of the fracture surface. (v-vi) The shear-lips continu-

ously grow and eventually merge to overtake the crack face orientation and complete

the flip. This sequence is also evident from the fractographs in Fig. 8 for the scanning

electron microscope images of the normal strength steel samples from El-Naaman and

Nielsen (2013). The crack grows from right to left and the images clearly demonstrate

that the shear-lips connect to the outer free surface visible to an observer on each side

of the plate and the shear-lips eventually merge in the center of the plate whereafter

the orientation of the slanted crack has flipped from propagating in one 45◦ shear band

to the other.

The predicted fracture surface morphology for the two cases in Fig. 8b-c differs only

slightly from each other, and both the extent of the tunneling of the crack tip and the

configuration of the shear-lips are very similar. In fact, when measuring the length of

the flip, from where the shear-lips become visible on the outer free surface to the point

where the two shear-lips merge at the plate center, the distance is nearly identical in

both simulations. In fact, the distance is predicted to be on the order of one plate thick-

ness in the simulations, which contrasts the experimental observation for the normal

strength steel sample in El-Naaman and Nielsen (2013) where the distance is longer.

A number of parameters can influence this discrepancy and Fig. 9 presents additional
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fracture surfaces where flipping has engaged in different cases of high strain hardening

(N = 0.1). By comparing the fracture surfaces, it is found that the appearance of the

predicted fracture surface morphology approaches that of the naturally occurring flip

for low values of initial void volume fraction, f0, and a large contribution from the shear

damage parameter, kω (see Fig. 9c). Moreover, it can also be seen that the position of

the assisted flip is largely dependent on the material parameters. As discussed earlier,

this is tied to the interaction of the out-of-plane action (the applied twisting motion),

the thinning of the fracture process zone (determined by N), and the damage growth

rate (set by f0 and kω). Thus, the prescribed out-of-plane action set by the prescribed

loading (the ratio between tension and twist, ∆̇/θ̇) most certainly will influence the

fracture surface morphology, but the loading ratio remains fixed in the present study

to limit the model parameter space.

4.4. The mechanism of assisted crack tip flipping

The cross-sections in Fig. 7 and the fractographs in Figs. 8-9 present a still pic-

ture (not time-resolved) of the flipping mechanism, and only by holding findings from

a number of sources together can details be revealed on the progression of the crack

tip flipping mechanisms (see discussion in Nielsen and Gundlach, 2017). The present

model set-up, however, allows for a direct investigation of how the crack propagation

progresses when the assisted crack tip flipping mechanism evolves. Figure 10 shows

the flipping in action by two series of associated stages; the first (left) column displays

a transparent plate with the eroded elements mapped to the undeformed configura-

tion, whereas the second (right) column shows the corresponding deformed stages of

the plate visible to an observer. At first, the tearing crack initiates from the blunted
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pre-crack by transitioning from flat to slant propagation (also discussed by Hickey

and Ravi-Chandar, 2016). This transition is tied to the change in the near-tip con-

ditions as the initiating crack is largely controlled by plane strain (through the plate

thickness) whereas the subsequent steady-state propagation is governed by through-

thickness plane stress conditions (Woelke et al., 2015). Subsequently, the assisted crack

tip flipping progresses by the following sequence of events (see Fig. 10); (a) after the

crack has slanted to propagate in a +45◦ shear band, the reversed twisting motion

makes the opposite (−45◦) shear band intensify and elements are eroded in this per-

pendicular plane. (b-c) The element erosion in the secondary shear band continuously

intensify as the out-of-plane action, resulting from the twisting motion, becomes larger

and a band of intense plastic deformation indicates the crack kinking in the acute angle

corner where the slant crack face meets the outer free surface. For an observer following

the crack on the outer free surface, this is easily traced and the reorientation of the

crack gradually develops. (d) Once the intense localization on the outer free surface

reaches the second shear band it connects to a now visible crack that has formed on

the −45◦ oriented shear band. Finally, the band of intense plastic localization erodes

to connect the two cracks visible on the outer free surface, leaving behind the frac-

ture surface morphology depicted in Figs. 8-9. The predicted sequence of events, seen

on the outer free surface matches the experimental observations made in El-Naaman

and Nielsen (2013); Nielsen and Gundlach (2017), though with the exception of the

delayed erosion of the localization band connecting the two visible cracks (one on each

shear band). Related experimental findings suggest the crack tip flipping mechanism

to initiate by the formation of shear lips behind the leading crack tip, whereas the
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simulation results in Fig. 10b-c show the crack tip flipping mechanism to engage at the

crack tip. In the simulations, two new, reoriented, crack face essentially evolve towards

the free plate surface while simultaneously advancing the crack tip and it is only after

the crack has propagated additional plate thicknesses that the localization band erodes

to connect the two primary slant surfaces. This significant delay in the erosion of the

localization band on the outer free surface suggests that it may be an artifact in the

modelling approach rather than part of the crack tip flipping mechanism. It was ob-

served that the elements are severely distorted in this part of the mesh and, hence, the

elements deform significantly before being eroded (while carrying little load). Thus, a

slight change to the element erosion strategy may give a more correct representation of

the evolution of the crack tip flipping mechanism. Along the same lines, an even finer

mesh could help intensify damage in the localization band on the outer free surface and

erode a more narrow region, but the employed element size is a trade-off for reasonable

computation cost.

5. Conclusion

A deeper understanding is achieved for the conditions that favor the crack tip flipping

mechanism occasionally observed when a slant tearing crack propagates under mode I

far-field loading in ductile metal plates. Rather than simulating computational costly

large-scale plate tearing, the present work focuses attention on a double edge notched

tension (DENT) set-up with an overlaid twisting motion to mimic the out-of-plane

action seen in large-scale plate when the tearing crack slants. The model set-up has

enabled covering a relatively large portion of the material parameter space and a clearer

picture of the conditions that fertilize the naturally occurring crack tip flipping mecha-
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nism is brought out. It is demonstrated that the crack tip flipping mechanism engages

only when the interaction between the damage growth rate (set by damage parameters;

kω and f0), the local through thickness plate thinning governing the fracture process

zone (determined by the strain hardening, N), and the out-of-plane deflection act in

synergy. The two shear bands traveling with the crack tip (Mathur et al., 1996) is

key to the crack tip flipping mechanism and rather than flipping its orientation the

propagating crack will remain slant to one side if one shear bands dominate the frac-

ture process zone immediately ahead of the tip. Figures 3-4 compile the essence of the

findings and it shows that crack tip flipping only engages in a narrow parameter band.

By making the damage growth rate too intense (for fixed strain hardening and twisting

motion) the shear band becomes too dominant and the crack remains slant to one side,

whereas the development of a slanted crack only takes place after the twisting motion

has been reversed if the damage (thus the shear bands) evolves too slow.

The present work considers only one loading path set by the ratio of tension versus

twisting, ∆̇/θ̇ and the “Changeover” (see Tab. 2), and the path does not necessarily

mimic that actual deflection of a large-scale plate. Changes to the loading path most

certainly will affect the predicted fracture surface morphology and possibly shift the

narrow parameter band in Figs. 3-4, where flipping engages. But, it does not change

the fact that the interplay between the out-of-plane action and the development of the

shear bands has to be just right to get the flipping mechanism going.
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Tables

Table 1: Material properties.

Parameters Notation Value
Young’s modulus E 70 GPa
Mass density ρ 2700 kg/m3

Poisson’s ratio ν 0.3
Yield stress σy 210 MPa
Yield strain εy 0.003
Hardening exponent N [0.05 - 0.1]
Initial void volume fraction f0 [0.002 - 0.03]
Critical void volume fraction fc 0.2
Final void volume fraction ff 0.4
Nahshon-Hutchinson shear parameter kω [1 - 3]
Tvergaard parameter #1 q1 1.5
Tvergaard parameter #2 q2 1.0

Table 2: DENT Specimen dimensions and loading.

Geometry Notation Value
Plate height H 0.045 m
Plate width B 0.080 m
Plate thickness t 0.003 m
Ligament width b 0.040 m
Notch radius r 0.0005 m
Prescribed deformation Notation Value
Max tensile displacement ∆max 0.0025 m

Tensile displacement rate ∆̇ 0.278 m/s

Torsional displacement rate θ̇ (dependent quantity)

Proportional loading 1 ∆̇/θ̇ 1 mm/deg

Proportional loading 2 ∆̇/θ̇ -0.5 mm/deg
Changeover 1→ 2 ∆change/∆max 0.38
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Figure 1: a) Truncated geometry and loading applied as twisting and translation motion, respectively,
on both the upper and lower part, and b) Simulation domain taking advantage of rotational symmetries
to reduce the computational effort. Hatched surfaces indicate anti-symmetric boundary conditions and
dotted surfaces are controlled by rigid body motion (see also Felter and Nielsen, 2017).
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f0 = 0.02, kω = 0

f0 = 0.01, kω = 0

f0 = 0.006, kω = 0

f0 = 0.006, kω = 1

f0 = 0.006, kω = 2

Figure 2: Fracture surface morphology for various combinations of initial porosity, f0, and shear
parameter, kω, using the Nahshon-Hutchinson shear extension to the Gurson model. Here, with the
computational domain rotated to display the entire lower part of the DENT specimen.

(a) (b)

Figure 3: Parameter window displaying the fracture surface morphology for various combinations of
initial void volume fraction, f0, and shear amplification, kω, using the Nahshon-Hutchinson extension.
Here, keeping the strain hardening constant at N = 0.05. In the table, “F” indicates a clear flip
on the fracture surface, “-” indicate slanting oriented −45◦, and “+” indicate a slant oriented +45◦

according to Fig. 3a. Simulations associated with a “*” displayed some irregularities on the fracture
surface.
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(a) (b)

Figure 4: Parameter window displaying the fracture surface morphology for various combinations of
initial void volume fraction, f0, and shear amplification, kω, using the Nahshon-Hutchinson extension.
Here, keeping the strain hardening constant at N = 0.1. In the table, “F” indicates a clear flip on the
fracture surface, “-” indicate slanting oriented −45◦, and “+” indicate a slant oriented +45◦ according
to Fig. 4a. Simulations associated with a “*” displayed some irregularities on the fracture surface.
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Figure 5: a) Normalized tensile force and b) normalized torque, respectively, for different initial void
volume fractions, f0. Here, using the original Gurson model (kω = 0) and a strain hardening of
N = 0.05. The vertical dotted line indicates the event where the superimposed twisting motion is
reversed.
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Figure 6: a) Normalized tensile force and b) normalized torque, respectively, for different scaling
parameters, kω, using the Nahshon-Hutchinson extension. Here, with N = 0.05 and f0 = 0.006,
respectively. The vertical dotted line indicates the event where the superimposed twisting motion is
reversed.
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(a) Cross-section of the fractured DENT specimen in 3D view.

(b) N = 0.05, f0 = 0.01, kω = 0.

(c) N = 0.05, f0 = 0.006, kω = 1.

(d) Naturally occurring flipping in normal strength steel, from El-Naaman and Nielsen (2013)

Figure 7: Cross-sections of fractured specimens where the crack tip flipping mechanism has engaged
(fractured specimens seen from above). Here, comparing selected cross-sections for two set of material
parameters; b) N = 0.05, f0 = 0.01, kω = 0, and c) N = 0.05, f0 = 0.0061, kω = 1, to the isolated flip
captured on a 4 mm steel edge crack specimen in El-Naaman and Nielsen (2013). d) Displays light
optical micrographs of polished cross-sectional cuts.
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(a) Fractography of isolated flip, from El-Naaman and Nielsen (2013)

(b) N = 0.05, f0 = 0.01, kω = 0

(c) N = 0.05, f0 = 0.006, kω = 1

Figure 8: Fracture surfaces displaying flipping (fractured specimens seen from above). Here, comparing
the fracture surfaces for; a) the isolated flip captured on a 4 mm steel edge crack specimen in El-
Naaman and Nielsen (2013) (SEM analysis), to two set of material parameters; b) N = 0.05, f0 = 0.01,
kω = 0, and c) N = 0.05, f0 = 0.006, kω = 1, The crack grows from right to left.
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(a) N = 0.1, f0 = 0.03, kω = 0

(b) N = 0.1, f0 = 0.014, kω = 1

(c) N = 0.1, f0 = 0.01, kω = 2

Figure 9: Fracture surfaces displaying flipping (fractured specimens seen from above). Here, comparing
the fracture surfaces for three set of material parameters; a) N = 0.1, f0 = 0.03, kω = 0, b) N = 0.1,
f0 = 0.014, kω = 1, and b) N = 0.1, f0 = 0.01, kω = 2, The crack grows from right to left.
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Figure 10: Progression in crack propagation and damage evolution for a parameter set (N = 0.05,
f0 = 0.01, kω = 0) displaying crack tip flipping. a-d) Shows a transparent specimen with eroded
elements displayed in the undeformed configuration to ease visualization, and the corresponding crack
propagation as seen on the outer free surface.
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