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EFFECTS OF STRAIN HARDENING AND THE LODE DEPENDENCE OF THE FRACTURE STRAIN LOCUS

ON SLANT FRACTURE IN CHARPY V-NOTCH IMPACT TESTING

Wei Jun Wong∗, Carey L. Walters

Department of Maritime and Transport Technology

Delft University of Technology

Delft, The Netherlands

ABSTRACT

Ductile fracture in steels relevant to the offshore and mar-

itime industry is often characterized by the occurrence of slant

fracture, which is the development of fracture surfaces that are

slanted relative to the original surface of the material. The mod-

eling of this phenomenon is important for describing ductility

and fracture toughness accurately in ductile fracture simulations.

This work uses a consistency model for viscoplasticity with dam-

age softening within a strain-based framework to investigate the

effect of variations in strain hardening and Lode dependence on

the slant fracture area and impact energy in Charpy tests. The

model is first calibrated to uniaxial tensile, single-edge-notched-

bending fracture toughness and instrumented Charpy tests per-

formed on an S690QL steel, and then a parametric study varying

the strain hardening and the Lode-dependence is performed. It is

seen that an increase in the yield-to-tensile-strength ratio (equiv-

alent to a decrease in the strain hardening exponent) leads to

a decrease in the impact energy and negligible difference in the

percentage slant fracture area when the damage and rate param-

eters are kept constant. It is found that the Charpy impact energy

is not sensitive to the maximum strains in the fracture strain lo-

cus and is mainly affected by the minimum strains in the locus.

Finally, the rate-dependent consistency plasticity model with a

strain-based damage-softening formulation is capable of simu-

lating slant fracture behavior even in cases where the fracture

initiation strain is stress-state-independent and constant.

Keywords: Shear lips, ductile fracture, viscoplasticity,

consistency model

1. INTRODUCTION

Modeling the detailed ductile fracture of steel requires cap-

turing the effect of slant fracture. This is a phenomenon whereby

the fracture surface does not develop perpendicularly to the direc-

tion of the maximum principal stress, due to the accumulation of

*Corresponding author: W.J.Wong@tudelft.nl

shear strains. It can be seen microscopically that slant fracture in-

volves a markedly different mechanism from flat fracture, where

slant fracture exhibits smaller dimples than flat fracture, which is

taken to mean that void growth is limited [1]. This difference in

mechanisms leads to practical implications. For example, the oc-

currence of slant fracture has been seen to be promoted by factors

such as a lower strain hardenability [2], a higher loading rate [3]

and a greater specimen thickness [2]. Hence, the modeling of this

phenomenon is important for understanding and accurately de-

scribing ductility and fracture toughness in fracture simulations.

Although slant fracture behavior has been successfully sim-

ulated for cracked and uncracked quasi-static tests [4–6] and

cracked dynamic tests [7, 8], modeling of the uncracked, dynamic

Charpy test that captures both slant fracture and rate-dependence

in thematerial behavior is not found in the literature, due to the as-

sociated modeling difficulties [9–11]. Numerical models of duc-

tile Charpy tests considering rate-dependence but neglecting slant

fracture are often used [10–15].

Hence, this paper shows how a consistency model for vis-

coplasticity with damage softening can be used to simulate slant

fracture in Charpy tests. Then, the model is used to investigate

the effect of variations in strain hardening and in the Lode depen-

dence of the fracture strain locus on the Charpy impact energy�{

and the slant fracture area �B in a parametric study.

Strain hardening here refers to the gradient of the plastic

hardening stress f̄ (Section 2.1) with respect to the amount of

plastic straining that has occurred. The normalized Lode angle

\̄ [16] is an invariant of the deviatoric stress tensor, i.e. the part

of the stresses associated with shape or shearing changes isolated

from volumetric changes, that describes deviatoric stress states

ranging from axisymmetric tension (\̄ = 1) to isochoric or sim-

ple shear (\̄ = 0) to axisymmetric compression (\̄ = −1).
These two properties are chosen because they have been

identified in the literature as key factors influencing switching be-

tween slant and flat fracture in simulations of quasi-static fracture
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tests [17]. Furthermore, the strain hardenability is used by many

rules and standards in the form of the yield-to-tensile-strength

ratio (fH/fD) to indirectly impose a minimum ductility require-

ment due to its relation to necking [18, 19], but its influence on

ductile fracture behavior which also affects a structure’s attain-

able ductility is not well understood. Understanding any corre-

lations between strain hardenability on ductile fracture behavior

could help improve the understanding of the role of the yield-to-

tensile-strength ratio as an indirect ductility indicator.

A brief description of the rate-dependent damage-softening

plasticity model (Sect. 2) and its calibration (Sect. 3) is first

given 1. Then, the effect of strain hardening on �{ and the extent

of slant fracture is studied in Sect. 4 by varying the yield-to-

tensile strength ratio. Finally, the effect of the Lode-dependence

of the fracture strain locus is studied in Sect. 5) by varying the

damage parameters defining the strain-based fracture locus.

2. RATE-DEPENDENT DAMAGE-SOFTENING

PLASTICITY MODEL

The material is described by an elasto-viscoplastic consis-

tency model based on Wang and Sluys [20] that is coupled with

the damage softeningmodel of Li andWierzbicki [21] and amod-

ified form of the Cowper-Symonds [22] strain rate model. Von

Mises yielding with the associated flow rule is assumed. The

yield function is given by Eq. (1):

5 = f{ − f̄'V (1)

where f{, f̄, ' and V are the von Mises equivalent stress, the

plastic strain-hardening stress (Sect. 2.1), the rate-dependence

factor (Sect. 2.2) and the softening coefficient (Sect. 2.3), re-

spectively. The return-mapping for the calculation of the stresses,

plastic strain increments and plastic strain rates which satisfy the

consistency condition ( 5 = ˙5 = 0) [20] are implemented using

an Abaqus Explicit [23] VUMAT user subroutine.

2.1 Plastic strain hardening

A Hollomon-type [24] power-law hardening curve with a

yield plateau is assumed for the quasi-static undamaged true plas-

tic stress-strain curve defined below, as given by Eqs. (2) and (3):

f̄ =


fH

©­­«
YBℎ −

fH

�

YBℎ, ?
Y? +

fH

�
+ 1

ª®®¬ 0 < Y? < YBℎ, ?

 Y?
= Y? > YBℎ, ?

(2)

YBℎ, ? = ln(1 + YBℎ) − ln
(
1 +

fH

�

)
(3)

where f̄ is the plastic strain hardening stress; Y? is the true equiv-

alent plastic strain; YBℎ and YBℎ, ? are respectively the total engi-

neering strain and the true equivalent plastic strain corresponding

to the end of the yield plateau;  is the strength coefficient; and

= is the strain hardening exponent.

1The detailed development of the model will be made available in a research

journal article, whose manuscript, entitled ‘Damage mechanics model for corre-

lating notch toughness in Charpy impact tests with fracture toughness in cracked

static fracture tests’, is undergoing internal review at the time of writing.

2.2 Plastic rate dependence

The rate-dependence factor ' is given by a modified form of

the Cowper-Symonds [22] model:

' = 1 −
(
Ẏ?,D=8 + Ẏ?0

�

) 1
@

+
(
Ẏ? + Ẏ?0

�

) 1
@

(4)

where �, @, Ẏ? , Ẏ?,D=8 and Ẏ?0 are the Cowper-Symonds co-

efficient, the Cowper-Symonds exponent, the equivalent plas-

tic strain rate, the quasi-static-uniaxial-testing equivalent plastic

strain rate parameter and the equivalent plastic strain rate off-

set parameter, respectively. This modification to the Cowper-

Symonds expression is introduced to give ' a finite (instead of

infinite) slope with respect to Ẏ? at Ẏ? = 0 s−1 and a value of 1
when Ẏ? = Ẏ?,D=8 .

Ẏ?,D=8 and Ẏ?0 are here taken to be 0.0067 s−1, the standard
uniaxial testing rate according to ISO 6892-1 [25]. The param-

eters � = 16 112.5 s−1 and @ = 6.4 are found by performing a

least squares fit of Eq. 4 to room-temperature strain-rate char-

acterization data found in the literature for maritime high-tensile

steel grades H36 and similar (nominal yield strengths of either

345 or 355 MPa), as shown in Fig. 1 [26–32].
The strain rates in the studies shown in Fig. 1 had been

obtained using a range of different methods, such as using a

high-speed-video extensometer on the specimen [32], a split-

Hopkinson pressure bar (SHPB) with strain gages [30], a one-bar

method similar in principle to the SHPB [28], or a nominal rate

based on the loading speed [29]. In the cases where the strain

rates are measured from strain gages or extensometers, an aver-

age strain rate was calculated over a chosen reference time inter-

val, such as the measurement interval at yield or ultimate strength

[28], the time period between yield and ultimate strength [30], or

the entire test duration [32]. Although the difference in the mea-

surement methods and calculation of the reported strain rate nat-

urally gives rise to variations in the strain-rate data, a database

spanning a large range of strain rates based on a consistent ex-

perimental procedure is not available in the literature. Hence, a

best-fit average of the aggregate strain-rate data is adopted to give

a rough estimate of the behavior.

It is also assumed that the strain-rate effect which is mea-

sured with respect to the longitudinal strain rate in the literature

has the same effect with respect to the equivalent plastic strain

rate Ẏ? , based on the notion that the Ẏ? is defined so that it is

equal to the longitudinal strain rate for the uniaxial tension of in-

compressible materials up to necking.

2.3 Damage softening

The softening coefficient V is a function of the build-up of

damage given by the damage indicator � and the softening pa-

rameters < and �2, according to Li and Wierzbicki [21]:

V =


1 � ≤ 1(

�2 − �
�2 − 1

)<
1 < � < �2

0 � = �2

(5)

where < is the softening exponent which affects the rate of the

degradation with respect to �, and �2 is the critical damage
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FIGURE 1: STRAIN-RATE DEPENDENCE OF THE PLASTIC

FLOW STRESS BASED ON EXPERIMENTAL DATA [26–32].

corresponding to complete degradation (zero stress) and element

deletion.

Damage is driven by the accumulation of plastic strains rel-

ative to the damage initiation strains Y5 , as shown in Eq. (6):

� =

∫ Y?

0

1
Y5
3Y? (6)

where Y5 is given by the strain formulation of theModifiedMohr-

Coulomb (MMC) [33] fracture surface:

Y5 =

{
 

22

[
23 +

√
3

2 −
√

3
(1 − 23)

(
sec

\̄c

6
− 1

)]
×
[√

1 + 21
2

3
cos

\̄c

6
+ 21

(
[ + 1

3
sin

\̄c

6

)]}− 1
=

(7)

where [ is the stress triaxiality; \̄ is the normalized Lode-angle;

and 21, 22 and 23 are the MMC strain parameters.

In the results below, the MMC strain parameters are ex-

pressed in normalized form for the ease of comparison during

strain-based calibration and analysis, as shown in Eqs. (8) to (11):

�1 =

(
22

23 /

) 1
=

(8)

�2 =

(
222
 

) 1
=

(9)

�3 =

(√
322
 23

) 1
=

(10)

where / is given by:

/ =

√
1 + 212

3
+ 2.521 (11)

These normalizations were chosen such that several special

cases could be easily identified and independently controlled.

Here,�1 = �3 corresponds to the triaxiality-independent (21 = 0)
condition; �2 and �3 are the minimum and maximum strains

in the strain surface for the triaxiality-independent case, respec-

tively; and changing �1 introduces triaxiality-dependence by ad-
justing the strain locus to pass through Y5 = �1 at \̄ = 0 and

[ = 2.5 , the linear plane-strain solution for the stress state in

front of the crack tip [34].

A cut-off value of −1/3 for the negative triaxiality for frac-

ture [35] is implemented by quadratically increasing Y5 to an ar-

bitrarily large value the further [ decreases below −1/3. For high
triaxialities of [ > 3.5, the Y5 is set to be constant based on the

value of Y5 when [ = 3.5. The relatively gradual nature of the Y5
increase around [ = −1/3 and the constant Y5 past [ > 3.5 are

necessary for convergence in these [ ranges during the stress up-

date calculations, which assume that the variations in Y5 in time

for a given element is relatively small (Eq. 12).

X�

XY?
=

1
Y5

(12)

3. MODEL CALIBRATION

The model described in Sect. 2 involves 15 parameters as

shown in Table 1. The parameters �, @, Ẏ?,D=8 and Ẏ?0 are found
as described in Sect. 2.2 above. The parameters � , a, fH , YBℎ, ? ,

 and = are derived from the pre-necking properties of the uni-

axial tensile test. The parameters �1, �2, �3, < and �2 are cali-

brated by iteratively identifying the values which simulate a close

agreement in the experimental and simulated force-displacement

responses of the tensile (Fig. 2), single-edge notched bending

(SENB; Fig. 3) and Charpy (Fig. 4) tests simultaneously.

3.1 Experiments

The tests were performed on an S690QL [36] steel for the

material direction transverse to the rolling direction. The plate

had an original nominal thickness of 12 mm. The SENB frac-

ture toughness test was performed at full thickness according to

ASTM E1820 [37]. The tensile tests were performed according

to ISO 6892-1 [25] on a 6-mm-thick half of the plate, in the form

of a proportional flat tensile specimen with a 25-mm [38] width

in the parallel length. An MTS-E22 Charpy testing machine with

a pendulum mass of 32.85 kg, a pendulum energy of 450 J and

a striking speed of 5234 mm s−1 was used for the instrumented

Charpy tests performed according to the ISO standards [39, 40].

3.2 Calibrated finite-element simulations

The density d of steel was assumed to be 7850 kg m−3, and
the coefficient of friction between the steel and the external con-

tact surfaces in the Charpy and SENB tests was assumed to be

0.15, except for the two SENB support rollers which were mod-

eled as frictionless. All the simulated specimens were discretized

using Abaqus’s C3D8R elements, which are 8-noded hexahedral

elements with reduced integration and hourglass control [23].

Triaxiality independence (�1 = �3; Section 2.3) was assumed

and found to result in a good calibration for the simulations.
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TABLE 1: MATERIAL PARAMETER VALUES FOR THE S690QL STEEL.

� { fH YBℎ, ?  = �1 �2 �3 < �2 � @ Ẏ?,D=8 Ẏ?0
[GPa] [-] [MPa] [-] [MPa] [-] [-] [-] [-] [-] [-] [s−1] [-] [s−1] [s−1]

213.4 0.3 841 0.0256 1109.3 0.0675 0.4 0.5 0.4 1 1.5 16112.5 6.4 0.0067 0.0067

0.00 0.05 0.10 0.15
 [-]

0

200

400

600

800

 [M
Pa

]

FEA
Experiment STT1
Experiment STT2

FIGURE 2: EXPERIMENTALAND SIMULATED ENGINEERING

STRESS-STRAIN CURVES.
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FIGURE 3: EXPERIMENTAL AND SIMULATED FORCE

AGAINST CRACK-MOUTH OPENING DISPLACEMENT FOR

THE SENB FRACTURE TOUGHNESS TEST.
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Fo
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e 
[k

N]

FEA
Experiment SCT3
(median Cv)
Polynomial fit to 
experimental data

FIGURE 4: EXPERIMENTAL AND SIMULATED CHARPY IM-

PACT FORCE-DISPLACEMENT CURVES.

The calibrated parameters (Table 1) result in a relatively

good agreement of the simulations with the experiments for the

three tests simultaneously, which supports the validity of the

modeling framework and the subsequent parametric findings.

The tensile force-displacement curve (Fig. 2) captures the pre-

necking behavior, the ultimate tensile stress and the fracture elon-

gation to within 2 %, although a 15 % overestimation of the post-

necking force in the tensile test is seen. The SENB force versus

crack-mouth opening displacement curve (Fig. 3) shows good

agreement in the overall curve but for a 4 % overestimation in

the peak force.

The remainder of this paper focuses on the Charpy results. In

the simulations, the striker and anvils were modeled as analytical

rigid surfaces. The point on the tip of the striker that is aligned

with the midspan and mid-thickness of the Charpy specimen was

assigned with a half of the experimental pendulummass, because

a half model assuming symmetry about mid-thickness was used.

The point mass was given an initial velocity of 5234 mm s−1, as
in the experiment, in a direction perpendicular to the undeformed

Charpy specimen and restricted from displacement in any other

degree of freedom other than that of the assigned velocity. The

simulated Charpy impact energy, given by the loss in the kinetic

energy of the point mass, is within 1 % of the mean of the impact

energies of the three instrumented Charpy tests (Table 2).

The total contact force in the direction of the velocity due

to contact pressure and frictional stress on the top surface of the

specimen, multiplied by two to account for symmetry, is plotted

against the displacement of the point mass for comparison against

experimental results (Fig. 4) and also for the parametric studies

further below. The initial oscillations in the force-displacement
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TABLE 2: EXPERIMENTAL AND SIMULATED CHARPY IM-

PACT ENERGIES FROM THE INSTRUMENTED CHARPY

TESTS.

Experiments FEA

SCT1 SCT2 SCT3 mean

�{ [J] 197.2 217.7 204.2 206.4 204.8

0 2 4 6
Displacement [mm]

0

10

20

30

40

50

60

70

Fo
rc

e 
[k

N]

ms = 10.0
ms = 16.0
ms = 25.0
ms = 36.0
ms = 50.0

FIGURE5: CHARPYSIMULATIONRESULTSFORDIFFERENT

MASS SCALING FACTORS ms .

record are due to dynamic effects. The overestimation of the sim-

ulated curve in this initial stage is attributed to the use of a mass

scaling factor <B , by which the mass in the finely meshed region

around the notch (Fig. 6) is multiplied, to decrease the maximum

stable time increment and speed up the analysis. Themass scaling

factor is kept constant through the analysis. It can be seen in the

mass scaling sensitivity study (Fig. 5 and Table 3) that mass scal-

ing neither affects parts of the curve after the initial oscillations

nor the �{ energy significantly. Based on this, the mass scaling

factor of 10 was chosen for the Charpy simulation shown in Fig.

4 and also for the subsequent parametric studies in Sects. 4 and 5.

The simulation results of the quasi-static tensile and SENB frac-

ture toughness tests were far less sensitive to mass scaling, and

extensive mass scaling was used for those simulations to speed

up the computation time without any significant effects on the re-

sults and with the total kinetic energy staying less than 5 % of the

total internal energy, except for the start of the analysis where the

specimens first move before they deform.

The jump in the simulated force-displacement record at a dis-

placement of around 6 mm could be attributed to the coarseness

TABLE 3: CHARPY IMPACT ENERGIES FOR DIFFERENT

MASS SCALING FACTORS ms .

Simulations Tests’

<B [−] 50 36 25 16 10 mean

�{ [J] 209.3 209.0 207.3 204.7 204.8 206.4

FIGURE 6: CONTOURS OF MISES STRESS SHOWING

THE LOAD PATH CHANGING ITS COURSE TO PREDOMI-

NANTLY PASS THROUGH A DIFFERENT NODE THAN BE-

FORE, SHORTENING THE SPAN.

of the mesh at the contact region at the supports. As the specimen

rotates, the load path at the support changes its course from pass-

ing predominantly through one node to another, slightly changing

the effective span (Fig. 6). It appears that a jump in the behav-

ior is observed due to the relatively large element discretization

in that zone and the linear formulation of the 8-noded hexahe-

dral elements used. The shape of the curve could be improved

by finer meshing; however, this artefact of discretization is not

expected to significantly change the�{ or the overall behavior of

the curve, and has hence been left as such in this study to save on

computational costs.

A mesh sensitivity study was also performed to check

whether the model was convergent with increasing mesh fine-

ness. Local damage models such as the MMC [33] and

GTN models [41] are subject to mesh sensitivity issues (non-

convergence despite mesh refinement) [42]. The introduction of

viscoplasticity, such as implemented in the present model (Sect.

2), is one of several approaches used to help reduce or eliminate

mesh sensitivity [20], although not all approaches are always sim-

ilarly effective in treating mesh sensitivity [43]. Fig. 7 shows

the results of simulations in which the characteristic element size

!2 of elements directly above the Charpy V-notch are varied per

simulation, where !2 is here defined as the cube root of the vol-

ume of the element. From Fig. 7, the Charpy simulations do not

appear to converge with mesh refinement, despite the underly-
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FIGURE7: CHARPYSIMULATIONRESULTSFORDIFFERENT

CHARACTERISTIC ELEMENT LENGTHS Lc .

ing viscoplastic formulation. Therefore, it must be noted that the

present findings for the Charpy test are applicable to the chosen

!2 of 0.08 mm. However, it is worth noting mesh convergence

was observed in the mesh convergence studies for the the quasi-

static tensile and SENB fracture toughness tests.

The simulated fracture morphology of the Charpy specimen

captures the characteristic slant fracture surface observed in the

tests (Fig. 8). In both the simulation and the experiment, the spec-

imen has not been fully separated into two, although the crack has

progressed further in the experiments than in the simulation. The

observed asymmetry about the midspan plane is also stronger in

the test, where the face shown in Fig. 8a sees the extensive de-

velopment of one slanted crack face, while the simulated face in

Fig. 8b sees the development of two slanted crack surfaces to

different extents. This is difference is likely due to the material’s

inhomogeneity not being captured by the simulation, which as-

sumed homogeneity in a half model with a symmetry plane at

mid-thickness, such that the asymmetry in the modeled response

occurred by virtue of floating-point inaccuracies.

4. EFFECT OF STRAIN HARDENING

Besides the strain hardening exponent =, the yield-to-tensile-

strength ratio fH/fD obtained from the uniaxial tensile test can

also be used to describe the strain hardenability, due to the rela-

tionship of these two properties given by Considère’s [44] neck-

ing theory. The fH/fD ratio is often used because of the slightly
greater ease of obtaining just fH and fD from tensile tests in com-

parison to calculating = from full stress-strain curves.

In this section, fH/fD is varied in a parametric study to in-

vestigate the effect of strain hardening on slant fracture and�{, in

the situation where the rate parameters and the strain-based dam-

age parameters are held constant. The fH is kept constant based

on the experimental value of 841 MPa from Sect. 3. The values

of  and = are solved for by assuming that fD satisfies Consid-

ère’s [44] criterion and that the Hollomon [24] power curve in

Eq. 2 intersects with the yield plateau at a true plastic strain of

Y? = YBℎ, ? = 0.0256, taken from the experiment above. All the

other material parameters such as the calibrated damage param-

eters are kept constant.

Fig. 9 shows that an increase in the fH/fD leads to an de-

crease in �{ through an overall decrease in the force response

in a Charpy test. It is seen that the peak force (ignoring the dy-

namic oscillations at the beginning) is decreased with increasing

fH/fD, but the displacement at which the peak occurs, which cor-

responds to the start of element deletion (� = �2), remains the

same. The behavior described above can be expected due to the

lower post-yield stresses that a lower fD entails and the strain-

based nature of the framework, in which the onset of degradation

is determined by achieving critical strains regardless of the stress.

It should be noted that how the damage parameters which

describe the fracture strain locus are in general correlated to the

yield-to-tensile strength ratio is not known. Nonetheless, this

case study shows the capability of the established strain-based

framework to study and quantify the effects of different factors

on the ductile Charpy response in isolation while capturing the

slant mechanism.

The effect of varying fH/fD in the simulations above on the

extent of slant fracture that occurs was also investigated. The 2D-

projected area (Fig. 10) of the crack face at the midspan of the

Charpy specimen is used to find an indicator �( of the extent of

slant fracture, given by the slant fracture area taken as a percent-

age of the of total flat and slant fracture area. Fig. 10 shows the

projected areas used for the calculations and the corresponding

�B for each simulation. Since slant fracture occurs on both faces

(Fig. 8b), the face for which the slant fracture has progressed

more is used. It is seen that varying fH/fD has little effect on the
extent of slant fracture, with the �B varying by at most 1 % over

the range of fH/fD = 0.82 to 0.98, despite the higher fH/fD
ratios of 0.94 and 0.98 (Figs. 10d and 10d) exhibiting a small

amount of slant fracture occurring separately at the face top of

the specimen, which is not a realistic prediction.

5. EFFECT OF LODE DEPENDENCE OF THE

FRACTURE STRAIN LOCUS

The Lode dependence of the fracture strain locus is varied by

varying the normalized damage parameters �2 (Eq. (9)) and �3
(Eq. (10)). In the present triaxiality independent case, �2 equals
to the maximum of the fracture strain locus, occurring at \̄ = ±1;
and �3 equals to the minimum of the fracture strain locus, oc-

curring at \̄ = 0. Figs. 12 and 11 show that �2 has a relatively

small effect on�{, and�{ is mostly dominated by�3. This could
be related to how tunneling starts at mid-thickness, and towards

mid-thickness, \̄ approaches 0, which corresponds to �3. This

suggests that the initial tunneling has a strong, determining influ-

ence on the subsequent overall response and the total �{.

Finally, slant fracture like that in Fig. 8 was also seen in

the four simulations in this parametric study involving a constant

fracture strain (Y5 = �1 = �2 = �3), where this constant Y5 was
set in turn to 0.3, 0.4, 0.5 and 0.6. In the literature, Lode de-

pendence has been identified as a key factor in the modeling of

slant fracture [45]. The use of the present model reveals that it is

possible to simulate slant fracture even with the assumption of a

constant, triaxiality-independent and Lode-independent fracture

initiation strain in a strain-based framework. In comparison with
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(a) Experiment. (b) Simulation.

(c) Experiment. (d) Simulation.

FIGURE 8: EXPERIMENTAL (8a, 8c) AND SIMULATED (8b, 8d) FRACTURE MORPHOLOGIES IN THE CHARPY TEST.
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models formulated on a fracture stress criterion such as [46], the

Lode dependence is here captured indirectly, since the stress at

which the the fracture strain is achieved is not constant with re-

spect to the Lode angle for the present model.

6. CONCLUSION

A rate-dependent consistency plasticity model with a strain-

based damage-softening formulation has been used to simulate

slant fracture in Charpy tests. The experimentally calibrated

model was used for parametric case studies in which the strain

hardening and the fracture strain locus were varied to observe

the effects on the force-displacement response, Charpy impact

energy and slant fracture area, demonstrating the capabilities of

the model to capture and vary those effects in isolation. Finally,

the strain-based damage model was shown to be capable of mod-

eling slant fracture even with the assumption of a constant, stress-

state-independent fracture initiation strain.
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