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Abstract

Failure prediction assessment is conducted based on validated finite element simulations of impact tests performed on 1.8 mm
dual-phase and 1.0 mm martensitic steel sheets. The sheets were clamped between two steel rings and subjected to lateral loading
by a punch with a hemispherical nose. Three different specimen geometries were applied. These were chosen to provide membrane
loading in stress states near uniaxial tension, plane-strain tension and equi-biaxial tension. Thus, the most important stress states
that may occur for thin sheets in an impact situation are covered. Finite element simulations of the impact tests are run with the
nonlinear code LS-DYNA. The plastic behaviour of the materials is modelled using the Hershey yield function in combination
with the associated flow rule and isotropic hardening. The specimens are discretized by shell elements, thus imposing a state of
plane stress. Three different approaches for modelling ductile failure are evaluated by comparing the experimental and simulated
force-displacement curves from the experiments on the two steel materials.
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1. Introduction

In many structural applications membrane loading may lead to failure. Some examples are car collisions, ship-ship
collisions, ship grounding [1, 2] and metal forming [3-6]. Fracture from this type of loading is often preceded by strain
localization. In most instances, the sheet exhibits local necking [7] which occurs on a length scale comparable to the
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sheet thickness, before strain localization between microvoids results in void coalescence and final fracture [8, 9]. In
some cases, however, onset of fracture is not preceded by local necking, but by shear banding [10] which occurs on a
length scale of a few micrometres. The latter phenomenon is sometimes seen in equi-biaxial tension, see e.g. [11]. In
general, onset of shear banding cannot be predicted by a plasticity model unless special features of the constitutive
model are introduced such as material softening or a vertex on the yield surface [12].

Fracture preceded by microvoid nucleation, growth and coalescence is strongly affected by the hydrostatic stress
state; increased pressure restricts the growth of the microvoids and leads to a more ductile behaviour [13]. The
hydrostatic stress state is commonly described by the stress triaxiality parameter ¢* =0, / 0,,,, where o, is the

mean stress and o,,, is the von Mises equivalent stress. Over the last decade, several studies indicate that the

deviatoric stress state also influences the ductility of metal sheet [14-21]. Several parameters can be applied to evaluate
the deviatoric stress state, such as the Lode parameter x [22] or the normalized third invariant & [23]. However, for

a state of plane-stress, which is a good approximation for thin sheets, there is a relation between o and the parameter
characterizing the deviatoric stress state, e.g. [17]. As a macroscopic measure for the ductility, the equivalent plastic
strain at onset of fracture, p,, is often applied, e.g. [24-26]. Accounting for the material state, p, can be expressed

as a function of the stress state parameters o* and u as well as other parameters such as the temperature 7 and the

strain rate p.

2. Experimental programme
The experimental programme is presented in [27], but is briefly repeated here for the readers’ convenience.
2.1. Materials

Experiments were conducted on a 1.8 mm thick cold-rolled dual-phase steel sheet, Docol 600DL [28], and on a
1.0 mm thick cold-reduced martensitic steel sheet, Docol 1400M [29]. Uniaxial tensile tests were carried out 0°, 45°
and 90° to the rolling direction for both materials. The dual-phase steel displayed initial yielding at ~320 MPa and an
ultimate stress of ~620 MPa at an engineering strain of ~0.2, while the martensitic steel displayed initial yielding at
~1200 MPa and an ultimate stress of ~1530 MPa at ~0.028 engineering strain. For both materials, it was found that
the Lankford coefficients and the flow stress ratios were close to unity. From cross-section area-reduction
measurements, the average strain in the minimum cross-section was estimated to ~0.8 and ~0.4 at fracture for the
dual-phase and the martensitic steel, respectively. Tensile testing at elevated strain rates were conducted in a split-
Hopkinson bar set-up [30]. When increasing the strain-rate in uniaxial tension from 0.001/s to 100/s, an increase in
flow stress of approximately 70 MPa was found for both materials, which implies an increase of 11% for the dual-
phase steel and 5% for the martensitic steel.

2.2. Punch tests

Quasi-static and low-velocity punch tests were conducted, using a test rig involving two steel rings for clamping
the specimen and an arrangement for monitoring the deformation on the surface of the specimens with cameras. Fig.
1(a) presents a schematic view of the clamping and monitoring system, while Fig. 1(b) shows the specimen geometries,
namely S20, S100 and S150. The clamping rings had an inner radius of 75 mm. To measure the out-of-plane
deformation, two cameras were employed in the test set-up, see Fig. 1(c) and (d), and a mirror was positioned inside
a cylinder with cut-outs to enable the camera recordings, as indicated in Fig. 1(a) and (c). The specimen surface facing
the mirror was spray-painted with a speckle pattern to provide optical measurements that could be post-processed in
an in-house digital image correlation (DIC) software [31]. Loading was provided by a punch with a hemispherical
nose with radius 50 mm, and a lubricant (Kliiber Unimoly C220) was sprayed on the side of the specimen facing the
punch to reduce friction. During loading, the S20 geometry invokes uniaxial tension in the gauge region of the
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specimen, while the S100 and the S150 geometries provide a stress-state near plane-strain tension and equi-biaxial
tension, respectively.
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Fig. 1 (a) Schematic view of experimental set-up, (b) specimen geometry, (c) set-up for quasi-static testing, (d) set-up for dynamic testing and

(e) trolley with load cell and punch.

The quasi-static tests were performed under displacement control at 0.3 mm/s in a hydraulic testing machine with
a capacity of 250 kN, see Fig. 1(c). Two duplicate tests were performed per geometry for each material. The force and
the cross-head displacement was measured by the testing machine, while two cameras positioned ~1 m from the mirror
recorded the tests with a framing rate of 2 Hz for the dual-phase steel and 4 Hz for the martensitic steel. The force-
displacement curves from these tests are shown in Fig. 7.

The low-velocity tests were conducted using a pendulum impactor [32], where a trolley equipped with a load cell
and the punch, see Fig. 1(e), having a total mass of 417.5 kg, was accelerated to initial velocity v, =10.5 m/s before
striking the specimen. Three duplicate tests were performed per geometry for each material. The force, P, was recorded
by the load cell positioned between the punch and the trolley. The force acting between punch and specimen, F', the
punch velocity, # , and the punch displacement, u , were estimated as

(. M, P Y
F_(IJFVJP’ M—VO—J‘th, u(t)—judt (1)

T 0 T 0

where Mr = 385 kg is the mass of the trolley and the back-part of the load cell, and Mp = 32.5 kg is the mass of the
punch and the front part of the load cell. Fig. 8 shows the force-displacement curves from the low-velocity tests.

3. Finite element models

Simulations of the tests were conducted with the nonlinear finite element solver LS-DYNA. The specimens were
discretized by Belytschko-Tsay shell elements with an initial characteristic size of 2.5 mm in the gauge region and
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five integration points through the thickness following the Gauss-Legendre quadrature. Appropriate boundary
conditions were ensured by positioning the specimen between two rigid brackets with distance 0.01 mm larger than
the specimen thickness, see Fig. 2(a), and by fixing the outermost nodes of the specimen in the in-plane directions as
shown in Fig. 2(b). The punch nose was discretized by hexahedral elements having a characteristic element size of
5 mm. In the quasi-static simulations, loading was enforced by prescribing a displacement of 0.3 mm/s on a node set
on the back-side of the punch nose. In the quasi-static analyses, an appropriate amount of mass scaling was used to
obtain a reasonable computation time while ensuring negligible kinetic energies. In the models of the dynamic tests,
the trolley and the load cell were included, thus ensuring an impacting mass similar to the experimental load, see Fig.

2(c).

Fig. 2 (a) Mesh of specimen fixed between clamping brackets. (b) Mesh of S20 specimen, where the nodes fixed for in-plane deformations are
marked. (c) Geometry of a low-velocity FE model.

3.1. Constitutive modelling

The Hershey yield function [33] with associated flow, isotropic hardening and rate dependence (viscoplasticity)
was found appropriate for both materials [27]. The dynamic yield function is given as
f=o0,-0,=0 )
where o, isthe equivalent stress and o, is the flow stress. The equivalent stress is defined from the ordered principal

stresses, o, 20, 2 0,, as

Ou =,</%<(O.l_o.z)m+(o.2_o_3)m+(o_l_o_3)m) 3)

where m is an exponent controlling the J; influence on the yield surface. Logan and Hosford [34] found that m =6
is an appropriate value for BCC materials, and this value was found suitable for the present materials. The flow stress
is defined as

3 2 \¢
o, (p,p)z[ao+ZQi(1—exp(—Cip))J(l+p£J 4
i=1 0
where o, is the initial yield stress, O, and C, (i =1,2,3) are parameters governing the work hardening, p is the
equivalent plastic strain-rate which is power conjugate with the equivalent stress and p = J pdt is the equivalent
plastic strain. The parameters ¢ and p, control the influence of the strain rate. The material parameters are shown in

Tab. 1.

Tab. 1 Material parameters for the two steels [27]
Material o, [IMPa] O, [MPa] C, O, [MPa] C, O, [MPa] C, p,[s'] ¢ m
600DL 317 201 384 348 5.00 6000 0.01 0.001 0.009 6.0
1400M 1200 254 774 97.0 135 200 6.00  0.001 0.004 6.0




Gaute Gruben / Procedia Engineering 197 (2017) 185 — 195

3.2. Validation

The force-displacement curves from the low-velocity simulations were obtained in a similar manner as in the
experiments by collecting the force acting in the cross section of the load cell and applying Eq. (1). In the quasi-static
simulations, the contact force between specimen and punch and the displacement of the rigid punch were collected.
The simulated force-displacement curves are generally in good agreement with the experimental curves as shown in
Fig. 7 and Fig. 8, and the numerical models are deemed adequate to capture the global response of the tests. The local
stress and strain histories at critical locations in the specimen are not metrics used in the validation process; however,
the spatial discretization (i.e., 2.5 mm characteristic elements size) and the application of shell elements put restrictions
on the accuracy of the local deformation histories. Fig. 3(a) indicates that the applied discretization should be able to
capture the diffuse necking phenomenon in the S20 tests, but the local (through thickness) necking occurs on a length
scale smaller than the element size, as shown in Fig. 3(b).

Shell element

Fig. 3 (a) Illustration shell element size compared to width of the S20 specimen at onset of fracture (Docol 600DL). (b) Comparison of
thickness of S20 specimen (1400M) and the shell element.

4. Failure criteria

Three failure criteria are assessed in this study through the post-processing of the validated simulations. The first
failure criterion, the BWH criterion, aims to predict sheet necking, or strain localization where the sheet thickness is
the significant length scale. This criterion does not explicitly take the deformation history into account. The second
criterion, the Cockcroft-Latham criterion, is phenomenological and predicts fracture initiation based on damage
evolution. The deformation history is accounted for as the predicted damage is accumulating with the equivalent
plastic strain. The third criterion is based on strain localization theory and predicts onset of shear banding, i.e., strain
localization in bands where the width is a few micrometres. The criterion accounts for the deformation history and
estimates the direction of the shear band which rapidly is followed by void coalescence and final fracture. In the
following, brief descriptions of the three criteria are given along with details regarding the calibration procedures.

4.1. BWH criterion

The BWH criterion [35] is a stress-based criterion which predicts onset of local necking. The criterion assumes a
state of plane stress and is thus adequate for shell elements. In contrast to strain based failure criteria, the stress-based
BWH criterion accounts for changes in the load path during deformation, but the criterion is not explicitly history
dependent. By defining £ as the ratio between the minor plastic principal strain increment ds; and the major plastic
principal strain increment d&/” in the plane of the sheet, the BWH criterion invoke the Hill criterion for local necking
[36] in the regime —1 < £ <0 and the Bressan-Williams criterion [37] for 0< S <1 as

do,

L2 _(1+B)5, <0 for —1<B<0 )
def

189



190

Gaute Gruben / Procedia Engineering 197 (2017) 185 — 195

27, for 0< <1 6)

where 7, is a critical shear stress value defined from the Hill criterion for plane strain ( #=0). The BWH criterion

IN

0,

is determined by the plastic behaviour of the material and needs no additional calibration tests. One limitation of the
BWH criterion is that the rate dependence is not included, thus limiting its application to quasi-static analyses.

4.2. Cockcroft-Latham criterion

The Cockceroft-Latham criterion (CL) [38] is a phenomenological fracture criterion defined by

P
W:ImaX(O,al)dpch @)
0

where W, is the fracture parameter. Fracture occurs when W reaches the critical value W, and the fracture strain

depends on both the stress triaxiality and the Lode parameter. As this criterion involves only one parameter, its
calibration can be carried out using one single experiment, for instance a uniaxial tensile test.

4.3. Strain localization theory

The strain localization theory (SLT) predicts onset of shear banding in the material. In the present study, a method
based on the imperfection analysis introduced by Rice [10] is applied. Material softening is assumed to occur in local
bands where the material is described by a modified version of the Gurson model, where the yield function is given

as
o : 3
f:(ij +2qla)cosh(—q2&
20

O-M M

]—(1+q12a)2)=0 (8)

where o, is the equivalent stress as defined by Eq.(3), o, is the flow stress of the matrix, here equal to o, defined
by Eq.(4), and @ is the porosity. The parameters g, and g, of the Gurson model are taken from Tvergaard [39]:
g, =1.5 and g, =1.0. The imperfection in this study is defined as an initial porosity @, inside the local bands. A
similar numerical treatment as proposed in [40] is used with the important difference that viscoplasticity is introduced
through the definition of o,,. Therefore, the onset of shear banding is not defined by the loss of ellipticity of the

constitutive equations of the band material, but when the strain rate inside the band is 50 times larger than the strain
rate outside the band.

4.4. Calibration and evaluation of the failure criteria

While the BWH criterion requires no specific calibration, the Cockcroft-Latham (CL) criterion and the strain
localization theory (SLT) requires a calibration with at least one experiment. To this end, the CL criterion and the SLT
were calibrated from a quasi-static uniaxial tensile test [27]. These calibrations are based on DIC analyses of the quasi-
static tensile tests. The local deformations are computed based on a Q4 DIC element [31] which size matches the
critical shell elements in the FE models. This element is positioned on the surface of the specimens where the largest
deformations were identified, see Fig. 4. Based on the local deformations extracted from the quasi-static tensile tests
and assuming a state of plane stress, the local stress histories were recomputed in a stand-alone FORTRAN programme
and used later in the strain localization analyses and to calibrate the CL criterion.

By applying the local stress histories onto a set of imperfection bands (in which the Gurson model is employed)
the initial porosity was calibrated to obtain failure by shear banding between the two last pictures recorded of the
quasi-static tensile test, see Fig. 4(b). This optimisation process led to an initial porosity @, of 0.8 % and 1.1% for the
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Docol 600DL and the Docol 1400M, respectively. To obtain an unbiased comparison between the CL criterion and
the SLT, the fracture parameter ¥, was integrated using Eq. (7) up to the point of shear banding of the strain
localization analyses.
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Fig. 4 (a) Last image before fracture in selected tensile tests for the two materials. The elements applied for collecting the velocity gradient
are indicated. The contours represent the effective logarithmic strain. (b) Engineering stress-strain curves from the two tests. The red dots represent
the points from the two last images, while the green dots are the point defined as the fracture initiation point in the CL and SLT calibrations.

Fig. 5 shows the failure loci defined by the calibrated failure criteria for the dual-phase and the martensitic steels
for the range 1/5< 0" <2/3 . Clearly the BWH criterion generally estimates a lower failure strain than the other two
criteria, except in stress-states close to equi-biaxial tension (o =2/3). Notably the slope of the fracture locus is
similar for the CL criterion and the Hill part of the BWH criterion (o" < V373 ) for both materials. The SLT curve is
closer to the BWH criterion for plane strain tension (o~ = V373 ), but fails to predict reasonable failure strains for
o’ <0.4 due to the inability of the porous plasticity model to accurately predict void evolution at low stress triaxiality.
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Fig. 5 Failure loci defined by the BWH criterion, the Cockcroft-Latham criterion and the strain-localization theory for the dual-phase (left)
and the martensitic (right) steel sheet
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Fig. 6 Position of critical elements in S20, S100 and S150 specimens at the punch displacement corresponding to onset of fracture (from quasi-

static Docol 600DL simulation). The position of the integration point considered for collecting the local histories is indicated.
5. Results

In each simulation of the punch tests, the element with the largest plastic strain, from now on denoted the critical
element, was identified, and the local histories of stress and strain were collected from this element and applied in the
failure criteria. As an example, the position of the critical elements in the quasi-static simulations of the dual-phase
steel are shown in Fig. 6.

The predicted fracture initiation according to the three criteria for the quasi-static loading case is shown in Fig. 7.
In the case of the dual-phase steel, all three criteria give a good estimate of failure. The BWH criterion is somewhat
more conservative than the SLT, which again is more conservative than the CL criterion. For the martensitic material,
the BWH criterion is conservative for the S20 and S100 tests, which display necking, but non-conservative for the
S150 specimen. The latter is likely due to the absence of necking in these experiments and the low work-hardening of
this material. The CL criterion and the SLT overestimate the displacement at failure for the S20 specimen, and slightly
underestimate the failure in the S150 specimen. The overestimation of failure in the S20 specimen of the Docol 1400M
is most likely linked to the finite element model which is not able to capture appropriately the local deformation of
the specimen. For the S100 specimen, the CL criterion accurately predicts the displacement at failure, while the SLT
analysis is somewhat conservative.

The BWH criterion was not assessed in the low-velocity simulations because the formulation does not account for
rate sensitivity. The predicted onset of failure following CL criterion and SLT is shown in Fig. 8. These two criteria
display the same trends as in the quasi-static simulations; the CL criterion is somewhat less conservative than the SLT
for the dual-phase steel and the S100 specimen of the martensitic material, while the CL criterion is more conservative
for the S20 and S150 specimens of the martensitic steel. Compared to the quasi-static assessment, the criteria behave
very similar for the dual-phase steel, while they are more conservative for the martensitic steel. This leads to a better
prediction of onset of failure in the S20 geometry.
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6. Concluding remarks

Three failure criteria have been assessed based on data from quasi-static punch tests performed on dual-phase and
martensitic steel sheets, and two of the criteria have been assessed on low-velocity impact tests on the same sheet
materials. This study shows that the BWH criterion can provide a conservative estimate of ductile failure when the
material exhibit significant work-hardening. The Cockcroft-Latham criterion gives, in general, good estimation of the
initiation of ductile failure, while having a single parameter and thus a limited calibration cost. The strain localization
analyses provide an interesting approach to predict ductile failure, but require that the local stress and strain histories
are captured appropriately by the finite element model.
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