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1 Abstract

In order to improve the reliability of deformation and failure prediction of automotive lightweight con-
structions in real crash situations, appropriate input data for crash simulations are necessary which re-
present the material behavior under high strain rates and complex multiaxial loading situations. Espe-
cially under shear dominated loading failure is difficult to reach and there is still a lack of information
concerning the strain rate dependency under these loading conditions. Therefore an experimental pro-
cedure for strain rate dependent shear tension tests on sheet metals was developed which bases on
asymmetrical notched shear tensile specimen geometries without surface processing. The specimen
design of the shear zone was optimized by varying the shear length dependent on the sheet thickness
and the notch position dependent on material data of uniaxial tension tests. For different advanced
high strength steels (AHSS) numerical and experimental investigations were performed regarding the
evolution of load paths in the shear zone and near the notch region as well as the failure location.
Based on these experimental results and related numerical simulations recommendations are derived
for an optimized design of asymmetrical notched shear tensile specimens. These recommendations
are dependent on the sheet thickness and on material properties. The experiments should be carried
out comparable to strain rate dependent flat tension tests with an appropriate mounting. The sugges-
ted specimen design procedure is validated by experiments on steels in a wide range of strength as
well as on exemplary batches of aluminum and copper. The shear characterization for AHSS results in
large strain values in the shear zone up to failure under quasi-static loading with a significant negative
strain rate effect. These experimental results of improved strain rate dependent shear characterization
can be used for enhanced failure prediction in the future.
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2 Introduction

Shear failure is a very critical loading state in terms of crash worthiness because failure occurs
suddenly without previous necking or observable instability. Several investigations in the past have
shown, that for different metallic materials shear failure strains are significantly lower under crash
loading than under quasi-static loading based on a gauge length scale of about 100 um and larger
[1,2,3,4]. This effect has a significant impact on the strain rate dependency of the failure prediction in
the shear region and should be considered in crash simulations. For a reliable detection of strain rate
effects under shear loading a systematic experimental procedure with suitable shear specimens is
essential and should work for quasi-static tests as well as for dynamic loading velocities. For sheet
metals under quasi-static loading the realization of shear failure is difficult to reach, because of super-
imposed tension loading in some parts of the specimen like in notch regions. Therefore many investi-
gations concentrate on the optimization of several shear specimen geometries with different advanta-
ges and disadvantages, for example butterfly specimens, round torsion specimens, sheet torsion
specimens, notched shear tensile specimens, miyauchi specimens and others [2,5,6,7,8,9,10,11]. In
this paper investigations for an optimized strain rate dependent shear characterization are presented
with focus on sheet metals of advanced high strength steels (AHSS). The design of the optimized
shear specimen is material dependent and based on technical values from uniaxial tension tests. The
following criteria are defined as important:

1. The main (initial) rupture should occurs in the shear zone under shear dominated loading states
instead of regions under tensile dominated loading conditions

2. Triaxiality n ~ 0 in the shear zone

3. Proportional strain paths in the shear zone

4. Characterization procedure suitable for quasi-static and dynamic loading
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5. No surface processing of the specimen (e.g. thinning)
6. Shear zone visible for video recording and DIC evaluation
7. Simple and cost efficient specimen extraction

Concerning those criteria the asymmetric notched shear tensile specimen was chosen as a suitable
geometry with optimization potential by varying geometry parameters in the shear zone. This geometry
can be tested quasi-statically and dynamically with the same test set up as it is used for flat tension
tests. Additionally there already exist experiences in strain rate dependent characterization with this
kind of specimen geometry [4,8]. A disadvantage of the notched shear tensile specimen is the
tendency to failure initiation in the notch region under tension dominated loading states. The
probability of notch failure can be reduced by varying the design of the shear zone dependent on the
material behavior. As a basic geometry for the optimization procedure the asymmetric notched shear
tensile specimen shown in Figure 1 left [4] was chosen. The modifiable parameters are the notch
radius R, the shear length L and the notch angle & (notch overlap), see Figure 1 right. A negative
notch overlap angle is proposed in [12] and reduces the triaxiality in the shear zone. A goal is to estab-
lish a simple shear characterization procedure for different steel sheet materials under the constraint
to use less number of parameters as possible to induce shear dominated deformations and failure.
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Fig.1: Basic geometry for notched shear tensile specimen (left) and variation of shear zone
parameters (right).

The investigations in this work were performed on dualphase steels, complexphase steels and one
microalloyed steel with sheet thicknesses t between 1 mm and 2 mm, documented with the technical
values perpendicular to the rolling direction in Table 1.

Material thisl?r?g;s t [I\FjIpF?;] [A/Tga] [’j/g] A[Zo%*im Nong | Z[%]
[mm]

HX340LAD 1.5 390 461 17.4 35.6 0.149 62.5
HCT980X+Z110MB 1.5 683 1007 10.3 18.5 0.132 35.1
HCT980XG 1.4 759 1049 7.1 134 0.081 335
HCT780C 1.0 746 946 7.2 12.7 0.087 48.2
HCT780C 1.5 689 878 8.4 17.4 0.094 50.5
HCT980C 1.0 941 1039 4.6 10.8 0.045 454
HCT980C 1.5 890 1003 51 13.7 0.057 53.9
HCT980C 2.0 923 1009 4.6 15.7 0.047 58.7

Table 1: Investigated materials with technical values (perpendicular to rolling direction).
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The deformation and failure behavior under uniaxial tension is investigated with quasi-static tests on
smooth tensile specimens with a parallel length of L. = 25 mm proposed in [13] as a suitable geometry
for a wide range of test speeds (Figure 2 left). The obtained stress-strain curves for the investigated
materials are shown in Figure 2 right.
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Fig.2: Specimen geometry for uniaxial tension tests (left) and Engineering stress strain curves for the
investigated materials perpendicular to the rolling direction (right).

3 Numerical investigations

The shear parameter optimization was performed with LS-Dyna 10.0.0 [14] with fully integrated solid
elements (elf2) with an element size of 0.1 mm in the shear zone and 10 elements over the sheet
thickness. The material plasticity was described by Mat_024 [14]. The flow curves were determined by
extrapolating the experimental true stress strain curves of the quasi-static flat tension tests and opti-
mized by reverse engineering. The calculations for the shear parameter optimization were carried out
under quasi-static loading conditions with the specimen geometry shown in Figure 1 left by varying the
shear parameters R, L and &. For an assessment of the specimen geometry concerning the suitability
for shear characterization the following two criteria are identified as relevant:

1. The ratio between strains in the shear zone and strains in the notch region should be as large
as possible to avoid failure initiation in the notch region. For the major part of the deformation
process the strains in the shear region should be larger than those in the notch region.

2. The variations of the load path in the shear zone should be less as possible and the triaxiality
should be close to zero.

A numerical preliminary study has shown that R = 1 mm leads to significant lower strains in the notch
region compared to the initial notch Radius of R = 2 mm. To reduce the number of parameters, the
following simulations were performed with R = 1 mm. In the succeeding procedure the influence of L
and & on the strains and load paths in the shear zone were analyzed with regard to the above
mentioned two criteria. In Figure 3 the analyzed elements on the surface of the specimen are shown
exemplarily. In the shear zone an element in the center of the localization zone is chosen. In the notch
region two elements are analyzed. One element in the notch root, where the triaxiality changes very
sharply from shear loading to multiaxial tension loading, and one element in the center of the notch,
where strain localization under tension loading occurs. For those chosen elements the strain and
triaxiality evolution was analyzed for the whole deformation process up to a strain level in the shear
zone of about 1.5.

© 2019 Copyright by DYNAmore GmbH



12™ European LS-DYNA Conference 2019, Koblenz, Germany

RIS

effective plastic strain N triaxiality

& N
lelement in the % ‘*\\:\\\I\ 0.728e-01 -
kcenter of the 9.061e-01 _ center of the TN 5.434e-01_
notch 8.055e-01 notch s 4,145e-01
element in the 7.048e-01 element in the 2.856€-01
notch root 6.041e-01 notch root 1.566e-01
lelement in the 5.034e-01_§ element in the 2.773e02 |
shear zone A shear zone -1.012e-01
3.020e-01 153016204
ANk i -3:590€-01 :'
1.007e-01 _ RA70e0t
0.000e+00 _ N TE e

lelement in the

Fig.3: Effective plastic strain (left) and triaxiality (right) on the surface of the shear zone with analyzed
elements (HCT980XG, R =1mm, L =4 mm, £=-10°)

The influence of & on the effective plastic strain evolution is demonstrated in Figure 4 for HCT980XG
and a shear length of L = 4 mm. The specimen without notch overlap (¢ = 0°) shows significant larger
strains in the notch root compared to the specimen with a negative notch overlap of & = -10°. The
impact of & on the load path is shown in Figure 5 for an element in the shear zone far away from the
specimen surface. With increasing negative notch overlap the load path is shifted to lower triaxialities.
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Fig.4: Evolution of effective plastic strain in the shear and notch region for HCT980XG,
L=4mm,R=1mm, &= 0°(left) and &= -10° (right)
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Fig.5: Effective plastic strain over the specimen thickness (left) and influence of negative notch
overlap angle & on the load path in the shear region (right), HCT980XG, L =4 mm, R =1 mm
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The influence of the shear length L on the effective plastic strain evolution and on the load path is
demonstrated in Figure 6 exemplarily for HCT980C with a sheet thickness of t = 1 mm and with & = -
10°. A reduction of the shear length leads to a decrease of strain in the notch root and to larger tri-
axialities in the shear zone.
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Fig.6: Evolution of effective plastic strain in the shear and notch region (left: L = 4 mm, middle: L = 3
mm) and load path for three shear lengths (right), HCT780C, t=1 mm, R =1 mm, £=-10°

For a sheet thickness t of 1.5 mm and 1.4 mm the geometry with R =1 mm, L =4 mm and & = -10°
showed the best results for HCT980C, HCT780C and HCT980XG. To investigate the influence of t on
the optimized shear zone parameters additional calculations were performed for HCT980C with t = 1.0
mm, t = 1.5 mm and t = 2.0 mm with this appropriate geometry and therefore with different normalized
shear length related to the sheet thickness (L/t). Results of these simulations are shown in Figure 7.
With increasing sheet thickness and decreasing L/t the strains in the notch root decrease compared to
the strains in the shear zone and the triaxiality simultaneously tends to larger values in the shear zone.
Therefore thin sheets of steel require a smaller shear length than thicker ones.
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Fig.7: Evolution of effective plastic strain in the shear and notch region (left and middle) and load
path(right) for different sheet thicknesses, HCT980C, L =4 mm, R =1 mm, £=-10°

In summary it can be concluded, that the probability of notch failure can be reduced by introducing a
negative notch overlap angle & and/or by reducing the shear length L. A negative notch overlap
reduces the triaxiality in the shear region with tendency to pressure loading in the beginning of the
deformation process. A reduction of the shear length leads to increasing triaxiality in the shear zone,
especially for larger strains. A practical solution to consider the sheet thickness dependent shear
length is to use the above mentioned normalized thickness related shear length L/t at a constant level,
preferably L/t = 2.7 based on the results for t = 1.5 mm.

4 Experimental investigations

Test series were performed with different shear zone parameter combinations. For all materials and
sheet thicknesses the specimen geometries with R =1 mm, L =4 mm and § = 0° as well as § = -10°
were tested under quasi-static loading conditions. Dependent on the numerical results additional shear
parameter combinations were investigated. For an assessment of the specimen geometry concerning
the suitability for shear characterization the following goals are identified as most important:

1. The fracture surface of the tested specimens should show no ears (e.g. Figure 8 left and middle).
The fracture surface in Figure 8 left shows failure in the center of the notch resulting in the
formation of ears during rupturing. Considering the triaxiality field in Figure 3 right, failure with ears
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occurs under tension loading. The fracture surface in Figure 8 in the middle is a requirement but
no guarantee for shear failure, because fracture initiation in the notch root still may have occurred.
2. SEM images should show a shear fracture surface without any dimples (e.g. Figure 8 right).
3. The strain paths in the shear zone on the surface of the specimen evaluated by digital image
correlation (DIC) should show shear dominated deformation (e.g. Figure 9 left).

e @ ;
failure in the notch Required fracture
region (tension loading) surface for shear failure

Fig.8: Quasi-static tested specimens of HCT980X+Z110MB (left: L = 3 mm, middle: L = 4 mm) and
shear fracture area (near upper notch) (right)

Figure 9 shows strain paths in the center of the shear zone for different shear geometries tested on
HCT780C with a sheet thickness of 1.5 mm. The equivalent v. Mises strain determined by DIC [15] is
plotted against the parameter a = ¢i/p, (p; = major strain, ¢, = minor strain). All investigated speci-
mens show nearly a linear strain path at o ~ -1 (shear deformation). The specimen with L =4 mm and
& =-9.48° (e = -1 mm) shows the largest equivalent strain up to failure. Judged by these experimental
results this is a preferred specimen geometry for HCT780C (L/t = 2.7). For analogous experiments lea-
ding to a fracture surface according to goal 1 (Figure 8 middle) strain paths in the center of the shear
zone were determined by DIC. The preferred geometries and the results for the maximum strain be-
fore fracture are given in Figure 10 and in Table 2 in chapter 5. For strain rate dependent shear tests
on HX340LAD strain paths are shown for the optimized geometry (coloured curves) and for the basic
geometry (grey curve) in the right diagram in Figure 9. Even if under quasi-static loading failure initia-
tion occurred in the upper notch, the optimized geometry (green curve) leads to larger strains before
fracture initiation compared to the basic geometry.
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Fig.9: Strain paths in the shear zone evaluated by DIC [14], left for HCT780C (t = 1,5 mm), right for
HX340LAD at different strain rates

In Figure 10 left the results for the maximum equivalent strain in the shear zone immediately before
fracture, obtained by DIC with optimized shear specimen geometries, are shown for the investigated
AHSS with t = 1.5/1.4 mm. The DIC strains are evaluated with Ly = 0.2 mm as medium values for 2-3
tests. For HCT980X+Z110MB and HX340LAD the maximum strain values obtained with the optimized
geometries surpass the previous results obtained with the basic specimen geometry.
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Fig.10: Maximum equivalent strain evaluated by DIC [14] reached by optimized and basic shear
specimens for different AHSS with t = 1.5/1.4 mm according to Tablel

An important impact on shear failure has the clamping configuration. To detect strain rate effects
under shear loading, the same test setup is used for the quasi-static shear testing regime as it is used
for high speed shear tension tests. Therefore the tests were performed with a high speed testing
machine and with a rotatable clamping, which principally allows horizontal displacement of the
specimen. To investigate effects of the specimen clamping on the shear deformation additional speci-
men geometries are tested with a fixed clamping without horizontal translationally degree of freedom.
The fixed clamping leads for the optimized shear specimen geometries to the formation of ears, which
indicates a possible tensile dominated initial fracturing in the notch region. Therefore, for a representa-
tive shear characterization with asymmetric notched shear tensile specimens a clamping with a hori-
zontal translationally degree of freedom is necessary.

5 Material dependent design of notched shear tensile specimens

The numerical and experimental investigations with notched shear tensile specimens show the
following results:

- Based on a numerical preliminary study a notch radius of R = 1 mm is suitable.

- For a sheet thickness of t = 1.5 mm the shear length L = 4 mm is suggested. This was suc-
cessful for all investigated materials except HCT980X+Z110MB, which shows a fracture sur-
face with ears. In this case L = 3 mm was successful and is proposed.

- The influence of the sheet thickness on the favorable shear zone parameters is taken into
account by a thickness related shear length L/t = 2.7.

The suitable negative notch overlap angle & shows a dependency on the mechanical values
uniform strain A, (before necking) and n-value n,.,q (hardening) according to Table 2. The
materials are ordered by increasing Ag and increasing N,.agq,

Material [5F£;] [MRFr)na] Ag [%] N2-ag Eexp (] Esim [°]
HCT980C 890 1003 51 0.057 -9.5 -10
HCT980XG 759 1049 7.1 0.081 | -9.5/-11.3 -10
HCT780C 689 878 8.4 0.094 -9.5 -10
HCT980X+Z110MB 683 1007 10.3 0.132 -11.3 -11.3
HX340LAD 390 461 17.4 0.149 -18.4 -18.4

Table 2: Mechanical values and suitable &values for the investigated materials with sheet thickness
1.5/1.4 mm (perpendicular to rolling direction).
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The suitable values for the &-angle obtained by the experimental and numerical investigations are also
documented in Table 2. For a recommendation concerning suitable shear zone parameters based on
material properties, only geometry independent technical values are reliable. Therefore values concer-
ning the post-necking phase like the fracture strain Ayomm, are not listed in Table 2. With increasing A4
and increasing ny.ag @ larger negative angle & is necessary, while the yield strength Ry., and the
ultimate strength R, don’t correspond to &. In the following recommendation the &-angle is related to
the strain hardening value n,.,4 because of the detected batch and geometry independency of this
material parameter [16,17]. An important goal in the shear characterization of different materials is to
use less different shear specimen geometries as possible. Therefore the materials are clustered in
three groups based on the n-values as it is described in the following recommendation.

For complex- and dual phase steel sheets as well as for microalloyed steel sheets with a sheet
thickness t of 1 mm <t < 2 mm the following recommendation for suitable shear parameters is given:
1. R=1mm

2. L=27t
3. No.ng< 0.1: £=-10°
0,1 < Np.pq <0.15: £=-15°
No.ag > 0.15: £ =-20°

This recommendation is validated with two more steel sheets, a press hardened steel 22MnB5/AS and
an additional microalloyed steel HC420LA, as well as alloys of copper CuDHP and aluminum Al1050.
Therefore a wide range of strength and strain hardening is covered as AlI1050 has nearly no strain
hardening with n-values < 0.01 and CuDHP has large strain hardening with n-values > 0.2. In the
diagram in Figure 11 on the left side, the engineering stress strain curves are shown for the additional
materials in relation to those explored for the geometry design recommendation (grey curves). The
shear specimens are designed according to the recommendation above and examples of the tested
specimens are shown in Figure 11 on the right. All specimens show a fracture surface without ears.
Therefore the necessary requirement for shear failure is fulfilled. Especially the shear specimen of
Al1050 with t = 2 mm shows a large shear fracture angle of nearly 90°.
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Fig.11: Engineering stress strain curves (left) and tested shear specimens (right) for validation

6 Strain rate dependent shear characterization

A strain rate dependent shear characterization is performed with the material dependent optimized
asymmetric notched shear tensile specimen geometries with R = 1 mm and L = 4 mm (HX340LAD)
and L =3 mm (HCT980X +Z110MB). The negative notch overlap angle & is chosen according to Table
2 (Eexp)- Figure 12 shows the normalized force displacement curves for three test speeds. For both ma-
terials the experimental results at 2.5 m/s show larger forces compared to the tests at smaller test
speeds. With increasing test speed the displacement up to fracture decreases according to previous
investigations with other shear specimen geometries [4]. The local fracture strain was determined by
DIC using the equivalent strain for a facet in the shear zone at largest strain level immediately before
fracture and with a nearly proportional strain path (e.g. Figure 9 right). A local gauge length of L, = 0.2
mm was used.
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Fig.12: Influence of test speed on normalized force displacement curves, left HX340LAD, right
HCT980X+Z110MB

In Figure 13 the failure curves for the two materials determined in previous investigations [4] are
supplemented by the improved shear failure points. The failure strains in Figure 13 are determined by
DIC and plotted against the average triaxiality determined by FE-simulation. For the previous investi-
gations the results for triaxiality are taken from [18], for the supplemented shear failure points triaxiality
is determined by FE-simulation described in chapter 3.
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Fig.13: Influence of test speed on failure strain (DIC) against triaxiality (FE) including results of
optimized shear geometries, left HX340LAD, right HCT980X+Z110MB.

The new shear specimens show the common known negative strain rate effect concerning the shear
failure strains for both investigated materials. For HX340LAD the new shear specimen leads to shear
failure points at larger strain values and at triaxialities closer to zero compared with the basic shear
specimen geometry used in the past (Figure 1 left). This is a significant improvement in shear charac-
terization. For HCT980X+Z110MB the new shear specimen doesn’t show larger strains in comparison
to previous results, but the triaxiality is shifted to smaller values closer to zero. So also for the dual
phase steel this is an improvement in shear characterization.

7 Summary

For a strain rate dependent shear characterization of advanced high strength steels (AHSS) with
notched shear tensile specimens the shear zone parameters notch radius, shear length and notch
overlap angle are optimized with the goal to improve a shear dominated loading path and an initial
shear dominated rupture. The optimized geometrical parameters of the specimens are dependent only
on the sheet thickness and the strain hardening of the material. The whole design procedure for
improved shear specimen geometries are based on numerical simulations and extensive experimental
investigations. The optimized specimen geometries with a constant notch radius of R = 1 mm and a
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sheet thickness dependent shear length L = 2.7 t are clustered in three categories with different nega-
tive notch overlap angles &. The optimized specimen geometries lead to larger shear strains immedi-
ately before failure and smaller stress triaxialities close to zero. They reduce the probability of notch
failure compared to previous investigations under the requirement of a clamping which allows horizon-
tal translatoric displacement. The strain rate dependent shear characterization of HCT980X+Z110MB
and HX340LAD lead to a negative strain rate effect concerning to local and global failure strain.
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