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A linear-elastic linear-plastic approach for the forming simulation of sandwich
sheets with cohesive elements

ABSTRACT

One possibility to achieve lightweight construction is the use
of sandwich sheets. In this paper die behavior of the interface
layer between steel and core is analyzed with single lap shear
tests. The relation between adhesion promoter thickness and
shear strength is carried out. Based on the experimental
results a linear-elastic linear-plastic interpolation approach
was suggested and transferred to a user material routine with
cohesive elements in LS-Dyna. With consideration of the user
material the single lap shear tests were simulated
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1. INTRODUCTION

Lightweight construction plays an increasingly important
role in automotive industry. In addition to new steel
generations or aluminum, hybrid materials like sandwich
sheets are also a possibility to achieve a weight reduction in
the car body [1], [2]. Due to the sandwich material with
several layers of different materials over the sheet thickness
(Figure 1), the production of components made of sandwich
material puts high demands on process design and forming

[3].
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Figure 1 schematic layering of a sandwich composite

adhesion promoter (interface layer)

Compared to the forming of monolithic steel blanks the
forming of sandwich sheets is more complex [4]. According
to [5] in addition to the known failure modes like wrinkling
and cracking due to the forming process of steel blanks the
failure of the sandwich core has to be considered. Failure
modes like delamination in the interface layer between the
sandwich core and the metallic cover blanks or a failure of the
core layer can occur. In previous investigations the core layer
of a sandwich sheet was modeled by Mosse with shell
elements [6]. The connection to the coversheet was
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represented with a friction based contact. Another way to
model the core layer are solid elements with a tied connection
to the coversheets or a multi-layered shell approach, were all
layers of the sandwich sheet are reduced to one shell element
with different properties in every integration point [7]. The
modelling approach with solid elements is very accurate, but
it has the main disadvantage of long simulation times due to
the time step dependence of the element thickness. A
multi-layered shell approach is much faster but also
inaccurate. All approaches have in common that there is no
consideration of the adhesive interlayer, which is one of the
weak points of the sandwich material.

For the consideration of the failure in the interface layer
single lap shear specimens are prepared with an adhesion
promoter interlayer without an additional core. During the
consolidation phase of the sandwich specimens different
interlayer thicknesses were established. Based on the single
lap shear tests the correlation between interlayer thickness
and shear stress respectively shear strain is pointed out.
Afterwards a simple analytic model is established to describe
the correlation between shear stress and shear strain. The
analytic model is transferred to a user material routine in
LS-Dyna and FE simulations of the single lap shear
specimens are performed.

2. EXPERIMENTAL WORK

As base material a HC340 LA is used. The chemical
composition according to DIN EN 10268 is presented in
Table 1.

Table 1 chemical composition of HC340 LA in wt % [8]

max. | max. | max. | max. | max. | min. | max. | max.
C Si Mn |P S Al Ti Nb
012 |05 |15 |0,03 |0,025 0,015 |0,15 | 0,09

For the simulation the material needs to be characterized to
obtain stress strain curves. Therefore the sheet metal is milled
to A50 tensile tests. The tensile tests were performed
according to DIN EN ISO 6892-1 Al [9] on a Zwick/Roell
Z250 universal testing machine. The test speed was
controlled by a local displacement transducer and was set to a
constant strain rate of v = 0.00025 1/s in the elastic area and a
strain rate of v = 0.0067 1/s in the plastic area up to failure.
The results can be obtained in Figure 2.
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Figure 2 Stress Strain curve for CR340LA t = 2,5 mm from
tensiletest and interpolation according Swift Krupkowski

For the input to the simulation the average values of the
parameters Rm, Rp0,2 and Ag, respectively the effective
strain @e were calculated. Afterwards the stress-strain curve
according to Swift-Krupkowski [10] was generated (Eqg. 1).
The material-specific values determined are listed in
Table 2.

Fr=bx(c+¢,)? Eq. 1

Table 2 material-specific values determined in tensile test

Rp0,2 s[MPa] | Rm s[MPa] | Ag s [%]
[MPa] [MPa] [%]
3411 1,4 4544 0,3 16,8 0,3

To determine the properties of the adhesion-promoting layer,
iron-phosphated sheets of CR340 LA were coated on one side
with an adhesion promoter. The adhesion promoter is based
on a copolyamide. Afterwards two sheets were consolidated to
one single lap shear specimen. For the consolidation process
an electrically heated plate tool (Figure 3) was used. In order
to control the tool displacement and the press force the tool
was mounted in a Zwick Roell Z250.

thermocouple type K

heating cartridges
(two per plate)

copper plates

isolation

Figure 3 tool setup for consolidation of specimen

Within the scope of a parameter study, the process parameters
for the consolidation process listed in Table 3 were defined in
advance.
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Table 3 parameter set for manufacturing the test specimens

temperature T | compression | layer thickness sap
[°C] time tc [s] [mm]
setl | 190 90 0,1;0,12; 0,16; 0,22

The dimensions of the shear tensile specimen were specified
in accordance to DIN EN 1465 [11]. The overlap length of 20
mm was previously determined by FE simulations with an
assumed shear strength of 25 MPa.

In addition to the tensile load in the specimen, a bending
moment is introduced in the specimen which leads to a peel
stress in the adhesion-promoter layer [12]. In order to reduce
peel stress a sufficient thickness of 2,5 mm of the base
material was used.

Figure 4 shows four representative shear stress strain curves
of the shear tensile tests. The thickness of the adhesion
promoter was varied and all other process parameters during
the consolidation like temperature and pressing time were
kept constant. As the thickness of the adhesion-promoting
layer increases, the maximum shear strength of the compound
decreases. At the same time, the maximum displacement
increases with increasing adhesion promoter thickness.
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Figure 4 shear strength displacement diagram for shear specimen
with a different core layer thickness

Since the shear strain y is defined as the quotient of
displacement dl and the initial adhesion promoter thickness
sap the shear strain remains almost constant while the
adhesion promoter thickness is varied (Figure 5). Similar
results could be obtained in [13], [14] for epoxy resin based
structural adhesives.

dl

Y= Eq. 2
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The intersection with the y-axis is obtained by the following
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Figure 5 shear strain as a function of adhesion promoter thickness T Yeay —Yos Eq. 7
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3. NUMMERICAL APPROXIMATION
Respectively for the shear stress value
Eq. 8

The measured shear stress strain curves can be separated
analog to the tensile test in two sections (Figure 6). On the one

hand an elastic section up to t(y) < ty0,1, Where the shear
modulus G can determined. On the other hand a section with
plastic deformation where the material strengthens up to
failure. This section is determined by Tpo1 < T(Y) < Tmax.

Tmax
b /
~ 1

Tho,1

Yel Ypl

Figure 6 schematic shear stress shear strain curve with linear
interpolation

For the approximation of the obtained shear stress strain
curves, a linear approach consisting of two straight lines was
selected (Figure 6). The shear modulus G was determined by a
tangent which was placed through the point with the
maximum gradient of the shear stress strain curve and the

origin.

N (dnr U\l
L=T 2=
d’}’r" J

Eq. 3

For the approximation in the section with plastic deformation
a straight line was placed through the point at tan(y) = 0,5 and
the point with the maximum shear strength T
Tos Eq. 4

Yo.5

_ Tmax

y‘?’?! ax

1 elpl = '}"s'EplE =G

The shear strain yep corresponds to the maximum elastic
strain. The stress Tep IS Set as the flow limit between the

elastic and plastic area.
For the shear stress in the plastic area at T > Tqip the following

equitation applies

T =Mm=* (,]"arpr +?"p!) +b Eq.9

4. FE MODEL

The shear tensile tests carried out were modeled in LS-Dyna.
Cohesive elements are used to describe the core layer.
In contrast to standard solid elements, which have six
independent displacement components, the considered
cohesive element has only three. For the use of the
displacement-reduced cohesive element, two assumptions are
required [15].
On the one hand, the element does not allow lateral
expansion, &, &y = 0. On the other hand, no plane shear is
allowed, &,y = 0.
Taking these two assumptions under consideration, the stress
matrix of the cohesive element is reduced compared to the

solid element (Eq. 10).

Oxx  Oxy Oxz 0 0 a.,
Oyx  Oyy Oyz - 0 0 aq,
Ozx Ozy Oz Oz Ozy  Op Eq. 10

For modeling the adhesion promoter layer, the approximation
shown in Eg. 3 to Eg. 9 was used. The equations were
implemented in a user material routine for cohesive elements
in LS-Dyna. For the stress in the normal direction, a
simplified elastic approach with oy = E*g, implemented. In
this approach the elastic modulus E is determined by E = 2(1
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+ nu)*G. For transverse contraction nu, a value of 0.4 was
assumed for PA6 [16].

To validate the linear elastic-linear plastic approximation of
the shear stress strain curve, the single lap shear test was
modeled in LS-Dyna. For the steel sheets, the material card
*Mat_24 (*MAT_PIECEWISE_LINEAR_PLASTICITY)
[15] was used with isotropic material properties based on the
flow curve approximation according Swift-Krupkowski. In
the area of the clamping, the specimen was assumed to be a
rigid body (*Mat_20). To evaluate the simulation, a cross
section for force measurement was inserted above the
clamping. On one side of the specimen all degrees of freedom
were locked in the rigid body. On the opposite edge of the
specimen a maximum displacement of 1,0 mm was applied to
the rigid body. The failure of the specimen was modeled with
a strain-based failure criterion (Eq. 11).

0, Y =< Ve
* }" E'J"p{

failure(y) = [1 Eq. 11

"

Cohesivelements

Figure 7 FE-Model of the shear strain test

5. RESULTS AND EVAUATION

The experimental tests show an increasing shear strength
with a decreasing adhesion promoter thickness. Similar
results were already obtained in different investigations with
epoxy adhesives [13], [14].

A comparison between the experimental data and the
simulation data shows a similar progress of the shear stress
strain curves (Figure 8). In the area of smaller shear strains,
the consistency between simulation and experiment is better.
For larger shear strains, the simulated shear strength is lower
than the experimental data due to the linear approximation.
The point of failure is well met with the shear strain based
approach.

14

Benedikt Poggel and Bernd Engel, International Journal of Emerging Trends in Engineering Research, 5(6), June 2017, 11 - 15

25

20 ’——— =

. N
N \

r ;
2 FE t0=0,lmm

4 test t0=0,1mm
10— B FE 10=0,12mm ||

test t0=0,12mm

/ ——FE 10-0,17mm

51 : = - =test t0=0,17mm [|
\ e FE 10=0,22mm

; 4 S o — '-test tO:VO,Zme

shear stress [MPa]

0 f
0,00

0,10 0,20 0,30 0,40 0,50 0,60

displacement [mm]

0,70

Figure 8 results of the single lap tensile test: comparison of test
specimens and FE simulations

The model can be used to describe the single lap shear test and
the behavior of the adhesion promoter under pure shear load.
The deviation below the maximum shear stress could be
caused by the previous assumption of the tension component
G;.

6. CONCLUSION

By the use of shear lap specimens with an adhesive promoter
interlayer a relation between the adhesive interlayer thickness
and the resulting shear stress respectively shear strain was
presented. Based on the shear lap tests a linear approximation
with two straight lines was applied to the shear stress-strain
cures. For a validation of the estimated model the
approximation equations were transferred to a umat routine
for cohesive elements in LS-Dyna. As input parameters the G
Modulus, the maximum shear strength and maximum shear
strain are required. Furthermore another data point (e.g. T(y =
0,5) in the section of plastic deformation is needed.

The FE simulation shows a good analogy compared to the
performed tests. The deviation of 1,5 MPa next to the shear
maximum might be caused by the simplification of the tensile
stress component. By using the maximum shear strain as a
failure criterion, the failure of the specimen could also be
modeled in a sufficient way.

In further work the model has to be extended for the
description of tensile and combined tensile shear load.
Furthermore it has to be validated for the use of forming
process by a validation with a typical forming geometry.
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