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Abstract

The behaviour of adhesive bonds of Betamate 1496V and steel under crash loading situations was
investigated with high rate tests at strain rates up to 10* s” under tensile and shear loading by
Fraunhofer IWM within a common German AiF-project P828 (IGF 338 ZN25) of various institutes,
see [1]. High speed video imaging in combination with digital image correlation (DIC) analysis were
used to measure the in part very small elongations of only 40 um up to failure. The results show a
significant rate sensitivity of Betamate 1496V with increasing tensile and shear strength by about a
factor of two from static to crashsimilar loading rates. The corresponding tensile strains at failure
decrease, whereas the shear strains at failure remain practically independent on strain rate. Beyond
yielding, the high rate shear curves become less steep, thus approaching the statically measured
curves, which is explained by increasing adiabatic heating of the adhesive. This was confirmed by
simulations with a material model of IWM resulting in an increase in temperature of about 50 K for
high rate shear tests compared to only about 10 K for tensile tests. In addition, this adiabatic heating
was verified by measurements with an infrared high speed camera.
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1. Introduction

Multi material joining of components by bonding with new high performance adhesives becomes
more and more important in the automotive industry. Efficient manufacturing or the reduction of notch
effects are some benefits of adhesive bonding. In [2] it was mentioned, that material behavior of
adhesive bond layers is different compared to the substantial/raw adhesive material due to molecular
interface action and the special constraint situation of thin adhesive layers between e.g. two steel
components. Therefore, the need of reliable high rate material properties for adhesive joints as input
data for crash simulations is increasing.

2. High Rate Testing and Optical Deformation Measurements

For the determination of high rate material propertics of adhesives for steel joints, adhesively bonded
and precisely manufactured specimens as shown in Fig. 1 were used for tensile, pure shear and 45°-
shear high rate tests. The steel parts have been milled, durned and grinded and were carefully bonded
with Betamate 1496V at Fraunhofer IFAM, Bremen. The high rate tests were performed at Fraunhofer
IWM with fast driven servohydraulic testing machines with load capacities of 100 kN and 500 kN at
testing velocities up to 3 m/s.

Tube-tensile specimens (Fig. la), shear specimens (Fig. 1b) and 45°-shear-tensile specimens (Fig. 1¢)
were investigated. The mean thickness of the adhesive layers of the tube-tensile specimens was about
0,3 £ 0,1 mm. For individual specimens the thickness of the layers varies around the specimen in a
range of + 30 um, thus a one sided crack initiation was possible and frequently observed. With an
elongation measurement on two sides, this effect could be detected and compensated by averaging.
Therefore, for the tube-tensile tests a test setup with two mirrors with + 45° angle to the high speed
video camera was used, see Fig. 2a. The advantage is an improved accuracy at small deformation



measurements (up to failure in part only 40 pm) by averaging the results, and to eliminate
uncertainties due to not completely preventable bending vibrations in high rate tests with not ideal
plane adhesive layers.
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Figure 1a-c: Tension-, shear- and 45°-shear-specimens to characterize adhesive steel joints

The displacements were measured close to the thin adhesive layers with the non-contact optical digital
image correlation (DIC) analyses in combination with high speed cameras. Figs. 2a and 2b show the
stochastic black-white painted areas. Fig. 2b is a high speed video frame obtained for a shear-
specimen. Frame rates up to 124 kHz were utilized to record the video frames during the tests with
times-to-fracture of in part less than 200 ps. The software ARAMIS was applied to evaluate
deformations and strains. The local deformations were evaluated close to the adhesive layer. The
deformations of the steel-parts were subtracted. Finally, the strains were evaluated with the actual
layer thickness of each individual specimen.

The high rate tensile tests were performed at strain rates from 10> s up to 10* s, the shear tests at

shear rates from 10 s™ up to 10’ s'. At low strain rates, the force was measured with piczoelectric
load cells. At higher strain rates, a patent-registered low vibration IWM load cell was applied.
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Figure 2a,b: Local displacement measurements close the thin adhesive layer with digital image correlation
in combination with high speed video cameras for the three different loading situations



3. Experimental Results

The following results are evaluated up to the maximum of the force signal, where initiation of failure
is assumed, and the corresponding strains are reported as strains at failure. Data beyond maximum of
load are not reliable for the stress-strain curves. The failure behavior of adhesives was investigated by
Fraunhofer IFAM, Bremen, by tapered double cantilever beam tests (TDCB) for Mode 1 and tapered
end notch fracture tests (TENF) for Mode II and the results are reported e.g. in [1].

The stress strain curves of the tube tensile tests at various strain rates are given in Fig. 3a. A
significant rise in strength level with increasing strain rate can be observed, while a decrease of the
strain at failure is occurring with increasing strain rate. In Figure 4a the ultimate tensile strength, R,
and the strain at failure, £(R,,), arc plotted vs. the logarithmic actual strain rate at R, Within six
decades of strain rates the yield strength increases by more than a Factor of 2.5, while the
corresponding strains at failure show a decreasing tendency.

Corresponding results of shear tests are given in Figs. 3b and 4b. Differing from the tensile behavior
(Fig. 3a), with increasing shear rate the shear strain curves in Fig. 3b become less steep beyond
yielding, thus approaching the statically measured curves. This is explained by an increasing adiabatic
heating of the adhesive during high rate tests. Therefore, within six decades of shear rates the ultimate
shear strength, Tg, increases by only a factor of 1.5, while the shear strain at failure, y(Tg), remains
practically constant (Fig. 4b). This different strain rate sensitivity under shear compared to tensile
loading is due to larger shear strains of more than 100 % compared to tensile strains of less than 20 %
(at high strain rates), resulting in a more pronounced adiabatic heating in shear tests. The results of the
45°-shear tests are in between tensile and shear tests and are reported in more detail in [1,3]
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Figure 3a,b: Engineering stress vs. strain and shear-stress vs. shear-strain curves at various strain-rates

tensile strength R,, [MPa] Egm [%)  shear strength Tg [MPa] Vi) [%]
90 45 70 350
+ tensile strength Rm 9 s shear strengthTg
80 + strain at Rm L ‘- 40 60 + shearat Tg 300
70 — power law [Rm) ' ] 35 — power law {Tg)
— o 50 --power law (shear) . 250
60 power law (strain) /‘;/ 30 . :jw'

50 /t*// . 25 40 L.’_/J_//{f 200
0 , . 20 30 - e F . 150

f_// h3 - . N a b
4 A S Wiy

03 - * o 15 5 ; S 100
20 ° 3 o _ & . 10 G
10 ¢ R 10 50

0 0 0 00
1.E-03 1.E-01 1.E+01 1.E+03 1.E-03 1.E-01 1.E+01 1.E+03

actual strain rate at tensile strength dudt(R,) [s] actual shear rate at shear strength dy/dt (ry) [s'']

Figure 4a,b: Engineering strength and strain properties vs. strain-rate respectively shear-rate



4. Numerical Simulation

The tensile and shear tests were simulated with LS-DYNA using an IWM-model for adhesives, which
was employed in [1] based on previous models in [2]. The material parameters were adjusted based on
the rate dependent experimental results. Then isothermal and adiabatic calculations were performed
for experiments at rates of 10° s”'. The results are given in Figs. 5a and 5b in comparison to the
measured engineering tensile-stress respectively shear-stress curves. The calculated adiabatic curves
agree quite well with the experimental results and the calculated rise in temperature due to adiabatic
heating is only about 10 Kelvin for tensile but 50 K for shear tests, caused by the larger strain at failure
in shear loading. This was confirmed by measurements with a high speed infrared-camera of the
newest generation. As an example, one frame immediately before failure of a shear test at a shear rate
of 10’ s is given as an insert in Fig. 5b and confirms the increase in temperature of about 50 K.
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Figure 5a,b: Experimental results of high rate tensile tests (de/dt = 10° s") and shear tests (dy/dt ~ 10° s™)
in comparison to numerical results calculated with and without adiabatic softening

5. Conclusion

The high rate tensile and shear tests with steel joints bonded by the adhesive Betamate 1496V result in
reliable material properties for crash simulations and demonstrate the strong rate sensitivity, which
should be taken into account during crash simulations. In addition, adiabatic heating of up to 50 K was
observed, which is more important under dynamic shear- compared to tensile-loading because of
larger deformations up to failure.

Acknowledgement

o S gh: selordert dureh:
The IGF-project 338 ZN “Robustheit und Zuverlissigkeit der Berech- Ar SR o
nungsmethoden von Klebverbindungen mit hochfesten Stahlblechen unter Bundesministerium

tir Wirtschaft
Crashbelastungen” of the research association Forschungsvereinigung ‘ ‘ und Technologie

Stahlanwendung ¢.V.-FOSTA, Sohnstrasse 65, 40237 Diisseldorf was |rogra

funded by the AiF under the program for the promotion of joint industrial _ I
research and development (IGF) by the Federal Ministry of Economics FAT Her hetschen R ndestages
and Technology based on a decision of the German Bundestag.

References

[1] W. Bohme, M. Brede, F. Burbulla, O. Hesebeck, S. Kilchert, J. Lienhard, R. Mahnken, S. Marzi,
A. Matzenmiller, M. May, D. Memhard, N. Nérenberg, H. VoB. Robustheit und Zuverlissigkeit der
Berechnungsmethoden von Klebverbindungen mit hochfesten Stahlblechen unter Crashbedingungen, AiF
P 828, IGF 338 ZN (FOSTA, DECHEMA, DVS), 2013

[2] M. Brede, M. Schlimmer, A. Matzenmiller, R. Mahnken, M. WiBling, K. Dilger, D. Memhard, M. Nossek,
M. Sauer, O. Hesebeck, S. Marzi et al.: Methodenentwicklung zur Berechnung von hoherfesten Stahlkleb-
verbindungen des Fahrzeugbaus unter Crashbelastung, FOSTA, AiF P 676, 2007

[3] W.Bohme, J. Lienhard, D. Memhard: Charakterisierung und Modellierung von Stahlklebverbindungen bei
crashartiger Zug- und Scherbelastung, Mat. Test., Vol. 55, No. 9, pp. 660-667, 2013



