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ABSTRACT

To relate micromechanical approaches to conventional fracture mechanics, dynamic tensile
tests and instrumented impact tests with Charpy-V-notch specimens and precracked
Charpy specimens (SENB) are performed and simulated. Two strain-rate dependent
micromechanical models based on the modified Gurson flow function are compared by
simulating different dynamically loaded specimens. The results indicate that the critical void
volume fraction f_ and the charateristic length | , are practically indepencent of strain rate
and specimen geometry. The deformation and fracture behaviour of fracture mechanics
specimens can be well calculated with the parameters determined from a tensile test and
an instrumented Charpy-V test. The tunneling of the crack in the interior of the Charpy
specimen is predicted in a satisfactory way by a three-dimensional analysis with the strain-
rate dependent Gurson model.
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INTRODUCTION

Compared with conventional fracture mechanics concepts, micromechanical models have
the advantage that the corresponding material parameters for ductile fracture can be
transfered between different specimen geometries. Another advantage is that studying
material failure with such models results in a better understanding of rupture processes,
especially for inhomogeneous materials, and thus indicates the best way to optimize
material toughness. Both models adapted in this study are based on a flow function derived
by Gurson [1] and modified by Needleman and Tvergaard [2,3] to analyze fracture
behaviour in notched bars and to predict the onset of crack growth in cracked specimens.
The description of ductile rupture processes, void nucleation, growth and coalescence, is
incorporated in the constitutive relations. The applicability of this model was verified by Sun
et al. [4,5] by predicting the results of notched bar tests using parameters determined from
smooth tensile tests. Ductile crack extension in various types of precracked specimens of
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EXPERIMENTAL PROCEDURES

The experiments were carried out with the pressure vessel steel 22NiMoCr3 7 (= ASTM
A 508 CI 2) at room temperature. The diameter and the gage length of smooth tensile bars
are 6 mm and 30 mm respectively. While in the static tensile tests an initial strain rate
#%2%10""/s was obtained in a servohydraulic testing machine, in the dynamic tests an initial
strain rate é=50/s was achieved by performing the tests in a drop weight tower with an
impacting mass of 273 kg and with an impact velocity of 2 m/s. For the evaluation of true
stress vs. true strain curves the specimens were photographed during the impact tests with
@ 24-spark Cranz-Schardin high speed camera [10]. Fig. 1 shows a series of those
photographs from which the elongation, the area reduction and the necking radius were

measured.

5840 us | 5940 us

FIG. 1—Development of the necking photographed during a dynamic tensile
test

Two series of instrumented impact tests with Charpy-V specimens and precracked Charpy
specimens (SENB) were performed with impact velocities between 0.5 and 1.2 m/s. The
hammer-load was measured by means of strain gages and recorded as a function of the
time. The time dependent displacement of the hammer was integrated from the load signal.

The SENB specimens were side-grooved (10% on each side) and the relative crack length
curve different

was about a/W=0.53. For the evaluation of an experimental dynamic J-
amounts of ductile crack extension were achieved by variation of the impqg velocity. Static
fracture mechanics tests were carried out using CT25 specimens with 20% side grooves

and a/W=0.6 and the JR-curve was determined using the partial unloading technique.

NUMERICAL METHODS

The material parameters describing the strain-rate hardening were evaluated from the
tensile tests. For model 2 the parameter m=0.0175 was obtained by inserting the stresses
at maximum load and the corresponding strain rates into equation 1. The value p=0.0004/K
was evaluated from the static yield stresses measured at two different temperatures (293°
K and 493° K). The parameters for the modified Gurson model except fc were taken from
Ref [3] and a previous study [5]. The critical void fraction f.=0.045 was determined by fitting
the sudden drop in the numerical load vs. diameter change curve of static tensile test with
the measured displacement at rupture. It was assumed that the material is initially void free.

The void fraction at fracture was taken to be ff=0.2.
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In order to go further into the question of the strain-rate dependency of the micro-
mechanical parameters finite element calculations of a cell model have been performed.
In this model the continuum is considered to consist of a periodic assemblage of hexagonal
cylindrical unit cells (approximated by spherical cylinders which allow for a simple
axisymmetric calculation). Every unit cell contains a spherical hole and is subject to
homogeneous radial and axial displacements. Special loading conditions were applied to
the surface of the cylinder to keep the "macroscopic” triaxiality T constant during the
loading process [11]. The axial displacement was increased until plastic strain localized in

the net section.

The macroscopic effective stress responses which were obtained for the cell model have
been compared with the predictions of the semi-analytical solutions of the modified Gurson
model. The Gurson parameters were chosen in a way that the predictions fit the cell model
results of the static calculations best. Fig. 3a shows that one set of parameters can be
found which gives a satisfactory prediction independent of the triaxiality. Visco-plastic
calculations at high strain rates show that the strain rate does not affect the void growth
whereas the macroscopic effective stress rises and localization is slightly retarded, Fig. 3b.
Nevertheless, the assumption that the Gurson parameters do not depend on the strain rate
still gives a satisfactory agreement between the cell modell results at high strain rates and

the Gurson model.

a) ~
el
~
.
g
~ o~
o .
L3 =4
o
{: {T=3 dynamic
3 1a3 T2 static 31 isothermal
o. °.-
) - 2 — *
i 0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3—Macroscopic effective stress vs. strain relationship from the cell model
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APPLICATION TO INSTRUMENTED CHARPY-V TESTS

Since the Charpy-V-notch impact test is more frequanty used than dynamic tensile tests
and fracture mechanics tests, it is desirable to determine the material parameters for the
strain-rate dependent models directly from the Charpy-V test. A problem for the simulation
of the Charpy-V specimen is that the stress state of this specimen can not be approximated
by a two-dimensional model due to the absence of side grooves. Fig. 4 shows the load
versus displacement curves calculated with different models in comparison with the
experimental results. The material parameters obtained from the simulations of the tensile
tests and a length parameter 'c determined from a compact tension test are used for all
three finite-element models with identical in-plane element arrangements.
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RELATION TO FRACTURE MECHANICS CONCEPTS

An instrumented impact test with a SENB specimen was simulated using the
micromechanical models with the very set of parameters as had been used for the
simulation of the Charpy-V test. The calculated and measured dynamic Jn-curves are
compared in Fig. 6, where the resuits for quasi-static loading are plotted as well. As
expected, dynamic loading results in an increase of the ductile crack resistance of the
material. A good agreement between numerical and experimental results is obtained overall
for the impacted SENB specimens and up to a crack extension of 1 mm for the quasi-
statically loaded CT-specimen. The deviation of the calculated J-values from the measured
one for the CT specimen is mainly attributed to the scatter of the material strength.
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FIG. 6—Measured and calculated JR-cuNes‘ for static and dynamic loading

Although both the J-integral concept and the micromechanical models can be used to
analyse the ductile crack extension for the applied specimen geometries, the parameters
for the micromechanical models are also applicable for different geometries of specimens
or components and loading conditions. Another interesting point found in the analyses of
the specimens with different models is that in contrast to the dynamic tension tests the
adiabatic softening does not play an important role in cracked specimens.

CONCLUSIONS

The strain rate hardening and adiabatic softening of the material under investigation can
be sufficiently described by two different material models. The effect of adiabatic heating
is more pronounced in dynamic tensile tests than in impact tests with fracture mechanics
specimens. The critical void volume fraction fc and the charateristic length 'c are practically
independent of strain rate. They can be defermined by simulating a tensile test with a
smooth bar and an instrumented Charpy-V-notch test, respectively.

The static and dynamic J R-curves calculated using the modified Gurson model are in good
agreement with the measured ones. The tunneling of the crack observed experimentally
in a Charpy-V specimen'is well predicted by a three-dimensional simulation with the



damage model covering rate-dependent stress-strain behaviour. The intense strain
concentration and the low stress triaxiality in the region between the tunneled core and the
side ligament provides a favourable condition for shear failure.
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