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Abstract. To investigate material ductility, the use of simple multiaxial specimens which can be
tested through a common tensile machine or by a Split Hopkinson bar facility would allow
avoiding the use of more complex equipment to induce different stress states in the investigated
material. In this work, experimental dynamic tests have been performed on four different specimen
geometries on a 17-4PH steel by a direct Split Hopkinson Bar (SHB). Finite element models of
the experiments are set up and used jointly with experimental data to calibrate and validate a strain
rate dependent plasticity model, and to extract the local values of stress and ultimate strain in the
most critical point of the samples, at fracture. These latter results allowed the calibration of a
ductile damage model, whose predictions, compared with a previous calibration using tests carried
out in quasi-static conditions, confirmed the effectiveness of the proposed specimens and test
methodology to assess material ductility under dynamic conditions.

Introduction

To provide an accurate evaluation of material plastic strain at failure which is crucial in different
fields of mechanical design, different ductile damage models have been developed in the literature
to describe how a material gets damaged with plastic deformation until reaching its ultimate
strength. They can be classified according to their driving principle: starting from those
thermodynamically based [1,2], through criteria relying on the evolution of micro-void [3] up to
empirical-based formulations [4]. All of them require different experimental tests for their
calibration (such as tensile tests on round smooth or notched bar, torsion or compression tests and
often multi-axial tests) and often special testing set-ups, involving a complex experimental phase
and tuning procedures, which are non-trivial and not suitable for companies which sometimes may
not have specific facilities available. These difficulties are greater under dynamic conditions due
to the special devices required for multiaxial tests execution, as to achieve combined tension-
torsion [5].

The aim of this paper is to validate, under dynamic conditions, the effectiveness of simple
specimen geometries capable of inducing different multi-axial stress states in the material, to be
tested using a conventional SHB, in order to simplify the experimental phase of material
characterization. Starting from the geometry proposed by Driemeier et al. [6] and improved by
Cortis et al. [7], different simulations have been carried out to identify the most suitable sample
proportions and dimensions for dynamic tests. In order to reproduce additional loading conditions,
round bar (RB) and round notched bar (RNB) specimens have been tested too. Using the results
obtained from the dynamic tests made on these new simple specimens, a ductile damage model
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has been calibrated, and its prediction was compared with that one obtained from a previous
calibration obtained by testing the same sample geometries under quasi-static conditions.

Material and Methods

Plasticity Model. Among the constitutive models available in the literature, suitable to describe
the flow stress in a material as a function of strain, strain rate and temperature, the Johnson and
Cook (JC) [8] was considered. The model is based on Mises Plasticity and accounts for strain
hardening, strain rate and thermal softening:

o= (A+Be™) [1 + Cln <£i>] [1 + (TT;TO)ml (D
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InEq. 1 ¢ &, &y, Ty and Tyy,e1¢ are the equivalent plastic strain, the plastic strain rate, the reference
strain rate, the room temperature and the melting temperature of the material while 4, B, n, C and
m are the constants to be calibrated.

Damage model. Ductile damage models belonging to the class of empirical formulations are
represented by a scalar D that increases proportionally with the equivalent plastic strain &p
weighted on a function of the stress state f(T, X);

&f
D= ] f(T,X)de, )
0

where the triaxiality 7 and the Lode parameter X are the two scalars describing the stress state
(Eq. 3).
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Where I is the first stress invariant, /> and /3 are the second and the third deviatoric stress
invariants, respectively. Material failure occurs when D reaches a critical value set equal to 1.

Under proportional loading conditions, which implies 7" and X constant with plastic strain, it is
possible to invert Eq. 2 to obtain the following expression:

g = (T, X) 4)
which represents a “Fracture Surface” in the space (7, X, &). f ~1(T, X) can be described by
different expressions; in the present work, the Coppola-Cortese (CC) [9] formulation was adopted:
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where A;, A>, [ and y are material constants that define the surface shape, while n represents
the strain hardening exponent of a Hollomon's power law fit of the stress-strain curve: o = Ke™.

Materials. All specimens were manufactured from a single wrought bar. The investigated
material is a 17-4PH steel that was characterised already under static conditions by some of the
authors [7]. In order to compare the fracture surface obtained at a high strain rate with that one in
static conditions, the calibration will be performed using multiaxial tests similar to those used in
the static investigation, namely the improved “Driemeier” specimens and the RB and RNB
specimens. In this work, two different configurations of the central holes of the Driemeier
geometry were selected, corresponding to two different angles (o) of 10° and 30°, hereafter
referred to as Pos10 and Pos30, respectively. The two angles were chosen to generate proper
combinations of tensile-shear stress states. Moreover, to obtain similar strain rates from all tests,
an optimization procedure was used to identify the sample dimensions, as reported in the next sub-
section, “Samples for Dynamic Tests”.

The final specimen dimensions are shown in Fig. 1. They were machined from metal bars with
a diameter of 20 mm. The thickness of the gauge region of samples (a) and (b) is constant and
equal to 2 mm.
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Fig. 1. Optimised geometries: Driemeier Posl0 and Pos30 for quasi-static (a) and dynamic tests
(b); RB (c) and RNB (d) for dynamic tests.
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Equipment. Quasi-static tests were performed in [7] by a universal servo-hydraulic MTS with
250 kN maximum load. Instead, a custom direct split Hopkinson bar [10] was used for dynamic
tests. It consists of three aligned bars, named the pre-stressed, input and output bars. A tensile input
wave (0g;) is generated by pre-loading the pre-stressed bar in compression; the subsequent sudden
release of this pre-load generates the waves that deform dynamically the sample (Fig. 2). By
acquiring the transmitted and reflected waves (o, 0,-) using properly placed strain gages and
assuming uniaxial wave propagation in the bars and dynamic equilibrium in the sample, the
dynamic properties, as well as the displacements u at the lateral faces of the specimen, can be
assessed [10]. Moreover, digital images of all tests have been acquired using a FastCam at 100
kfps.
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Fig. 2. Direct Split Hopkinson bar, and details the improved Driemeier sample and fasteners.

Samples for Dynamic Tests. The geometries of the samples used in the dynamic tests essentially
consist of modifications of those used in the quasi-static tests, to adapt them to the available SHB
equipment. Basically, the dynamic tests specimens must meet the geometric requirements in length
and cross-section, to be mounted and successfully tested on the Hopkinson bar; in addition, the
same equivalent plastic strain rate should be achieved in all tests. To meet these requirements, an
inverse Finite Element (FE) approach was implemented according to a previously developed
procedure [11,12], where the tests on RB, RNB and Driemeier samples are reproduced by FE
simulations. The shape and size of the Driemeier specimens were maintained, whereas the cross-
section diameter and the fillet of the RB and RNB specimens were iteratively varied according to
a full factorial Design of Experiment plan; moreover, the impact intensity, i.e. the boundary
velocity, was varied as well. Eventually, a combination of parameters has been found that permits
the achievement of similar average plastic strain rates in the four different tests.

Of course, this is an approximate method, in which reasonable values for the material stress-
strain curve as well as for the material strain to failure are assumed, not being known a priori.

The final dimensions adopted in the tests for RB and RNB samples are reported in Fig. 1.
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Results and Discussion

The experimental results were first used to calibrate the JC constitutive material model. The
material constants were derived through an inverse procedure by means of Finite Element
simulations of the tests, minimizing the difference between experimental and numerical load-
displacement global data. The comparison of the experimental curves with those obtained by the
FE simulations using best fit JC material constants are shown in Fig. 3, where the red dots represent
the onset of failure. Three repetitions were performed for each text and the experimental curves in
the graphs represent the average data.

Concerning the RB and RNB tests an excellent numerical-experimental match is observed, even
for Driemeier Pos10 and Pos30, although small discrepancies are shown, the match is fairly good.
In Fig. 4 the distribution of equivalent plastic strain is reported, which fulfils one of the design
requirements, namely the concentration of the maximum plastic strain value at its critical point in
the centre of the gauge.
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Fig. 3. Comparison between experimental and numerical load-displacement curves for RB, RNB,
Pos10 and Pos30 tests. The red dots represent the onset of failure.
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Fig. 4. Driemeier Pos 10° mesh detail and contour plot of equivalent plastic strain.
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After validating the FEM models by means of the numerical-experimental comparison presented
above, the parameters T, X and ¢, were derived, for each test, at the critical point and at the instant
of failure. These data are reported in Table 1, for both static and dynamic conditions. Subsequently,
the CC damage model was calibrated through a minimisation algorithm, namely the calibration
constants (A;, 4,, B, y) were derived such that the resulting fracture surface was as close as
possible to the T, X and ¢, experimental points.

Table 1. Values of T, X and &, for static and dynamic tests.

Static Dynamic
T X &p T X &p
Pos10 0.05 0.16 0.33 0.13 0.41 0.70
Pos30 0.10 0.38 0.46 0.26 0.71 0.83
RB 0.61 0.99 1.17 0.67 0.99 0.78
RNB 0.76 0.99 0.81 1.07 0.99 0.40

Fig. Saillustrates the dynamic and static fracture surfaces predicted by CC damage model, using
the JC as plasticity model. In addition, a two dimensional view of &, as a function of the T"along
curves at constant X has been reported (Fig. 5b).

The dynamic fracture surface showed a good match with the experimental points (Fig. 5b). It is
worth noting that the static-dynamic comparison suggests an increase in the ductility of the 17-
4PH as the strain rate is increased, overall. More in detail, the dynamic fracture surfaces were
slightly below the static fracture surfaces at high triaxialities (7 around 1), remaining higher for
medium and low triaxialities.
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Fig. 5. 3D (a) and 2D (b) views of 17-4PH fracture surfaces obtained under quasi-static and
dynamic conditions, with indications of the strain to fracture of the RB, RNB, Pos10 and Pos30
tests.

Summary

In this work, the possibility of adopting simple multiaxial specimens for material characterization
tests at high strain rates was investigated. The ductility of a 17-4PH steel alloy at high strain rates,
as estimated by a damage model proposed by one of the authors, was evaluated and compared with
the corresponding material behaviour under static conditions. Tensile specimens, such as round
bars and round notched bars, together with the simple multiaxial specimens, were used. The
dynamic experimental campaign was carried out by a direct split Hopkinson bar. The results
highlighted the differences in terms of static-dynamic ductility of 17-4PH, and showed the
suitability of the proposed approach to calibrate a ductile damage model at a high strain rate, using
a standard dynamic testing equipment.
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