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ABSTRACT

A jig set was designed to convert compressive stress into tensile stress in a specialized dumbbell-shaped
tensile specimen during a split Hopkinson pressure bar (SHPB) test. This setup intended to artificially
induce necking during the SHPB test. The functionality of the aforementioned setup, made of 4340
steel, has been investigated using explicit finite element analysis. Two types of dumbbell-shaped
specimens were examined: one with a uniform diameter in the tension-receiving section and the other
with a reduced central diameter compared to the diameters at its ends. In the case of the uniform
diameter specimen, no significant necking occurred until the first pulse passed through it. Conversely,
necking occurred in the specimen with the reduced central diameter during the first pulse duration,
resulting in higher strain rates, strains and temperatures in the neck region, confirming the effectiveness
of the proposed CTC structure. Therefore, if the specimen’s constitutive parameters are inversely
identified by tracking the bar signals derived from the necking specimen, these parameters are expected
to accurately predict the material’s deformation behaviour up to higher strain rates, strains and
temperatures, in contrast to the parameter set determined from the specimen that did not experience
necking.

Keywords: constitutive model calibration, inverse parameter identification, Considére criterion.

1 INTRODUCTION

Two representative variants of split Hopkinson bars (SHB), specifically the split Hopkinson
pressure bar (SHPB) [1]-[14] and the split Hopkinson tension bar (SHTB) [15]-[22], are
utilized to measure the stress—strain and strain rate—strain curves of various materials at high
strain rates, typically ranging from 100 to 10,000 s*. These curves, along with those obtained
at quasistatic strain rates [23], [24], are crucial for calibrating a strain-rate-dependent
constitutive model [25]-[27], which is essential for simulating the dynamic deformation
behaviour of materials and their structures [28], [29].

The constitutive models have conventionally been calibrated using nonlinear curve fitting
of various stress—strain curves measured across a range of strain rates and temperatures. This
process presents challenges due to experimental uncertainties and associated costs
particularly at high temperatures. Alternatively, calibration can be accomplished by
replicating the measured bar signals through repeated simulations until the simulated signals
closely align with the measured counterparts, thereby enabling the inverse identification of
constitutive parameters from the consistency of the measured and simulated bar signals [30]-
[33]. While the simulation-based inverse identification method for the constitutive model is
considered both accurate and cost-effective [32], [33], it requires precise calibration of the
bar properties, including elastic modulus, Poisson’s ratio, and density, before they are input
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into the simulation. This requirement can be fulfilled by utilizing either the one-dimensional
(1D) method [7], [8] or the three-dimensional (3D) method [9], [10].

According to the rationale outlined in Shin et al. [32] and Cho et al. [33], the combination
of a compression-to-tension converting (CTC) specimen structure, the SHPB test, and the
inverse parameter identification method allows for the benefits of both the SHPB and the
SHTB tests to be achieved while mitigating their respective drawbacks. Three key advantages,
among others, are as follows: First, the equivalent stress—equivalent plastic strain curve at a
quasi-static strain rate, can be obtained suitably even for materials that exhibit necking
through standard tensile tests [23], [24]. This curve is crucial for quantifying strain rate
dependency by comparing it with the results from SHB tests. Second, the nature of SHPB
signals [9], [10], [33], which can be simulated, can be exploited, while SHTB signals are
rarely simulated due to the complexities involved in the pulse generation process. Third, the
plastically deforming region in the CTC structure is located away from the contact surfaces
between the CTC structure and the bars, thereby minimizing the influence of friction on the
measured properties [33], [34], particularly the determined constitutive parameters.

Based on the rationale outlined above, we recently calibrated a constitutive model for
high-strength steel using a CTC specimen structure, as illustrated in Fig. 1 [32], [33], referred
to as the Type | CTC structure. This method involved conducting repeated simulations of the
experimentally measured bar signals derived from the CTC specimen structure until the
simulated signals closely matched their experimental counterparts.

TB

Figure 1:  Type | compression-to-tension (CTC) structure. i represents the contact surface
to the incident bar (IB) and t denotes that to the transmitted bar (TB).

If necking occurs in a CTC structure during the SHPB test, the strain rate, strain, and
temperature in the necked region increase significantly [32], [33]. Consequently, if the
constitutive parameters are identified by inversely tracking the bar signals derived from the
necking CTC structure, these identified parameters will accurately simulate the deformation
behaviour of the materials and structures up to higher strain rates, strains, and temperatures.
Therefore, achieving necking in a CTC structure is essential.

According to the Considere criterion [35], necking occurs when the strain hardening slope
(do./de;) equals or falls below the flow stress (o;): do;/de; < a;, where g, represents the
true stress and ¢, signifies the true strain. This equation exclusively considers the properties
of a homogeneous material with ideal geometry. However, in the presence of material
inhomogeneity or geometric imperfections, these factors can act as local stress concentration
sources, leading to necking even if the Considére criterion has not yet been satisfied.

For a homogeneous material with ideal geometry, necking is less likely to occur in
materials that exhibit significant strain-hardening behaviour, such as AISI 4340 steel and
oxygen-free high-conductivity copper. However, if a geometric flaw is artificially introduced
into a CTC structure, it can promote necking in these materials. Introducing a geometric
imperfection into the central column, which experiences tensile stress in the Type | CTC
structure (see Fig. 1), poses challenges. This requirement limits the applicability of this
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structure for materials with a high strain-hardening slope, as it is challenging to induce
necking during the SHPB test, particularly during the first stress pulse duration.

In the context presented above, we introduce an alternative CTC specimen structure,
referred to as the Type Il CTC structure, as illustrated in Fig. 2. The most distinctive feature
of this structure, compared to Type |, is its ability to artificially introduce a geometric
imperfection in the tension-receiving section of the dumbbell-shaped specimen by reducing
the central diameter relative to the diameters at its ends. This modification is expected to
facilitate artificial necking during SHPB tests, significantly enhancing strain, strain rate, and
temperature. The objective of this paper is to numerically verify the capability of inducing
necking in the Type Il CTC structure during the first pulse duration in SHPB tests, with
increased strain rates, strains, and temperatures.

(a) (b)

(d) (¢)

Figure 2:  Type Il CTC structure. Views of the jig from: (a) the incident bar; and (b) the
transmitted bar. (c) Dumbbell-shaped specimen; (d) Assembly of the CTC
structure; (e) CTC structure sandwiched between the bars; and (f) Cross-
sectional view of the CTC structure and the bars. The symbols i, t, IB, and TB
have the same meanings as those in Fig. 1.

2 NUMERICAL ANALYSIS

A general-purpose finite element (FE) software, ABAQUS Explicit [36], was employed
as the solver. The lengths of the striker, incident bar, and transmitted bar were 300 mm,
2,000 mm, and 944 mm, respectively, while the diameter of the formers was 19.05 mm. One
quarter of the geometry was modelled with appropriate boundary conditions, taking into
account the symmetry of the model. The FE models for two dumbbell-shaped specimens
are illustrated in Fig. 3: one with d = d, = 3.5 mm, and the other with d= 3.5 mm and
d. = 3.0 mm. Here, d represents the end diameter of the tension-receiving section and d..
denotes its central diameter. The length of the CTC assembly is 30 mm.

177

T

Figure 3:  FE models of Type Il CTC structures: (a) with d = d,. = 3.5 mm; and (b) with
d =3.5mmand d. = 3.0 mm, for the dumbbell-shaped specimen.
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Eight-node linear brick elements (C3D8R) were employed to discretize the model space.
The mesh sizes of the bar and the portion receiving tension were established through
separately conducted mesh size sensitivity test in our previous studies [9], [33]. The initial
velocity of the striker, which was initially separated by 0.1 mm from the incident bar, was
15 m/s. A master-slave contact algorithm was applied to all contacting surfaces. A Coulomb
friction coefficient of 0.1 was applied to both the surfaces in contact with the CTC structure
and the internal surfaces of the CTC structure [33].

Maraging steel was considered for the striker and incident bar, while AA 6061-T6 for the
transmitted bar. The density, elastic modulus, and Poisson’s ratio of Maraging steel are
8,058.9 kg/m®, 169.99 GPa and 0.3356, respectively. These values were determined by
referencing the authors’ calibration results [7]-[10]. The corresponding properties for AA
6061-T6 are 2,700 kg/m?, 68.9 GPa and 0.33, respectively [37].

AISI 4340 steel was selected as the material for the CTC structure, which comprises the
jig and the dumbbell-shaped specimen. Its properties are as follows: a density of 7,830 kg/m?,
an elastic modulus of 200 GPa, a Poisson’s ratio of 0.29 and a specific heat capacity of
477 JIkgK. The plastic deformation behaviour is described using the Johnson—-Cook
model [26]:

o=[A+Be"|[1+Clne* ][1—-T"™] Q)

where o represents the equivalent stress, € denotes the equivalent plastic strain, ¢ indicates
the rate of equivalent plastic strain, and T stands for the current temperature; &, is the
reference strain rate and T,..f is the reference temperature; £ = é/é, and T = (T,,, — T)/
(Tm - Tref); A, B, n, C, m, and T, are material constants. The inelastic heat fraction (IHF)
was set to one as the configuration variable based on the rationale presented in our previous
study [33]. The material parameters used for the simulation are [26]: A = 792 MPa, B = 510
MPa, n = 0.26, C = 0.014, m = 1.03, and T,,,=1,793 K (T,..s= 298 K, £,=1s*, and IHF = 1).

3 RESULTS AND DISCUSSION
3.1 Bar signals

The strain signals monitored on the surfaces of the incident and transmitted bars, positioned
1,000 mm and 100 mm from the CTC specimen structure, are illustrated in Fig. 4. This figure
presents data for two types of dumbbell-shaped specimens: one with d = d,. = 3.5 mm and
the other with d = 3.5 mm and d. = 3.0 mm. While the incident bar signals exhibit relatively
minor differences between the two specimen types, the transmitted bar signals demonstrate
significant variation. Notably, the magnitudes of all pulses in the incident bar exceed 1,000
ustrain, whereas those in the transmitted bar are approximately 600 pstrain or higher. Since
these magnitudes are routinely measured using a metal foil strain gauge in an SHPB
experiment, the strain signals derived from the proposed CTC structure can be utilized for
the inverse parameter identification of AISI 4340 material. Cho et al. [33] illustrates the
sensitivity of the bar signals, particularly the transmitted pulse, to the constitutive parameters
of a CTC structure (Type I). This sensitivity was also observed in a separate trial conducted
for this study (results not shown). Such sensitivity forms the basis for inverse parameter
identification by tracking the bar signals.
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Figure 4:  Strain signals on the (a) incident; and (b) transmitted bars during the numerical
experiments for the two types of specimens: d =d.=3.5mmandd = 3.5 mm

with d, = 3.0 mm.

3.2 Deformed shapes

The distorted shapes of the two types of CTC structures, along with their equivalent stress
contours at 525 us, are illustrated in Fig. 5. At this point, the dumbbell-shaped specimen with
a uniform diameter in the tension-receiving section (Fig. 5(a)) shows no significant necking
due to the highly strain-hardening nature of AISI 4340 steel. In contrast, the specimen with
a reduced central diameter (Fig. 5(b)) exhibits notable necking. This observation confirms
the effectiveness of the proposed CTC structure, which is designed to artificially induce
necking during the SHPB test, particularly during the first pulse duration.

+1.770e-22

Figure 5:  Deformed shapes of the two types of specimens at 525 us: (a) d = d, = 3.5 mm;
and (b) d = 3.5 mm with d. = 3.0 mm. The numbers in the legend are expressed

in pascals (Pa).
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3.3 Strain, strain rate and temperature

The time history of equivalent plastic strain, its time derivative (strain rate), and temperature
were also extracted from the central portion of two types of dumbbell-shaped specimens.
The results are illustrated in Fig. 6. The specimen exhibiting no apparent necking (d = d, =
3.5 mm) demonstrates a maximum strain rate of approximately 4,100 s%, a strain of 0.33,
and a temperature of 395 K. In contrast, the specimen exhibiting apparent necking (d =
3.5 mm; d. = 3.0 mm) experienced a maximum strain rate of approximately 15,000 s%, a
strain of 1.55, and a temperature of 784 K. This observation confirms the effectiveness of the
proposed Type Il CTC structure. If the constitutive parameters are identified inversely by
tracking the bar signals derived from the proposed jig and the dumbbell-shaped specimen
with a reduced central diameter, the determined parameters are reliable at least up to the
specified strain rate, strain, and temperature. This limit is significantly higher than what can
be achieved when identifying parameters using signals derived from a specimen that does
not exhibit necking. Our future studies will involve inducing fractures in the neck during the
first pulse duration to calibrate a fracture model that is dependent on stress state, strain rate
and temperature.
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Figure 6: (a) Strain rate; (b) Strain; and (c) Temperature of the dumbbell-shaped
specimens: d =d, =3.5mmand d = 3.5 mm with d, = 3.0 mm.

4 CONCLUSION
A jig set and a specialized dumbbell-shaped specimen were designed for compression-to-
tension conversion (CTC) during a split Hopkinson pressure bar (SHPB) test, referred to as
the Type Il CTC structure. The most distinctive feature of this structure, compared to the
Type | CTC structure, is its ability to artificially induce necking. The capabilities of the two
types of dumbbell-shaped specimens were investigated using explicit finite element analysis:
one with a uniform diameter in the tension-receiving section and the other with a reduced
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central diameter compared to the diameters at its ends. AlISI 4340 steel was selected as the
material for both the jig set and the specimen.

When the uniform diameter specimen was subjected to the SHPB test, no significant
necking occurred until the first stress pulse passed through it. The specimen experienced a
strain rate of approximately 4,100 s, a strain of 0.33, and a temperature of 395 K. In contrast,
necking was observed in the specimen with the reduced central diameter during the duration
of the first pulse. This specimen experienced a strain rate of approximately 15,000 s%, a strain
of 1.55, and a temperature of 784 K. This outcome confirms the effectiveness of the proposed
Type Il CTC structure. Therefore, it can be concluded that if the specimen’s constitutive
parameters are inversely identified by tracking the bar signals derived from the necking
specimen through repeated simulations, these parameters are expected to accurately predict
the material’s deformation behaviour up to higher strain rates, strains, and temperatures.
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