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Abstract. The split Hopkinson shear bar (SHSB) test is a modification of the
high rate-impact test using a split Hopkinson pressure bar (SHPB). The SHSB
has been developed for a variety of techniques, for example, the hat-shaped
(circular or flat), double-notch, and punch (with or without notch) techniques.
The main purpose of this study was to compare these three techniques to
determine the shear stress-shear strain of aluminum alloy 2024-T351. The study
was conducted using the Abaqus/CAE® software. The circular hat-shaped and
punch (with and without notch) techniques used a quarter-section solid 3D
model. The flat hat-shaped and double-notch techniques used a half-section solid
3D model. This study successfully tested and compared the three SHSB
techniques, with a number of considerations, i.e. the same parameter values for
kinetic energy, shear area and shear angle. Each technique has its own
advantages and disadvantages in terms of force equilibrium, flow stress
fluctuation, constant strain rate, machine-ability, ease of experiment, etc. The
optimum technique among the three is the hat-shaped technique.
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1 Introduction

The split Hopkinson pressure bar (SHPB) is a testing device that is used to
generate the stress-strain curve of materials at high strain rates from 10° to 10*
s* [1]. The technique was named after Hopkinson’s family [2-4] for their
contribution to the pioneering of high-strain testing. It was developed further by
Davies [5], who used a parallel plate condenser for measuring the axial and
radial displacements of the free end of the bar. Kolsky [6] used two pressure
bars instead of one, with a specimen, such as polythene, natural and synthetic
rubbers, polymethylmethacrylate (PMMA), copper or lead, sandwiched in
between.

Since then, several major developments of the SHPB technique have been done.
One of the modifications of the SHPB technique is the split Hopkinson shear
bar (SHSB), which uses the same principles as the SHPB but a different load
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type, i.e. a shearing load. Shear deformation is a major deformation mode that
occurs in engineering applications, such as punching, grinding, machining, and
forming. In general, three types of shear testing methods have been developed,
i.e. the shear test with hat-shaped test [7-10], the punch test [11] and the double-
notch shear test [12-14]. Each has a different specimen geometry, shear area,
shear angle and pressure bar geometry. Figure 1 shows a schematic of these
three techniques, while Figure 2 shows the specimen geometry and shear area.
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Figure 1 Schematic of SHSB testing apparatus: (a) hat-shaped, (b) punch, and
(c) double-notch. All units in mm.

Testing on bulk material can be conducted using a circular hat-shaped (Figure
2(a)) or a flat hat-shaped specimen (Figure 2(b)). This will generate a more
concentrated shear stress on a narrow area. For material that cannot normally
experience localized shearing, the geometry of a hat-shaped specimen generates
shear stress until failure. Another benefit of using a hat-shaped specimen is the
simplicity of determining the specimen deformation, which is needed for further
data processing. However, when it comes to the post-mortem observation of the
specimen, a difficulty appears as there will be a sub-surface surrounding the shear
band, which makes it impossible to measure the temperature and local strain [8].

Another test for bulk material is the double-notch test (Figure 2(c)). The
specimen will likely receive shear stress during the test. A double-notched
specimen creates a very short gauge length, which will increase the maximum
strain rate that can be achieved. By using this specimen, a non-uniform stress
distribution will not be achieved in the first state of yielding and also it will not
create a pure shear state after the strain exceeds 20% [15]. To overcome the
non-uniform stress distribution, a set of clamping devices is commonly used,
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but this will generate another reflected wave so that the transmitted wave cannot
be processed further. Campbell and Ferguson have conducted a test on double-
notched mild steel that reached strain rates of up to 40,000 s™ [13].
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Figure 2 Geometry of specimens: (a) circular hat-shaped (C-HS), (b) flat hat-
shaped (F-HS), (c) double-notch (D-N), (d) punch without notch (P-nN), and (e)
punch with notch (P-N).

In the testing of sheet metal, the punch test (Figure 2(d)) is commonly used.
This test uses a solid input bar and a hollow output bar, where its inner diameter
is slightly larger than the diameter of the input bar. That clearance between the
input bar and the output bar acts as the additional parts of the previous
configuration.

The main difference between this specimen and a double-notched specimen is
the width of the shear area, called the shear band. By using the punch specimen,
the shear band becomes larger than the clearance between the pressure bars,
making it impossible to know the exact value of the shear band. A double-
notched specimen lets us define the shear band only by changing the
dimensions. In order to control the shear band, a new technique was developed
by modifying the punch test. A punch specimen with notch is used (Figure 2(¢))
instead of the former one (Figure 2(d)).
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This paper discusses five specimen geometries used in the SHSB test, i.e. (1)
circular hat-shaped (C-HS), (2) flat hat-shaped (F-HS), (3) double-notch (D-N),
(4) punch without notch (P-N), and (5) punch with notch (P-nN). These three
techniques (hat-shaped, double-notch and punch) may generate different test
results due to differences in pressure bar, specimen, shear geometry, etc.
Therefore, the main purpose of this study was to compare these three SHSB
techniques to determine the shear stress-shear strain of the specimen. An
aluminum alloy (2024-T351) was used as the material of the specimen that was
tested at a high strain rate. Aluminum was selected for its well-known
properties of strain rate insensitivity. The study was mainly conducted by a
numerical simulation. On the SHSB, the test should generate a pure shear state
such that the shear stress-shear strain curve can be extracted from the recorded
data.

2 Description of Split Hopkinson Shear Bar Technique

The apparatus of the split Hopkinson shear bar is similar to the split Hopkinson
pressure bar. It consists of four main components: striker bar, input bar,
specimen, and output bar. Figure 1 shows a schematic of the three techniques of
using the SHSB apparatus. Each technique has the same length of striker bar,
input bar, and output bar, but they are different in diameter. The dimensions are
specified in Table 1.

Table 1 Dimension specifications of the bars.

SHSB Techniques Outer Diameter Inside Diameter  Length

(Do, mm) (Di, mm) (L, mm)
Striker Bar (SB)
Hat-Shaped 14.50 - 300
Punch 6.18 - 300
Double-Notch 11.50 - 300
Input Bar (I1B)
Hat-Shaped 14.50 - 1200
Punch 6.18 - 1200
Double-Notch 11.50 - 1200
Output Bar (OB)
Hat-Shaped 14.50 - 1200
Punch 12.70 6.40 1200
Double-Notch 17.80 12.60 1200

2.1  Hat-shaped Test

The hat-shaped test can be categorized according to two geometries, i.e. a
circular geometry (Figure 2(a)) and a flat geometry (Figure 2(b)). Both
geometries have a specific shear area in which the adiabatic shearing is located
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[9,10]. Meanwhile, the pressure bar is made of a solid cylindrical bar with the
same diameter. The dimensions of the hat-shaped specimen that was used in this
study are listed in Table 2 and the geometry is shown in Figure 2(a) for the
circular hat-shaped specimen and in Figure 2(b) for the flat hat-shaped
specimen.

Table 2 Dimensions of hat-shaped specimen.

Dimension Symbol Value (mm)
Circular Hat-shaped Flat Hat-shaped

Outer diameter 1 OoD1 14.000 13.000
Outer diameter 2 OoD2 7.000 5.600
Inside diameter ID 7.200 6.000
Depth of ID D 8.000 8.000
Height of OD1 H 9.100 10.100
Total length of specimen L 14.000 14.000
Width w1 - 6.000
Bottom height H2 - 5.000

2.2 Double-notch Test

In the SHSB test with the double-notch technique, the input bar is a solid
cylinder and the output bar is a hollow cylinder/pipe. The specimen used in this
technique is a flat plate that has two pairs of notches that will be cut off to
create the geometry shown in Figure 2(c) and Table 3.

Table 3 Dimension of double-notched specimen.

Dimension Symbol  Value (mm)
Length of specimen L 17.000
Width of specimen W 4.800
Depth of specimen D 5.000

Inner length L1 11.500
Height of shear zone h 2.590

Clearance c 0.230

2.3 Punch Test

Similar to the double-notch technique, this test uses a solid cylinder for the
input bar and a hollow cylinder/pipe for the output bar. The inside diameter of
the output bar is slightly larger than the outside diameter of the input bar to
accommodate the shear deformation. In this paper, the author made two types of
punch specimens, i.e. a punch specimen without notch (Figure 2(d)) and a punch
specimen with notch (Figure 2(e)). The punch specimen with notch was made to
generate a stress concentration in a specific shear area. With this notch, the
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shear area is easier to define. The dimensions and geometry of the punch test
specimens are shown in Tabel 4 and Figure 2(d) (without notch) and 2(e) (with
notch).

Table 4 Dimension of punch specimen.

Dimension Symbol  Value (mm)
Outer diameter OoD1 12.700
Inside diameter ID 6.180
Height of shear zone h 1.260
Clearance c 0.110
Thickness of specimen T 5.000
3 Data Analysis and Calculation

Gray Il [16] presents the theory of one-dimensional stress wave propagation in
the Hopkinson bar.

This theory can be applied with assumptions such as: homogeneous and
isotropic bars; a uniform cross-sectional area and a straight neutral axis; the bar
being elastic during the test with no dispersion; the specimen undergoing
uniform deformation; a force equilibrium on the surface of the specimen in
contact with the input and output bars [17].

The strain waves (g;, &, and &;) were used to determine the equation of shear
stress (t), shear strain (y), and shear strain rate (y) of the specimen, which can
be expressed in 1-wave analysis as follows [17]:

EAigs cos@

T(f) = FHEER0 (1)
r@=2((1+2) e de— (1-2) e @
y(6) = j—g((l + e~ (1-%) si(t)> ©)

where, E is Young’s modulus of the bar, A;, A; and A; are the cross-section areas of
the input bar, the output bar and the specimen, respectively; &; and &; is the
incident and the transmitted strain wave, respectively; @is the shear angle, ¢, is the
longitudinal wave velocity in the bar = 5386 m/s, L is the length of the shear area.

The shear stress (t), shear strain (y), and shear strain rate (y) for each specimen
can be calculated using Egs. (1) to (3), respectively:



Results Comparison for Hat-shaped

Circular Hat-shaped specimen (Figure 2(a))
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Flat Hat-shaped specimen (Figure 2(b))
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Double-notch specimen (Figure 2(c))
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4 Numerical Simulation and Validation

Five numerical simulations were conducted to simulate the three SHSB
techniques using ABAQUS/CAE®, i.e. (1) circular hat-shaped specimen (C-
HS), (2) flat hat-shaped specimen (F-HS), (3) double-notch specimen (D-N), (4)
punch specimen without notch (P-nN), and (5) punch specimen with notch (P-
N).

4.1  Finite Element Modeling and Parameters

The modeling was conducted in a half or a quarter 3D solid model in order to
minimize the simulation time for the same result, for making a comparison to a
complete solid 3D model. Maraging steel material (AISI Grade 16Ni) was
applied for all bar components [17], and aluminum alloy 2024-T351 was
applied for all specimens, where the Johnson-Cook constitutive material model
was used [18].

Table 5 describes the mechanical properties of aluminum alloy 2024-T351,
while Table 6 describes the Johnson-Cook parameter for this material.

The same Kinetic energy (EK = %mV2 ) where, m and V are the mass and the

velocity of the striker bar, was applied to facilitate the same input parameters
for each technique. Since the mass of the striker bar was different for each
technique, the striker bar velocity had to be varied such that the input energy
was the same for each technique. For Kkinetic energy at about 7.337 Joule, the
initial striker bar velocities that should be given were 6.058 m/s (for the hat-
shaped test), 14.215 m/s (for the punch test), and 7.639 m/s (for the double-
notch test). The gap between the striker bar and the input bar was set to 0.1 mm
in order to minimize the total time of analysis.

The meshing of the bars was selected with an element size of approximately
2x2x2 mm. Meanwhile, a smaller element size of approximately 1x1x1 mm
was selected for the specimen. Hexagonal (C3D8R) element type was assigned
for both the bars and the specimen.

Table 5 Mechanical properties of AA 2024-T351 [18].

Material Properties Symbol Value  Unit
Density P 2770  kg/m®
Young’s modulus E 73.084 GPa
Shear modulus * G 27.481 GPa
Poisson ratio v 0.33 -

! Recalculated from E = 2xGx(1+ v)



Results Comparison for Hat-shaped 813

Table 6 Johnson-Cook parameter for AA 2024-T351 [18].

Material Properties Symbol Value Unit
(a) Strength parameters

Static yield limit A 265  MPa
Strain hardening modulus B 426  MPa
Strain hardening exponent n 0.34 -

Strain rate coefficient C 0.015 -
Thermal softening exponent m 1.0 -
Melting temperature T mett 775 °K
Transition temperature Trans 294 °K
(b) Damage Parameters
D, 0.13 -
D, 0.13 -
D; -1.5 -
D, 0.011 -
Ds 0 -
(c) Mie-Grunesien EOS Parameters
S; 1.338 -
S, 0
S; 0
Yo 2 .

A convergency test was conducted to study the effect of mesh size on the
generated results. The elements in the shear zone area were varied at 50 um, 30
um, 20 um, 15 um, and 10 um. The study was conducted using a circular hat-
shaped geometry (see Figure 3).

Shear Line = - Shear Line

Selected Node +" Selected Node

Shear Line

— : / Shear Line
+/ Selected Node Selected Node

Figure 3 Mesh size of (a) 50 um, (b) 30 um, (c) 20 um, (d) 15 pum.
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10um

Figure 3 Continued. Mesh size of (e) 10 um.

A comparison of shear, radial and axial stresses at the selected node (see Figure
3) in the mid-length of the shear line for various mesh sizes is shown in Figure
4. 1t shows that the shear stress for all mesh sizes was the same, while its values
varied for radial and axial stresses. Thus, an element size of 20 um was used for

the shear area to generate the convergence results.
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Figure 4 Comparison of shear, radial, and axial stresses for varied mesh sizes.
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4.2 Validation of the Finite Element Model

Validation of the finite element model was conducted to determine the right
selection of the parameters, the boundary conditions and the loading conditions
in the numerical simulation. The validation was conducted by comparing the
value of the numerical simulation with: (i) a theoretical value and (ii)
experimental data.

The first step of validation was conducted to check whether the finite element
model can simulate the elastic wave propagation in the bar or not. It was
conducted by comparing the amplitude of the incident wave from the theoretical
value with the value from the numerical simulation. The validation utilized the
theory of one-dimensional waves ranging from momentum to momentum due to
the impact of the striker bar. The amplitude of the strain wave, &, propagated in
the input bar due to a solid bar impact was then calculated as:
|4

&= Z (21)
Figure 5(a) shows the incident wave generated from the element in the
numerical simulation. The simulation was conducted using a bar diameter of
14.5 mm with the striker bar velocity at 10.915 m/s (the same value as in the
experimental data). Based on the simulation, the average value for the incident
wave was 1015 pe. The theoretical value of the incident wave was then
calculated using Eqg. 21 with V = 10.915 m/s and ¢, = 5386 m/s, which yielded
1013 ue. The difference between the numerical simulation and the theoretical
value was less than 1%. Furthermore, the elastic wave propagation was also
represented well in the strain wave (sinusoidal fluctuation).
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Figure 5 Validation using: (a) theoretical value, (b) experimental data.

The second validation was conducted to check whether the model could
represent the plastic deformation in the specimen or not. It was conducted by
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comparing the numerical simulation result with the experimental result. The
experiment was conducted at Swinburne University of Technology, Australia. A
pressure bar diameter of 14.5 mm was used. The bar was made of maraging
steel. The specimen used in the experiment was hat-shaped. The striker bar
velocity was 10.915 m/s. More details with regard to the experimental setup can
be found in References [17] and [19].

Meanwhile, the numerical simulation parameters were set the same as the
experimental ones, i.e. the same number of components and their dimensions,
the same mechanical properties of the bar and specimen, the same striker bar
velocity, etc. The strain signals (g;, &, and &;) were generated from a selected
element where the strain gauge was located in the experiment. These signals
were then processed using Egs. 1-7 to generate the stress-strain curve. A
comparison of the stress-strain curves from the numerical simulation and the
experimental result are shown in Figure 5(b). The average flow stress in the
experiment was 495.2 MPa, while in the numerical simulation it was 478.3
MPa. The difference was 3.4%. This validation shows that the developed model
could represent the plastic deformation in the specimen quite well.

Both validations gave a difference of less than 4%. The elastic wave
propagation in the bar and the plastic deformation of the specimen could be
reproduced well by the model. Therefore, it can be concluded that the correct
parameters had been assigned in the modeling and that the model can be used
for other parametric studies of the SHSB.

5 Results and Discussion

The finite element models were developed for three SHSB techniques, i.e. hat-
shaped, double-notched, and punch tests. Five specimen geometries, i.e. circular
hat-shaped (C-HS), flat hat-shaped (F-HS), double-notch (D-N), punch without
notch (P-nN), and punch with notch (P-N), were studied. For comparable
results, the specimens should have the same shear area (+ 25 mm?) and shear
angle (= 5 deg) as described in Table 7. The geometry of the specimens was set
such that it may compensate £1 mm in the manufacturing process.

Table 7 Shear area and angle for four types of specimens.

Specimen Geometry Shear Area, mm’ Shear Angle, deg
Circular Hat-Shaped (C-HS) 24.64 5.19
Flat Hat-Shaped (F-HS) 25.31 5.44
Double-Notch (D-N) 24.99 4.99
Punch w/o notch (P-nN) 24.99 4.99

Punch w/ notch (P-N) 24.96 5.07




Data analysis and processing were conducted similar to those in the experiment.
e incident, reflected and transmitted waves (g;, &, and &;) were taken from
the element where the strain gauges were located. Those three waves then
should be placed in the same time windows using Lifshitz and Leber’s method
[20] (see Figure 6(a) for an example of the three waves taken from C-HS
testing). The shear stress-time, shear strain-time and shear strain rate-time

Th
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relation were calculated using the formulas given in Egs. (1) to (20).
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Figure 6 (a) Example of incident, reflected and transmitted waves from C-HS
testing. Force equilibrium conditions for: (b) C-HS, (c) F-HS, (d) D-N, (e) P-nN
and (f) P-N testing.
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The force equilibrium was checked to ensure that the equilibrium assumption
was fulfilled (see Figures 6(b) to 6(f)). The average percentage of discrepancy
between F; and F, was calculated as [21]:
nF1i—Fai
Fai

AF,,(ave) = £ —

n

X 100% (22)

The force equilibrium for each test is tabulated in Table 8. These results show that
the punch test generated a less fluctuating force equilibrium (4F¢(ave) in the range
of +1.37% to +1.67%) compared to the other techniques. This means that during
the test, the punch specimen received an equivalent magnitude of force between
the force at the input bar-specimen interface and the specimen-output bar interface.
Thus, the validity of the test was confirmed. For the other techniques, the force
equilibrium was achieved after 3-4 reverberations like in the regular SHPB test.
The maximum force equilibrium discrepancy was +7.71%, which is acceptable
[22]. Thus, the generated data can be used to generate further shear stress-shear
strain curves.

Table 8 Numerical simulation results comparison.

Shear Strain  Average Shear Average Shear

SHSB AF(ave) Final Shear

Rate Grad. Strain Rate Flow Stress

Tech. (%) (S.z) (s'l) Strain (%) (MPa)
C-HS 7.71 -33.3 33,087 4.48 336.5
F-HS 7.42 -18.2 17,963 2.42 313.2
D-N 5.40 -24.5 18,544 2.44 275.9
P-nN 1.65 -96.7 35,613 5.08 308.6
P-N 1.37 -93.6 24,378 3.61 365.6

Table 8 shows a comparison of shear strain rate gradient, average shear strain
rate, final shear strain and average shear stress for a strain range from 1 to 2
mm/mm. A smaller value of the strain rate gradient (see Figure 7) means that
the specimen received a more constant strain rate during the test, which is
desired. Thus, the F-HS specimen is the best option.

In terms of strain rates, the P-N and C-HS specimens generated the highest
magnitude among the techniques, i.e. approximately 35,000 s™. Since aluminum
is known for its strain rate insensitivity, the flow stress should not be influenced
by the magnitude of the strain rate during the test. Thus, we can ignore the
strain rate effects.

Figure 8 shows the shear stress-shear strain curves generated from the
numerical simulations. It can be seen than even though the five specimens were
maintained at a similar shear area (+25 mm?) and a shear angle (£5°), they
generated different flow shear stresses (in a range of 275 to 365 MPa). The D-N
specimen generated the lowest flow stress (275 MPa).
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In this first study, the shear angle was set to +5° so that the shear stress to be
measured was dominant, even though there is evidence that the radial and axial
stresses still exist (see Figure 4). Based on the results of this study, the flow

stresses are very sensitive to the geometry of the specimen.

The closest results in the material characterization using SHSB were produced
by the hat-shaped (C-HS and F-HS) and the P-N technique. The hat-shaped
technique should be selected if a stable strain rate is desired and the punch with
notch technique should be selected if a more accurate force equilibrium is

required.
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Figure 7 Example of shear strain rate curve for: (a) C-HS and (b) P-N.
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Figure 8 Shear stress-shear strain curve for three SHSB techniques.
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In terms of ease of conducting the experiment, the order from the easiest to the
hardest one is: hat-shaped (circular or flat), double notch, punch with notch, and
punch without notch. The double-notch and punch techniques use a hollow
output bar, where the availability and machinability of the bars are limited.
Moreover, the inner diameter of the output bar should be changed for different
shear angles, meaning that the test should use a different output bar. The hardest
test is when conducting the punch without notch specimen. The exact value of
the shear band cannot be determined, and the shear angle can only be predicted
from the gap between the outside diameter of the input bar and the inside
diameter of the output bar. Meanwhile, for the hat-shaped (circular or flat)
technique, a regular SHPB testing (solid input and output bars) can be used.
Different shear angles can be directly tested without changing the setting of the
pressure bar. The apparatus can also be used for a compression test as in classic
the SHPB test. A solid bar with a ratio of L/D > 100 is also easier to machine,
compared to a hollow one.

In terms of the machinability of the specimen, the order from the easiest to the
hardest is: punch without notch, circular hat-shaped, flat hat-shaped, double-
notch, and punch with notch. The last two geometries are quite hard to
manufacture for small shear angles.

This initial study showed that each technique has its own advantages and
disadvantages and that they generate different shear stress-shear strain curves,
which is not desirable. This study was conducted only for a shear angle of £5°;
therefore, more deep analysis will be conducted in the future for different sets of
shear area and shear angle in order to study the effect of specimen geometries
and techniques in the SHSB test results.

6 Conclusions

Numerical simulations were successfully conducted to simulate three split
Hopkinson shear bar techniques, i.e. hat-shaped, double-notch, and punch. The
validation showed that the developed models were able to reproduce both the
elastic wave propagation in the bar and the plastic deformation of the specimen;
thus, they can be used for further comparison studies of SHSB techniques. The
validity of the test was checked by comparing the force equilibrium condition
for each test, where all tests satisfied the assumption of a valid SHPB test. The
maximum force equilibrium discrepancy was +7.71%, which is acceptable.

This study successfully tested and compared three SHSB techniques with a
number of considerations, i.e. the same parameter values for kinetic energy
(7.337 Joule), shear area (+25 m?) and shear angle (+5°). From the numerical
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simulation results, the average shear flow stress was in the range of 275.9 to
365.6 MPa. The final shear strain was in the range of 2.42 to 5.08 mm/mm. The
average strain rate was in the range of 17,963 to 35,613 s™. The force
equilibrium discrepancy was in the range of £1.37 to £7.71 %, and the shear
strain rate gradient was in the range of 18.2 to 96.7 s.

The results show that different techniques generate different shear stress-shear
strain curves, which is not desirable. Based on the smallest force error and strain
rate gradient, the hat-shaped technique can be chosen if a stable strain rate is
desired, while the punch with notch technique can be selected if a more accurate
force equilibrium is required. However, other factors such as the machinability
of the bar and specimen, and the ease of conducting the experiment also need to
be considered. As the optimum option considering all factors, the authors
recommend the hat-shaped technique (either circular or flat) for experimentally
studying the effect of shear angle on an SHSB specimen.
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