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Abstract: The effect of using a pulse shaper technique, such as rounding a striker or applying a pulse
shaper on the signals recorded with the split Hopkinson pressure bar (SHPB) technique, when the
striker and the input bar are in an imperfect position, was investigated. Two of the most common
cases have been analyzed: an offset of the symmetry axes of the striker and the input bar; and an
inclination angle between the striker and the input bar. LS-Dyna software was used to examine
this problem numerically. The inclination angle imperfection has a significant impact on signal
disturbances, whereas the use of a rounded striker significantly affects the limitation of the vibration
flexural modes. In all considered cases, a slight imperfection causes a reduction in the high-frequency
Pochhammer—Chree oscillations.
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1. Introduction

The split Hopkinson pressure bar (SHPB) technique is currently the most popular measurement
technique for the determination of material properties at a high-strain rate [1].

The SHPB method is applicable when a specimen is deformed nearly uniformly at a constant
strain rate under dynamically equilibrated stresses, and the propagation of the elastic waves through
the input and output bars is described by one-dimensional wave theory [1]. The nearly uniform
sample deformation at a constant strain rate under dynamically equilibrated stresses is realized by:
a pulse-shaping technique [2,3], the conical (tapered) strikers method [4—6], or a three-bar technique
with a dummy specimen [7]. The pulse-shaping technique and the three-bar technique with a dummy
specimen usually cause minor changes in the incident wave, which are limited to increasing the rise and
the fall time [8,9], and damping the Pochhammer-Chree high-frequency oscillations [10,11]. However,
ensuring the system behavior in accordance with one-dimensional wave theory is possible only by
a proper axisymmetric arrangement of the experimental set-up. The non-axisymmetric position of
the bars and the striker in the SHPB arrangement results in disturbances in the useful signals that are
propagating in the bars and measured by strain gauges.

Based on numerical analyses, Kariem et al. showed that the resulting signal disturbances in the
Hopkinson split bar method are caused by flexural modes of vibration from an imperfect condition
in the SHPB experimental set-up [12]. The flexural modes of vibration create a three-dimensional
pulse propagation that is inconsistent with the previously described requirements of the SHPB method.
The results of the numerical investigations were confirmed experimentally by Wu et al. using the
photonic Doppler velocimetry (PDV) technique [13]. They suggest using a quarter-Wheatstone bridge
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to measure deformations in the SHPB technique, which allows for easy detection of signal disorders.
However, in practice [14], it was shown that the disturbance of the measurement signals caused by
imperfections in the SHPB arrangement is dependent on the relative position of the imperfection
(signal disruption) and strain gauges with respect to the symmetry axis of the bars and the striker.
Disorder of the measurement signals is the highest when a relative position of these components
coincides (Figure 1 strain gauge position 1), while the disorder of the signals is the lowest when the
relative position differs by 90° (Figure 1, strain gauge position 2). The influence of the imperfection is
particularly visible in the reflected signal. To evaluate the proper axisymmetric arrangement of the
experimental set-up, at least two gauges should be used in a quarter-Wheatstone arrangement placed
on the bar at an angle of 90° to each.
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Figure 1. Disturbances of wave signals (a) depending on the relative position of the pulse shaper and
the strain gauges (b) [14].

The goal of this work is to demonstrate the effect of using a pulse shaper technique, such as
rounding a striker or applying a pulse shaper on the signals recorded in the SHPB technique, when the
striker and the input bar are in an imperfect position. Two of the most common cases, which can only
be limited but not eliminated, have been analyzed. The first case consists of an offset of the symmetry
axes of the striker and the input bar by a value of  (Figure 2a). In the second case, the striker hits the
input bar at an inclination angle, o (Figure 2b). To achieve the goal of this work, the author carried out
numerical analyses using the commercial finite element method (FEM) software LS-Dyna [15].

a) striker 8* input bar

Figure 2. Striker and bar misalignment; neutral axis offset 5 (a), striker hitting the input bar at inclination
angle « (b), (a), and (c) with use of the pulse shaper; (b,d)—with rounded striker.
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2. Split Hopkinson Pressure Bar Theory

The SHPB set-up usually consists of a striker and two long bars, called an input bar and an
output bar, with the same diameter and material (typically a high-strength material such as maraging
steel) (Figure 3). A material sample is placed between the bars, and it is loaded by a stress impulse
generated by the striker impact on the front surface of the input bar. This generates a trapezoidal
stress impulse (incident wave), which travels through the impacted bar. When the elastic wave reaches
the specimen, due to the mismatch of mechanical impedances between the bar and the specimen
material, part of the incident wave is reflected back (reflected wave), and the rest of the incident wave
is transmitted through the specimen. It compresses the specimen at high rates, and the rest of the wave
travels to the output bar as a transmitted wave. The incident and the reflected signals are recorded
by the strain gauges, which are fastened on the input bar, and the transmitted signals are recorded
by the strain gauges located on the output bar. The information about the dynamic behavior of the
sample is included in the incident, reflected, and transmitted signals. Time-resolved engineering stress,
strain rate, and strain in the specimen are defined by the following equations [1]:

ot) = 5aEler(t) + er(t) +ex(t) 1)
£(t) = z—jm(t)—eR(t)—eT(tn b3
t
(t) :2—05 le1(7) = er (1) — e(T))dr 3)
0

where A and L; are the initial cross-section area and length of the specimen, respectively; ¢y, E, and A
are the sound velocity, Young’s modulus, and bar initial cross-section, respectively; &(t) is the strain
signal sensed by strain gauges; and the I, R, and T subscripts denote incident, reflected, and transmitted
pulses, respectively.

incident m
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strike\r/_, input bar \strain gauges output bar \strain gauges

Figure 3. Split Hopkinson pressure bar (SHPB) set-up with strain gauges position and recorded signals.

The strain acceleration, which is the effect of a non-constant strain rate, can produce additional
axial stress and radial stress in the specimen [16-19]. The inertia and friction effects in the form of
overstress are given by [14]:

C poep od?|(1\ 32 .y, 30d
Ao(t) = TN AT [(ls) T (& +&)+ il 4)

where ds and s are the current diameter and length of the specimen, respectively, u is the friction
coefficient, and oeyp is the measured specimen stress. According to Equation (4), an assurance of
a constant strain rate in the measuring range, the choice of the initial sample length and diameter
leading to Is/ds = v/3/4, and lubrication contacts between the specimen and bars cause the overstress
to reach a minimum. Davis and Hunter’s study shows that a sample length-to-diameter ratio should

be Is/ds ~ V3v/4[20].
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3. Methodology of Numerical Investigations

To determine the effect of imperfections, shown in Figure 2, on the signal disturbances measured
in SHPB experiments when a pulse-shaping technique was used, a 3D finite element model was built.
A finite element model of the SHPB arrangement used in the numerical analyses corresponded to the
experimental set-up presented in Paper 14. The model contains not only all important components of
the arrangement (Figure 4), i.e., bars, sample, striker, but also a pulse shaper, slide bearings, and a barrel.

25 300 300 150

>strain gauges A@12.05
h 4

slide bearing
[ | ||

Figure 4. A schematic diagram of the SHPB set-up used in the numerical analysis.

The bars and the striker, which work within an elastic limit, are described by eight-node solid
elements with single-point integration. Through numerical experiments, the size of the finite elements
describing the bars and the striker was chosen such that they allow a very good mapping of not only
the amplitude and duration of the propagating pulses but also the rise and fall time of the pulses and
the Pochhammer—Chree high-frequency oscillations. The number of elements in the cross-section was
316, and the average dimension of the elements was 0.3 mm. In total, each of the bars is described by
more than 2 M nodes and approximately 1.9 M elements, and the striker is modeled by more than
300,000 nodes and 280,000 elements.

Due to the large deformation of the specimen, and particularly the shaper, fully integrated solid
elements were used with element formulations applicable to poor aspect ratios and an accurate
formulation [15]. The specimen is described by more than 3000 nodes and 2100 elements (91 elements
in the cross-section). In turn, the shaper is described by more than 14,000 nodes and 10,700 elements
(1380 elements in the cross-section). The deformation of the specimen and the shaper occurs along the
bar axis; therefore, the size of the elements in this direction is larger at 0.05 mm, compared to 0.04 mm,
which is the average size of the elements in the shaper cross-section. The full FEM included more than
4.4 million nodes and 4.1 million hexahedral elements.

The use of symmetry of the analyzed SHPB set-up shortened the computational time,
while maintaining the appropriately sized element without deteriorating the accuracy of the analyses.

Between the interacting surfaces, contact was defined based on a contact-impact algorithm,
the parameters of which were established based on the author’s previous work [21]. A segment-to-
segment method, namely the mortar method, was used to describe the contact between the surfaces.
This approach is based on the projection of integration points onto the master segment with a penalty
regularization of contact tractions [22,23]. For the mortar method, the contact constraints are fulfilled
in a weak way. It shows the optimal convergence behavior when compared to the node-to-segment
methods. This type of contact even allows for an accurate analysis of phenomena in which interacting
parts are described by finite elements with significantly different sizes [24-26].

Additionally, Coulomb’s law was used to predict the friction between the interacting surfaces.
The friction coefficient was equal to 0.06, which corresponds to greased surfaces [27].
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The bars, striker, barrel, and slide bearings were given elastic material properties of maraging
steel: Young’s modulus Eg = 207 GPa, Poisson’s ratio v = 0.3, and density p = 7800 kg/m3 [28]. In this
papet, the Johnson-Cook (JC) constitutive model [29] was applied to the sample and the pulse shaper:

Oflow = (A + BSZ)(l + Cln"g*)(l —Tm), )
" T-T
T = —Tm — ]Cr’

where &' = ¢/ &o is the normalized strain rate, T is the homologous temperature, T is the specimen
temperature, T, is the melting temperature of the specimen, T} is the room temperature, ¢ is the strain
rate, £ is the referenced strain rate usually equal to 1571, ¢, is the plastic strain, and the five material
constants are A, B, n, C, m. The constitutive relation was complemented by the hydrodynamic equation
of state in the Gruneisen form [15]:

2 2
pocou|1+ (1=yo/2)u—a/2u
p = o ] 5+ (yo+ap)Ey, 120, ©)
1= (S1=Dp=Spp?/(u+1) = S3p®/(p +1)

p = pocgp + (yo+au)Ey, <0, )

where 1 = p/po—1, p is the density, p is the initial density, y is the initial value of Gruneisen
gamma, a is the coefficient of the volume dependence of gamma, S1—S3 are the Hugoniot coefficients,
and Ey is the energy per volume. The material constants to determine the behavior of the semi-hard
copper pulse shaper, with a diameter of 3 mm and thickness of 0.2 mm, and the 5 X 5 mm samples
made from Ti-6Al-4V, were taken from the literature [30-32] and are shown in Tables 1-3.

Table 1. Material constants of copper and Ti-6Al-4V [31,32].

Physical Parameters Cu  Ti-6Al-4V 3

p [kg/m3] 8940 4430
E [GPa] 100 114
v [] 0.31 0.3

T [K] 1338 1953
cp /(kg K)] 385 546

Table 2. Johnson—Cook (JC) constants of copper and Ti-6Al-4V [31,32].

JC Constants Cu  Ti-6Al-4V 3

A [MPa] 99.7 862.5

B [MPa] 262.8 331.2
v [-] 0.23 0.34
Cl-] 0.029 0.012
m [-] 0.98 0.8

Table 3. Equation of state (EOS) constants of copper and Ti-6A1-4V [30].

Physical Cu Ti-6A1-4V 3 Physical Cu Ti-6A1-4V 3
Parameters Parameters
co [m/s] 3940 5130 yo [-] 2.02 1.23
S1[-] 1.489 1.028 al-] 0.47 0.17
Sy [F] 0.0 0.0 S3[-] 0.0 0.0

The pulse propagation process in the presented model was analyzed using the finite element
method with an explicit, central integration scheme implemented in the commercial LS-Dyna
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program [15]. Explicit integration schemes were conditionally stable. The stability of a given
integration scheme depended on the time step and the speed of the analyzed phenomena [33]:

At < CCFLL, (8)

Uaio T Coroup
where At is the time step, Ax is the length interval, C¢ry is the Courant or Courant-Friedrichs-Lewy
(CFL) number, 144, is the advection velocity, and cgyoup is the group velocity.

A CFL factor of 0.8 was adopted by trial and error in the analyses carried out due to the large
deformation of the shaper.

For the SHPB arrangement, Wheatstone bridges as a half-bridge circuit, in which the strain gauges
are mounted on the opposite side surfaces of the bars, are usually used to measure strain. In such a
bridge configuration, a registered signal corresponds to an average strain value recorded by individual
strain gauges and is included in the presented results.

Validation tests were carried out for the case of striker impact, with a velocity of 11.76 m/s, into
the shaper made of copper sheet with a thickness of 0.201 mm and a diameter of 3 mm (Figure 5) [14].
Good agreement was shown between the experimental results and the numerical analyses.

250
200 A
© 4
g 150
=,
o 100 +
— Exp.
50 - FEM
0 T T T -
0.00 0.05 0.10 0.15 0.20
t[ms]

Figure 5. A comparison of the incident wave profiles obtained from numerical (FEM) and experimental
(Exp.) analysis; striker velocity 11.76 m/s, copper shaper i = 0.201 mm and ¢ = 3 mm [14].

4. Results and Discussion

The influence of imperfections shown in Figure 2 for the case using a copper pulse shaper is
shown in Figures 6-9. Figures 6 and 7 show the curves for an imperfection in the form of an inclination
angle o in the range of 0 to 1.5° for both the incident and reflected signals, respectively. The next figures
present the same curves as related to an imperfection in the form of a neutral axis offset (6 = 0-1.5 mm)
of the incident bar and the striker.

A significant influence of an imperfection related to the incident angle was visible both in the
case of incident (Figure 6) and reflected (Figure 7) pulses. It was manifested as an increase in the
incident pulse rise time and the occurrence of disturbances in the plateau stage caused by bending
waves. The disturbances in the plateau stage were particularly visible for « = 1.5° and a time of
approximately 90 us. However, the smallest inclination angle of o« = 0.5° reduced the high-frequency
Pochhammer—Chree oscillations [10,11]. Similar effects occurred in the case of a reflected signal.
Nevertheless, the disturbances for the largest inclination angle were not only significantly larger,
but they also affected the measurement signal for a much longer time. This was caused by a lower
speed of disturbances propagation [13], where the significant effect was visible only in the case of a
reflected signal. The occurrence of disturbances of this level resulted, however, from a direct contact
between the striker and the input bar despite the use of the pulse shaper. In comparison to the results
presented in [13], the level of these disturbances was significantly lower because part of the energy
related to the impact of the striker was transferred to the input bar through the deforming pulse shaper.
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Only a small part of the energy was transmitted through direct contact between the striker and the
input bar.
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Figure 6. Incident-disturbed pulses for SHPB using a pulse shaper for an imperfection in the form of
an inclination angle o between the striker and input bar.
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Figure 7. Reflected disturbed pulses for SHPB using a pulse shaper for an imperfection in the form of
inclination angle o between the striker and input bar.
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Figure 8. Incident-disturbed pulses for SHPB using a pulse shaper for an imperfection in the form of

neutral axis offset o.
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Figure 9. Reflected disturbed pulses for SHPB using a pulse shaper for an imperfection in the form of
neutral axis offset 5.

In contrast, in all the analyzed cases of an imperfection related to the displacement of the neutral
axes of the striker and the bar, the level of the disturbances caused by a bending wave was much lower
not only in the case of the incident pulse (Figure 8) but also for the reflected pulse (Figure 9). This
imperfection had a very small influence on the pulse rise time. The pulse disturbances that occurred
in the plateau stage for the largest displacement (6 = 1.5 mm) also had a lower amplitude when
compared to the data from the previously analyzed case of imperfection. The shape of the disturbance
was also different; in the case of the displaced neutral axes, the disturbance had a sinusoid shape
with comparable amplitudes. However, when an inclination angle occurred, large differences in the
disturbances amplitude occurred. The difference in the pulses’ disturbances resulted from a difference
in the position of the contact points between the striker and input bar. The shift of the contact point
was greater in the case of an imperfection related to the inclination angle.

A similar situation occurred when a pulse-shaping technique in the form of a striker with a
rounding radius of 120 mm (Figures 10-13) was applied. In this case, the effects of the imperfection
were much smaller. This was especially visible in the case of reflected pulses and the imperfections
related to an inclination angle (Figure 11), where the occurring disorder only slightly affected the
impulse course. In contrast, in the case of an imperfection related to the displacement of the neutral
axes, the influence of the existing axis shift was negligible in the considered range of the parameter 6
(Figures 12 and 13). It should be noted that this disorder amplitude was related to the distance between
the end of the barrel and the occurrence of clearance between the striker and the input bar. If these
parameters increased, the amplitude of the disturbances in the signals increased.

1600
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'S 1000 -
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% 600 - o=05°
= 0
400 - &=1.0
200 4 a=15
0 T T 1
0 50 100 150 200

t [us]

Figure 10. Incident-disturbed pulses for SHPB using a rounded striker for an imperfection in the form
of inclination angle o between the striker and input bar.
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Figure 11. Reflected disturbed pulses for SHPB using a rounded striker for an imperfection in the form
of inclination angle o between the striker and input bar.
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Figure 12. Incident-disturbed pulses for SHPB using a rounded striker for an imperfection in the form
of neutral axis offset 0.
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Figure 13. Reflected disturbed pulses for SHPB using a rounded striker for an imperfection in the form
of neutral axis offset 6.

Both types of the analyzed imperfections, especially the inclination angle, significantly affected
the reduction of the high-frequency Pochhammer-Chree oscillations.

5. Conclusions

Imperfect conditions in the SHPB technique, in the form of imperfect position of the striker
and input bar, have been numerically analyzed. The inclination angle imperfection has a significant
impact on the signal disturbances in the SHPB technique for angles larger than 1°, regardless of the
pulse-shaping technique used. The use of a rounded striker significantly limits the vibration flexural
modes. It allows tests to be conducted without an increase in the measurement uncertainty when the
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inclination angle imperfection is slightly larger than 1° or the offset of the neutral axis is not greater than
1.5 mm. If the pulse shaper is used, these values are smaller and amount to 0.5 and 1 mm, respectively.
In all of the analyzed cases, slight imperfections cause a reduction in Pochhammer—Chree oscillations.
It should be noted that the magnitude of the recorded disturbances is affected by the position of strain
gauges and the method of supporting the measuring bars.
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