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Highlights:

e This work contributes to the development of experimental study by validating a
numerical model of the Split Hopkinson Pressure Bar regarding the straightness effect
of the bar components.

e  Experimental work was conducted on two kinds of materials, i.e. ST37 and aluminum
6061. The results showed that the current bar straightness condition of the SHPB tested
did not significantly affect the strain wave signal.

e Good agreement between the experimental results and the numerical simulation results
was obtained in terms of strain rates and the stress-strain relationship.

e This work suggests a new recommendation for bar straightness tolerance that is more
applicable. The recommended bar straightness tolerance is proposed as 0.36 mm per
100 mm.

Abstract. Bar straightness is one of several factors that can affect the quality of
the strain wave signal in a Split Hopkinson Pressure Bar (SHPB). Recently, it was
found that the bar components of the SHPB at the Lightweight Structures
Laboratory displayed a deviation in straightness because of manufacturing
limitations. An evaluation was needed to determine whether the strain wave
signals produced from this SHPB are acceptable or not. A numerical model was
developed to investigate this effect. In this paper, experimental work was
performed to evaluate the quality of the signal in the SHPB and to validate the
numerical model. Good agreement between the experimental results and the
numerical results was obtained for the strain rates and stress-strain relationship for
mild steel ST37 and aluminum 6061 specimen materials. The recommended bar
straightness tolerance is proposed as 0.36 mm per 100 mm.

Keywords: aluminum 6061, bar straightness, experimental work; mild steel; SHPB.

1 Introduction

Investigation of the high strain rate properties of materials is among the most
instrumental research areas for safety-critical applications. Several techniques
have been developed through various researches to obtain these properties. John
Hopkinson conducted the seminal experiment that was the foundation for the
measurement of high strain rate material properties: an investigation into the
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rupture of an iron wire under a blow by a moving mass led to the critical
conclusion that a stress wave propagates along the wire [1-2]. More research on
this topic was done until Kolsky in 1949 proposed an extension of the Hopkinson
bar technique for the dynamic characterization of materials. He proposed to use
two elastic bars with one specimen sandwiched in between [3]. This technique is
used until today and is known as the Split Hopkinson Pressure Bar or Kolsky bar
to honor his idea.

The need to acquire the mechanical properties of various materials at high strain
rates has increased over the years. Studies have been reported on the high strain
rate properties of various materials such as steel [4-7], aluminum foam [8-11],
composite [12-18], polymer [19-26], and ceramic [27-28]. Delving deeper into
SHPB experimental works, the issue of signal quality recorded by the strain
gauges attached to the bar components has been studied by several researchers.
This issue is not only related to the data acquisition system but also to the standard
and the desired tolerance of the SHPB components, which may affect the validity
of SHPB experimental work. There are a number of factors that may affect the
quality of the strain wave signals from an SHPB, one of which is bar straightness
[29-30]. The bars of the SHPB in the Lightweight Structures Laboratory at FMAE
ITB were recently found to have a deviation of straightness caused by
manufacturing limitations. An evaluation was needed to determine whether the
strain wave signals produced by this SHPB are acceptable or not. A numerical
model was developed to address this issue, which indicated that the signal quality
produced by this SHPB is still acceptable [31]. In the present study, experimental
work was done to confirm the results obtained from the numerical simulation.
The contribution of this work is to propose a refined correction of the bar
straightness tolerance that has previously been proposed by other researchers, i.e.
Kariem, ef al. [29] and Song, et al. [32]. Two types of specimen materials were
used: mild steel ST37 and aluminum 6061. The specimens were manufactured as
solid cylinders. Comparison between the experimental and the numerical results
was conducted to evaluate the quality of the strain wave signals.

2 Theoretical Background

The SHPB is an instrument that is widely used to obtain the mechanical properties
of materials at high strain rates 500-10%/s [33-36]. The relationship between the
stress and strain in a material in the form of a stress-strain curve can be obtained
using an SHPB. One-dimensional stress wave theory is used for the calculation
of strains, stresses, and strain rates for SHPBs [37]. Equations (1)-(3) are the
formulas to calculate strain rates, strains, and stresses for SHPBs, respectively
[38]. The assumptions of this theory are that the bar system must be linear and
dispersion-free. This assumption requires the SHPB system to comply with
several criteria, including having a uniform cross section area, remaining linear
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elastic during the test, staying homogenous and isotropic, and having a straight
neutral axis — a pre-requisite for bar straightness as the focus of this paper [39-
41].

£(t) = —%eR(t) )
e(t) = =22 [Jer(D)dt 2
o(t) = i—fsT(t) (3)

The bar system in the SHPB is arranged from three different bars: striker bar,
incident bar, and transmitter bar, positioned on a one-line neutral axis, as
illustrated in Figure 1. The specimen is sandwiched between the incident bar and
the transmitter bar.

Specimen

I || [

Striker bar Incident bar Transmitter bar

Figure 1 SHPB schematic drawing.

The striker bar as loading generator is moved by high-pressure nitrogen gas
released from a high-pressure tank. This bar impacts the incident bar so that an
incident strain wave in the form of a compressive wave is generated and
propagated along the incident bar. At the interface of the incident bar and the
specimen, part of this wave will be reflected as a tensile strain wave and another
wave is transmitted as a compressive strain wave propagating through the
specimen and the transmitter bar. The reflected wave and the transmitted strain
wave are used in the calculation of strain rates, strains, and stresses measured by
an SHPB [41]. A typical SHPB strain wave signal is shown in Figure 2.
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Figure 2 Typical SHPB strain wave signal from experimental work [36].
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3 Experimental Set-up

Experimental work was conducted using an SHPB system in the Lightweight
Structures Laboratory, as shown in the 3. The bars are made from AISI 4340 with
a diameter of 10 mm and a length of 1000 mm. The deviation data of bar
straightness refers to a previous publication on the numerical model of this case
study, as summarized in Table 1 [31]. The deflection of the bar in the y-direction
was measured using dial gauges by dividing it into 10 sections and setting every
final position of the previous section to zero.

Strain gauges with a resistance of 120 Ohm and data acquisition with a frequency
response of 103 kHz were used in this experiment to record the strain wave signal
during the tests. Aluminum 6061 and mild steel ST37 were used as specimen
materials. A cylindrical shape with a radius and thickness of 8 mm and 8 mm
respectively was chosen. Experimental tests using these specimens were
performed using 85 psi pressure, which is equivalent to a striker velocity of 20
m/s.

As the initial step in the SHPB experimental work, the striker bar velocity was
measured using a speed sensor for every pressure given to move the bar. The
relationship curve between speed and pressure was then constructed as shown in
Figure 3. This curve is important because it can be used to predict the magnitude
of the striker bar velocity that can be generated from a given pressure. The striker
bar velocity is usually used as an input parameter in numerical simulations.

Two calibration procedures were conducted at the beginning of the experimental
work using 85 psi pressure (20 m/s). A bar apart test involving the striker and the
incident bar was conducted to calibrate the quality of the strain wave signal in the
incident bar. In the bar apart test, a compressive strain wave signal is generated
by the incident bar impacting the striker bar. This signal then propagates along
the incident bar and reflects when it reaches the end of the bar. Comparison
between the incident strain wave and the reflected strain wave is conducted to
evaluate the quality of the signals inside the incident bar to assess the bar
straightness effect. A combined bar test procedure involving the striker bar, the
incident bar, and the transmitter bar is subsequently performed to evaluate the
quality of the strain wave signals in the incident and the transmitter bar. In this
procedure, the striker bar will generate a compressive strain wave inside the
incident bar and this wave will propagate and transmit to the transmitter bar.
Comparison between the compressive strain waves inside the incident and the
transmitter bar is performed to evaluate the quality of the signals to assess the bar
straightness and alignment.
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In this experimental work, bar interface parallelism was controlled so that the
contact between striker bar, incident bar, specimen, and transmitter bar could be
properly maintained. The specimens were mounted using petroleum jelly
between the incident bar and the transmitter bar.

W

Figure 3 The SHPB in the Lightweight Structure Laboratory at ITB [31].
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Figure 4 Pressure vs striker bar velocity in linear fit.

Table 1 Bar straightness deviation data [31].

Incident bar y-deviation (mm)

1 2 3 4 5 6 7 8 9 10
0.03 0.15 -0.12 -044 0.09 0.14 054 029 -037 -0.2
Transmitter bar y-deviation (mm)

1 2 3 4 5 6 7 8 9 10
024 -024 -0.24 -0.16 -0.62 -032 0.53 042 0.06 0.63
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4 Results and Discussion

Recent relevant research has attempted to standardize the straightness of SHPBs
required to acquire reliable experimental data. Song et al. recommended that the
straightness tolerance of the SHPB bar components should be 0.05 mm per 305
mm [32]. Kariem, et al. suggested tolerances of 0.25 mm per 100 mm for bar
straightness and +0.03° or 0.007 mm for a 12.7-mm bar diameter for the bar
surface perpendicular to a neutral axis [29].

All sections in the SHPB as shown in Table 1 exceeded the tolerance for bar
straightness from Song, et al.’s recommendation. However, referring to Kariem,
et al. [29], there were some sections of the bar that met their recommended
tolerance, while some other sections exceeded it. For the incident bar and the
transmitter bar, the average values of straightness deviation based on the data
provided in Table 1 were 0.24 mm and 0.35 mm per 100 mm, respectively. The
average value for the incident bar met the recommendation, except in relation to
the transmitter bar. Furthermore, the highest values of bar straightness deviation
in the incident bar and the transmitter bar exceeded the tolerance suggested by
Kariem, et al. at 0.55 mm and 0.66 mm, respectively. These experimental
findings were rationalized using a numerical simulation, which showed that the
strain wave signals in both the incident and the transmitter bar was deemed
acceptable [31]. In the numerical study, strain wave signals in a non-straight bar
were compared to those in a perfectly straight one. The difference between the
non-straight and perfectly straight bars was 1.07% based on the ringing-up
process.

In this study, experimental work was conducted to validate the numerical results.
Validation was performed for the bar calibration process and specimen testing.
Figures 5 and 6 show a comparison between the experimental and the numerical
results for bar calibration.

In the bar apart test, when a bar is in perfectly straight condition, the reflected
strain wave will have the same amplitude and duration as the incident strain wave.
Hence, the wave dispersion produced driven by the bar straightness deviation can
be evaluated by this test. The experimental results of the bar apart test showed
that the incident and reflected strain waves had near consistent amplitude and
duration. The experimental results were in line with the numerical results for a
strain wave duration of 0.13 ms and an amplitude of 0.002, as shown in Figure 5.
Based on this, it can be concluded that the quality of the strain waves propagated
in the incident bar was acceptable, because it has a shape that is comparable to
the numerical simulation results for a perfectly straight bar. In addition, the
dispersion that occurred in the non-straight bar is considered acceptable as the
shape between the incident strain wave and the reflected strain wave was not
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significantly different. The difference in strain amplitude between the incident
wave and the reflected wave in a non-straight bar from the experimental results
was less than 2%. In terms of strain wave duration, there was no difference
between the incident wave and the reflected wave.
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Figure 5 Comparison between experimental and numerical results for bar apart
test.
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Figure 6 Comparison between experimental and numerical results for combined
bar test.

As part of other calibration procedures, a combined bar test was performed to
evaluate the quality of the strain wave signal inside the incident bar and the
transmitter bar. In an ideal condition, where both the incident bar and the
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transmitter bar are perfectly straight, the incident strain waves inside the incident
bar will have the same shape as the transmitted waves inside the transmitter bar.
This is because in a perfectly straight bar the strain waves will propagate in the
incident bar and transmit to the transmitter bar with very minimal dispersion. This
test is not only useful to evaluate the bar straightness condition but also to
evaluate the alignment of the bars in an SHPB. The experimental result for the
combined bar test in this study showed that the strain wave signals in the incident
bar and the transmitter bar had very good agreement. The amplitude of 0.002 and
duration of 0.13 ms of both strain waves were in line as well, as shown in Figure
6 — the experimental results exhibited good agreement with the numerical results.
The difference in strain amplitude between the incident wave and the transmitted
wave in a non-straight bar for the experimental results was less than 3.5 %. From
this result it can be concluded that the strain wave signal quality and bar
arrangement in the SHPB is acceptable. Furthermore, for the whole calibration
procedure it can be concluded that the experimental work confirmed the
rationalized results obtained through the numerical simulation with very good
agreement.

Aluminum 6061 and mild steel ST 37 were used as specimen materials in this
study. Experimental work was performed with these specimens and compared to
the numerical results. Strain rate versus time and stress versus strain were
obtained from the experimental work. Figures 7 and 8 show the strain rate results
from the experimental work using aluminum 6061 and mild steel ST 37 specimen
materials.

The strain rates produced in the SHPB experimental work basically depend on
the velocity of the striker bar. A higher strain-rate value for a certain type of
specimen material can be obtained by increasing the velocity of the striker bar.
In this study, the striker bar speed was set at 20 m/s, produced by 85 psi pressure.
The strain rates obtained from the experimental work with aluminum 6061 and
mild steel ST37 were 1227/s and 1283/s, respectively. When compared to the
numerical results shown in Figure 7 and 8, the experimental results differed by
1.5% for the aluminum 6061 and 1.9% for the mild steel ST37. The strain rates
were determined after the ringing-up process described in Figure 7.
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Figure 7 Strain rate curve for aluminum 6061.
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Figure 8 Strain rate curve for mild steel ST37.

The stress-strain curves obtained from the SHPB experimental work are shown
in Figures 9 and 10 for the aluminum 6061 and the mild steel ST37, respectively.
The stress-strain curves shown only cover the plastic region. The modulus of
elasticity in the SHPB experimental work was assumed to be the same as that
obtained under static or quasi-static condition [35].
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Figure 9 Experimental and numerical comparison for stress-strain curve for the
aluminum 6061 specimen material.
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Figure 10 Experimental and numerical comparison for stress-strain curve for the
mild steel ST37 specimen.

The experimental stress-strain curve for the aluminum 6061 was very close to the
numerical one. The yield stress, i.e. the onset in the graph, obtained
experimentally was 244 MPa, or 3% lower than from the numerical result.
However, the experimental flow stress showed a pattern that was similar to the
numerical result. The yield stress obtained from the experimental stress-strain
curve of the mild steel ST37 was 344 MPa, i.e. 1.7% lower than from the
numerical simulation. The experimental flow stress of the mild steel ST37 also
had a similar pattern to the numerical results.
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Based on all tests conducted to assess SHPB bar straightness, the experimental
results were well aligned with those from the numerical simulation. The
difference in yield stress between the experimental and the numerical results in
this study were not significant and still acceptable (<5%). The trend of the flow
stresses obtained from the experimental results for the aluminum 6061 and the
mild steel ST37 were in good agreement with the numerical results.
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Figure 11 Result comparison between numerical simulation for ideal bar
straightness [31], non-straight, and experimental work for non-straight bar.

Furthermore, by referring to the straightness condition of the bars with an average
bar straightness deviation of 0.24 mm per 100 mm for the incident bar and 0.36
mm per 100 mm for the transmitter bar, the recommended bar straightness
tolerance proposed by Kariem, et al. of 0.25 mm per 100 mm can be extended. A
comparison between the ideal and non-straight bars validated through the
numerical simulation in this work is shown in Figure 11, with an average value
of bar straightness of 0.36 mm in the transmitter bar, the stress-strain curve result
is still acceptable with a difference of 1.07% between an ideal and a non-straight
bar. The extension of the bar straightness value from 0.25 mm to 0.36 mm per
100 mm will make the bar component straightness tolerance more realistic in
terms of market availability and manufacturing limitations in developing
countries.

5 Conclusion

Experimental and numerical simulation works were conducted to critically
evaluate the effects of SHPB straightness. The experimental results showed
consistent results in terms of recorded strain rates and stress-strain curves
compared to the numerical simulation. The deviation of bar straightness was
assessed through combined experiment-validation approaches, which indicated
that the straightness deviation observed, as summarized in Table 1, did not
significantly affect the performance of the SHPB. Based on the findings of this
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study, a new refined recommendation for bar straightness tolerance of 0.36 mm
per 100 mm is proposed.
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