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Abstract
The split Hopkinson pressure bar (SHPB) was a convenient equipment to

investigate the material behaviors at high strain rates. The apparatus was employed
based on one-dimensional wave propagation theory, and the dynamic stress and strain



relation of the specimens were obtained by strain signals, which were recorded from
strain gages mounted on the incident and transmission pressure bars. The procedure
about how to build up and operate the SHPB apparatus was illustrated and the
difficulties encountered were discussed.

Aluminum aloy was well-known material of strain rate insensitivity, and this
material characteristic was used to verify the current SHPB set-up. Aluminum
specimens were tested at different loading rates. For static tests, it was conducted
using Material Test System (MTS) 810 machine, however, for dynamic tests, it was
performed by SHPB. The dynamic results are constituent to the static results, which
indicated that the SHPB apparatus that we built up was suitable for dynamic tests.

Keywords : the split Hopkinson pressure bar, high strain rate material testing,
dynamic stress-strain curves

1. Introduction

Hopkinson [1] used the detonation of high explosive to generate a compressive
pulse, which propagated along steel bar into a short bar attached. The total momentum
generated by the detonation equals the transmitted momentum which trapped in steel
bar and in short bar, and the percentage of total momentum trapped in short bar
increased with the length of short bar. Momentum means the time integral of average
pressure, and then the pressure-time relation could be derived by changing the various
length of short bar.

Kolsky [2] used athree bars system that comprised an anvil, a main bar and an
extension bar, and introduced a cylindricd and a paralel-plate condenser
microphones to measure the lateral expansion of the main bar and the displacement at
the free end of extension bar respectively. According to these signals were obtained
by the condensers, the dynamic stresses and strains of the specimen could be
determined. The thin thickness of specimen was suggested to minimize the effect of
axia inertia, and the small radius of specimen was also used to match the radial
inertia criterion that was discussed in the paper under the high strain rate.  Davies
and Hunter [3] introduced a correction term associated with the axial and radia inertia
to obtain the reliable stress history. In order to aleviate the correction term, the

optimum specimen size /=+/31,r was obtained. / is specimen length, n_is Poisson’s



ratio, r is specimen radius. The stress equilibrium in the specimen could be reached if
the duration of theinput pulseisat least 7 times than the required time period when
a pulse traveling through the specimen.

Lindholm [4] investigated the strain rate dependence in three annealed metals,
lead, auminum and copper using the split Hopkinson pressure bar. The true
stress-true strain curves were replotted in terms of flow stress and strain rates on a
logarithmic scale, and then the true stress-strain rate relationship was investigate as a
logarithmic function. Bertholf ef al [5] examined the effects of the interface friction
and the length-to-diameter ratio of specimen on the mechanical behavior of auminum.
With a given strain, the stresses increased when the friction coefficient is larger.
Moreover, the effects of friction were more pronounced when the length-to-diameter
ratio of the specimen is smaller. Dioh et al [6] conducted the strain rate sensitivity
of four thermoplastic materials under low (10*-10"s™), intermediate (10*-10%s™) and
high (10%-10" s) strain rates. By following Davies and Hunters criterion, they
concluded that it is critical to choose appropriate specimen dimension to determine
the mechanica behaviors of material correctly at high strain rates using a SHPB
apparatus. Frew et al [7] discussed the pulse shaping technique for testing brittle
materials. By adopting annealed or hard C11000 copper of the pulse shape, they
modified the conventional split Hopkinson pressure bar apparatus such that the
specimens are in dynamic stress equilibrium and have nearly constant strain rate over
most of the test duration.

Ninan e al [8] used the split Hopkinson pressure bar for testing off-axial
glass/epoxy composites. The effects of interface friction together with extension-shear
coupling behavior of the off-axis composite specimen were investigated using
commercial finite element anadysis (FEM) software ANSYS. The amost
homogeneous deformation in the off-axis specimen can be achieved with less
interface friction. In addition, the effects of the rise time in the incident pulse were
characterized. It was seen that the increasing rise time is effective to extract the
reliable dynamic stress-strain curve, which can be accomplished by a thin cupper
attached on the one end of the incident bar impacted by the strike bar. The brief
history of the SHPB technique development and detail review could be referenced in
Follansbee [9]

The aim of the present report is to show that how to build up the conventional
split Hopkinson pressure bar. The basic principle was aso deduced carefully, and the
dynamic stress-strain curves of aluminum material were investigated by the apparatus.
For static tests, the mechanical behaviors of aluminum specimen that made the same
geometry with dynamic tests were also carried out by MTS 810 system. By the
aluminum characteristic of strain rate insensitivity, the amost same of the dynamic



and static stress-strain curves were used to verify the SHPB we built up.

2. Experiment equipment
(1) The split Hopkinson pressure bar

The conventional SHPB apparatus (Fig. 1.) consists of a striker bar, an incident
bar, a transmission bar and a throw-off bar, and those are made by the same tool steel
(SKD11). It is considerable that the higher strain rate tests require the smaller
diameter bar, and the length of pressure bars is more the ten times bar’s diameter to
satisfied one-dimensional wave propagation theory [9]. Moreover, the length of
pressure bar is aso must long enough to obtain the incident and reflected waves
independently. Then the striker bar had a length of about 90 mm, and the incident bar
and the transmission bar were 910 mm and 560 mm long, respectively. Finally,
throw-off bar was 360 mm long [8]. First, al bars hardness were increased around
HRC58 to withstand damage from impact by heat treatment, and then they were
ground into the cylinder bar with outside diameter 13.3 mm to fit the bar supporters
made by aluminum. The bars were aso aligned each other by adjusting the aluminum
supporter. The effect of friction is an important consideration in al kinds of
compression testing. In order to reduce the friction and mismatch between the
specimen and the pressure bar interface, we machined al bars cross-sections using a
lathe and polished the cross-section by sandpapers. The petroleum jelly was used to
lubricate the specimen/pressure bar interface while testing. A pair of diametrically
opposite gages is mounted on the middle of the incident bar to measure both the
incident and reflection wave signas. Similarly, there is also a pair of strain gages
mounted on the transmission bar about at least 20 cm from the specimen/ transmission
bar interface to measure the transmitted wave signals.

Gas system consists of a mgjor stedl cylinder, a minor steel cylinder and a barrel
made by hollow stainless tube with 13.4 mm in inside diameter. The major cylinder
that contains high-pressure nitrogen gas around 2000Psi supplies the minor steel
cylinder with the lower pressure gas we wanted through a pressure-reducing valve.
The minor steel cylinder was usually empty, but was filled up with pressure gas while
start testing. The barrel, 170 cm long, was connected with the minor steel cylinder and
was supported by aluminum supporters. The barrel aso provided the striker bar to
speed up, and restricted with the striker bar's direction to impact the incident bar.
Pulse shaping technique was used to generate gently rising incident wave by 15 mm
copper tabs put on the free end of the incident bar, and then the more accuracy of
dynamic stress-strain curves were obtained [7,8].

While the impact wave propagated along the pressure bars, the strains that
occurred on the bar were detected by strain gages mounted on middle of incident bar



and transmission bar. The strain signals were transferred to voltage signas by two
Wheatstone bridge circuits, and voltage signals were amplified by the Vishay
Micro-Measurement Model 2210B signal conditioning amplifier and those were
acquired by the Tektronix TDS3014B digital oscilloscope.

(2) Specimen preparation

An auminum bar with 10 mm in diameter was purchased, and then was
machined into all specimens were 10mm long (Fig. 2.) by using a lathe. The frictiona
criterion alh~1 [3] was satisfied by this specimen dimension, and a pair of
diametrically opposite strain gages (Micro Measurements EA-06-120LZ-120) was
mounted on the specimen to detect the history of its deformation. For the same
reason to decrease the effects of friction between the specimen/pressure bar interfaces,
all of the specimens’ cross-sections were polished by polishing machine with 30mand
15mdiamond slurry. Finally, the each specimen’s cross-sections were smooth and
paralleled to each other.

(3) Static test

Because AL 6061-T6 was strain-rates insensitively, the mechanical properties
nearly the same were obtained under different strain-rates situation. MTS 810 system
was used to test aluminum specimen under quasi-static test about strain rate 10™/s.
In order to avoid the effect of different geometry of specimen, the same dimension of
specimens were used to carry out the static tests. The feature (Fig. 3.) consists of a
hemisphere that can slide smoothly in the block with a hemisphere cavity, and then it
can be pressed before testing to provide the same paralel plane as the SHPB
apparatus. Moreover, its contact surfaces were aso polished and lubricated as the
bars end surfaces, and then the effects of friction were decreased by this way for
guasi-static compression test.

3. SHPB measuring technique

The split Hopkinson pressure bar measuring technique is based on the
one-dimensional wave propagation theorem [10]. This implies that a compressive
stress wave propagates non-dispersive in along elastic bar at elastic bar velocity. The
impact of the striker bar at the free end of the incident bar develops a compressive
longitudina incident wave 4(t). Once this wave reaches the incident bar/specimen
interface, and separated into two parts. One of it, (1), is reflected as a tension wave,
and another part goes through the specimen and develops in the transmission bar the
transmitted wave &(t). The incident wave and the reflected wave recorded by the same
strain gages mounted on the incident bar, and the transmitted wave was extracted



from the strain gages mounted on the transmission bar. Usually, we wanted to
approach the time as the start of specimen deformation, so the instant of time in this
report was chosen as the arrival of the incident wave at the incident bar/specimen
interface.

After the incident wave crossed the incident gages, it needed atime Atag (A, B
are shown in Fig.4) to arrive a the specimen-incident bar interface. The reflected
pulseis also recorded by the same set of gages after another time interval Atag. Thus,
the incident pulse 4(t) and the reflected pulse &(t) were both recorded by the same set
of gages on the incident bar, and they are separated by atime period of 2Atag. Thus,

€ =€ (t' DtAB)’ N
e =e/(t+Dtyg) |, (2

Where the strain 4(t) is recorded by the incident gages at any instant of time t.
According to these strain (t) and 4(t), the displacement of the incident bar-specimen
interface wu;(t) was determined. Similarly, the strain in the transmission bar was
recorded after a time period of Atcp, which is the time taken by the elastic wave to
cross the specimen-the transmission bar interface to Gage B in Fig. 4. Thus,

€= er(t+ Dtco)’ )
Where &r(t) is the strain recorded by the transmission gages at any instant of time
Then the displacement of specimen/transmission bar interface u»(t) was derived,

and the specimen displacement was calculated as a function of time by analyzing the
wave signals were recorded. They could show as follows:

Ul(t) = Coéf' e +e)dt (4)
0
w(t)=-c, E‘;efdt , 5)
0

Where Cypisthe longitudinal velocity of the bar.
The average strain is then given by



t
e =u2_ul=id-et+e,-e,)dt, (6)
0
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Where /pis the original specimen length. F; was compressive force on the
incident bar/specimen interface, and F, was compressive force on the specimen/the
transmission bar interface.

F, = AHe +e,), (7)
F, = AE,, (8)

Where A is the cross-section area of the elastic bar in this report. For stress
equilibrium to exist, F1=F, and g(t)+ &(t)= &(t). F> was chosen to determine the stress
in this study, and the stress in the specimen was given by

S,=-2, €)

The dynamic stress-strain curves are thus extracted from the Hopkinson Bar data
by equation (6) and (9).

4. Test results

After the striker bar impacted the free end of the incident bar, and the
compressive incident wave was generated and it propagated along the incident bar.
The wave separated into a reflected wave and a transmitted wave while it reached the
incident bar/specimen interface. The three wave signals were acquired by strain gages
mounted on the middle of incident bar and transmission bar. The history of specimen
deformation was also recorded by strain gages mounted on it. These gages were
connected to the Wheatstone bridge circuits to convert strain signals into voltage
signas. Then voltage signals were amplified by asignal conditioning and recorded by
a digital oscilloscope. The recorded original data were shown in Fig. 5., and the
incident and reflected waves on the incident bar, the transmitted wave on the
transmission bar, and the specimen strain signal were recorded respectively with
sampling rate 10MHz. As shown in Fig. 6., all wave signals were shifted to the
instant of time as the start while the incident wave arrived the incident bar/specimen
interface.

The displacements u;(t) on the incident bar/specimen interface and uy(t) on the
specimen/the transmission bar interface were derived by equations (1)~(5), and then



the specimen strain corresponding one-dimensional wave propagation theory was
conducted. For comparison, the strain signa was recorded by the strain gages
mounted on the specimen (see Fig. 7.). The SHPB result was 15% higher then the
gage result, so the gage result that gages mounted on the specimen was chosen to
construct the more accurate dynamic stress-strain curves.

The forces between the incident bar/specimen interface and the
specimen/transmission bar interface were determined by equations (7) and (8). The
histories of F; and of F, during a SHPB test were shown in Fig. 8, and the equilibrium
of F; and F, indicated that the specimen was homogeneous deformation. The
dynamic stress-strain curve that strain from the gages result was extracted, and it was
compared with the static compression test under 0.001 mm/sec by using MTS 810
(Fig. 9.). The young's modulus and yielding stress from static and dynamic testing
were amost the same value, and this indicated that the correction of SHPB apparatus
was verified.

5. Conclusion

The mechanical behaviors of aluminum specimens under high strain rate tests
and quasi-static tests were carried out by the SHPB apparatus and MTS 810 system,
respectively. The young's moduli and yielding stresses from dynamic and static tests
with aluminum specimens were almost the same values, and these results matched the
aluminum characteristic of strain rate insensitivity. AS a result, it was indicated that
build-up SHPB apparatus is applicable to high strain tests.  The dynamic response of
nylon 6 and nylon 6/clay nanocomposites will be investigated using the SHPB
apparatus in the sequent research.
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7. Tablesand Figures.
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Fig.1. Schematic of Split Hopkinson Pressure Bar apparatus.
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