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Abstract: The freestyle Hopkinson bar is a kind of main high g loading equipment utilized widely in calibration of high g acceler-

ometer and other high shock conditions. The calibration experiment of accelerometer was conducted. With one-dimension stress

wave theory, ANSYS/LS-DYNA software and experiment, the effect rules of the projectile’s front-head style and the acceler-

ometer’s mounted base’s length on acceleration waveform were analyzed. The results show that the acceleration duration in-

spired from Hopkinson bar is almost equal to the rising edge time of perfect half sine stress wave, and it is independent to the

mounted base’s length. Moreover, the projectile’s front-head style is a main affecting factor, and the projectiles with less coni-

cal degrees will produce the lower amplitude and longer acceleration duration.
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0 Introduction

High g accelerometers have been widely used in ac-
celeration time signal measurements, especially in
projectile penetration and explosion dispersion. Be-
cause of good reproducibility and convenient opera-
tion, a freestyle Hopkinson bar becomes a kind of
main high g loading equipment in acceleration calibra-
tion'"*, In order to gain desired acceleration wave-
form, relevant means are taken. Forrestal in Sandia
Lab in USA adopted a aluminum bar with a length of
0.254 m and Flat ends to coaxially impact a alumi-
num incident bar with a length of 1. 829 m, and plex-
iglass or copper adjusting pad was placed between
two bars. But the acceleration waveform is more sim-
ilar to rectangle signal, which is very different from
the signal commonly used in calibration""). The pro-
jectile’s shape and length were changed to adjust the
incident stress wave’ s rising edge of Hopkinson

bar®™. Many factors can affect acceleration wave-
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form, such as projectile head style, impact velocity,
adjusting pad’s material and thickness, and so on. In
this paper, theory analysis, numerical simulation and
calibration experiment on freestyle Hopkinson bar
have been used to investigate the effects of the pro-
jectile” s front-head styles and the accelerometer’ s
mounted base’s length on accelerometer’s inspiring
waveform, and conclusion is significant to the wave-
form regulation in accelerometer calibration test on

Hopkinson bar.

1 Experimental principle and test
methods

The experiment setup is shown in Fig. 1. In this
experiment, a freestyle Hopkinson bar with 1. 6 m
length and 16 mm diameter made of TC4 titanium al-
loy is used as a high g shock acceleration generator.
A projectile with a certain type conical tip is launched
by compressed air to axially impact the adjusting pad

made of aluminum alloy. The adjusting pad and ac-
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celerometer mounted base are placed respectively on
two ends on Hopkinson bar with grease and a vacuum
collar, a evaluated accelerometer is attached to the
end of a titanium alloy mounted base with M5 bolt,
and the reflecting grating is axially glued on the
base’s surface, thus the mounted base, accelerome-
ter and grating are kept an ensemble (called flying
object) during the impact process.
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Fig. 1 Sketch of experiment setup

When impacted, an approximate half sine shape e-
lastic stress wave is generated and then it propagates
axially in the incident bar. When the compressive
stress wave reflects into a tensile one on the free sur-
face of the titanium alloy mounted base and the sum
of stress at the interface between bar and base be-
come tensile, the flying object separates axially from
the incident bar with certain waveform acceleration,
then it is caught by a soft material catcher. By means
of grating interference technique, the accelerating
course of flying object is directly acquired and recor-
ded from basic quantity and unit (time and length)
with high accuracy. According to Doppler effect, the
velocity of the base is linearly proportional to Doppler
frequency shift, therefore, the base’ s acceleration
can be calculated by means of derivation of the veloci-
ty. Moreover, by comparing the base’s acceleration
and accelerometer’s output, calibration can be com-

pleted.

2 Theoretical analysis of base’s accel-
eration duration

In order to investigate the relation between acceler-
ation duration and stress wave rising edge, a right
propagating perfect half sine compressive stress wave

is assumed in Hopkinson bar, as shown in Fig. 2.
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Fig. 2 Stress wave in Hopkinson bar
The equation of incident stress wave o; at the inter-
face between Hopkinson bar and mounted base is
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where [ is length of accelerometer’s base and ¢ is the
velocity of stress wave.

Therefore, the sum of stress at the interface be-

tween the base and the bar is
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The base’s acceleration duration ¢, is described by

L,=t—— = 2. 4

In Eq. (4), the base’s acceleration duration is e-
qual to rising edge of half sine stress wave, and is in-
dependent of the base’s length. In order to obtain
desired acceleration waveform, the rising edge of

stress wave in bar can be modified by certain modes.



XU Peng / Effect of projectile head style on high g acceleration waveform of Hopkinson bar calibration system 3

3 Numerical simulation of acceleration
calibration course

3.1 Finite element model

ANSYS/LS-DYNA software is used to simulate
the operation process of acceleration calibration with
Hopkinson bar. For the axial symmetry of the whole
structure, the plane finite element model of the whole
structure is established, including the projectile (see
Fig. 3), adjusting pads, Hopkinson bar and the
mounted base, with plane 162 axial-symmetrical ele-
ment. lLagrange algorithm is selected and the nodes

on y-axis are constrained into zero displacement,
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Fig. 3 Shapes of the projectiles

In order to avoid the aberration of element and con-
trol the standard of acceleration waveform, the ele-
ments are refined in the interface between the projec-
tile and the adjusting pads. The total solution time is

estimated with stress wave propagating time from

one end to the other of the bar. The wave velocity in
TC4 Hopkinson bar is 5 100 m/s and the bar’ s
length is 1. 6 m, therefore, the propagating time is
almost 314 ps. Moreover, considering the required
time that the stress wave reflects back and forth in
base and the base flies from the bar’s end, the total
solution time is assumed to be 700 ps. The impact

velocity of the projectile is 15 m/s.

3.2 Material model

The material of the base and bar is TC4 titanium
alloy, and the constitutive model of base and bar is i-
sotropic and linear elastic, with elasticity modulus of
113 GPa, density of 4 505 kg/m® and Poisson ratio of
0. 4. The material constitutive model of projectile
(35CrMnSiA) and pad (2A12) is Cowper-Symonds
elastic-plastic hardening model, and the parameters
are shown in Table 1. It is a kind of strain-rate cor-

relative model, the relation between yielding stress g,

and strain-ratee is given as"®”
oy — |:1+ (%)IJ](O'}Y +ﬂEP€5ff)9
_EE,
E, = E—E (5

where C and P are Cowper-Symonds strain-rate pa-
rameters, ey is equivalent plastic strain, E, is plastic
hardening modulus, E is elastic modulus and E, is

tangent modulus.

Table 1 Material model parameters of 35CrMnSiA and 2A12

stici . . Ta t . .
Elasticity Density Poisson ratio Yielding stress angen Strain-rate Parameters  Failure strain
modulus (kg/m?) (MPa) modulus c P
E(GPa) prEg/m # oy AVA E,(MPa) €
Pad 70 2 750 0. 33 290 1530 22 515. 4 4. 843 0.15
Projectile 200 7 800 0.3 1200 2 000 40 5 0.15

4 Simulation results

The rigid acceleration-time curve of the base is
shown in Fig. 4 and stress wave-stress curve is shown
in Fig. 5. Comparison of the acceleration duration and
the rising edge time of stress wave at middle point is
shown in Table 2.

In Fig. 4, the different shapes of projectile’s head-

ends have tremendous effect on base’s acceleration-

time curve.

Table 2 Acceleration duration and stress wave rise time

1 2% 3%
Stress wave rise time (pus) 35 72 150
Acceleration duration (ps) 37 75 152

The amplitude of acceleration caused by projectile
14 is the largest, while its duration is the shortest.
The amplitude of acceleration caused by projectile

3# with the smallest conical degree is the smallest,
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and its duration is the longest. It can be seen from

Table 2 that the base’s acceleration duration is nearly

equal to stress wave rise time and the simulation re-

sults agree with the above theoretical analysis.
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Fig. 4 Rigid acceleration of the base caused by three kinds of

projectile’s head-ends

In Fig. 5, there are great distinctions between the
stress waves at bar’s middle point caused by different
projectile’ s head-ends. The stress wave rising edge
caused by projectile 1 # is very steep, stress ampli-
tude is very high, and the high frequency oscillation
arises in trailing edge. With the decrease of conical
degree, the stress wave rising edge caused by 3 #
projectile with small conical degree becomes very
gentle, the stress amplitude is very small, and the

trailing edge is relatively smooth.
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Fig. 5 Stress wave at half point of Hopkinson bar caused by
three kinds of projectile’s head-ends

5 Calibration test

In calibration experiments, the free-style Hopkin-
son bar (see Fig.6) and three types of projectiles
(see Fig. 7) are utilized. The piezoelectric accelerom-
eter B&K8309 is chosen to be calibrated, and its in-
stallation resonance frequency is 180 kHz in factory
specification. Figs. 8-10 give the tested output signals

of accelerometer caused by projectiles from 1 # to

3F.

Fig. 6 Free-style Hopkinson bar

Fig. 7 Projectile with different heads
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Fig. 8 Tested acceleration-time curve by projectile 11
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Fig. 9 Tested acceleration-time curve by projectile 2 1
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Fig. 10 Tested acceleration-time curve by projectile 3 £

Because the head end of 14 projectile is plane, it
can load rapidly when impacting Hopkinson bar, and
its acceleration duration is only 38. 6 ps. In contrast,
the acceleration duration of 24 projectile with 45 de-
gree taper is 95 ps, and 3 # projectile with smaller
taper has 190 ps acceleration duration. The impacted
adjusting pads are shown in Fig. 11. The impacted
deformation arises at local central position and the
dent becomes deeper with the taper of projectile head
decreasing. As the projectiles with small conical de-
gree head ends have small impact area, thus the local
stress at impact point is very high, and the plastic de-
formation and the plastic stress wave with slower
propagating velocity are produced. Because the im-
pact energy is dissipated, the loading rate becomes
slower, the loading duration becomes longer, and the
stress wave rising edge in bar is gentle. When the lo-
cal high amplitude plastic stress wave with slower ve-

locity propagates forward, the stress amplitude will

reduce with the increase of the impact area.

Fig. 11 Impacted adjusting pads

6 Conclusion

When the high g accelerometer is calibrated with
free-type Hopkinson bar, the required different
wave-style acceleration signals can be gained by ex-
actly design of projectile’s head-ends.

1) With one-dimension stress wave theory, the
mounted base’ s acceleration duration inspired from
free-type Hopkinson bar is almost equal to the rise-
edge time of perfect half sine stress wave. In order to
gain the desired inspiring acceleration signal, the
method of controlling stress waveform must be con-
sidered.

2) The head-ends’ shapes of the projectiles have
great effect on acceleration-time curves. The projec-
tile with small conical can produce smaller accelera-
tion amplitude and wider duration. In order to get
the acceleration with larger amplitude, the projectile

with flat head-end has to be taken.
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