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Abstract: Numerical simulations of mechanical loadings on pyrotechnic structures
require the determination of the friction coefficient between steel and explosives. Our study
focuses on contact pressures of around 100 MPa and sliding velocities of around 10 m/s.
Explosives are brittle materials which fracture when submitted to such pressures in uniaxial
compression. They have therefore to be confined to avoid any fracture during the tests. A new
Hopkinson bar device which simultaneously enables to confine a sample and rub it on steel
has therefore been designed. This device is composed of two coaxial transmission bars. It
consists in a cylindrical sample confined in a steel tube, the cylindrical sample being inserted
between the incident bar and the internal transmission bar, and the confinement tube being
leant against the external transmission bar. The high impedance of the external transmission
bar keeps the confinement tube quasi-motionless whereas the impedance of the internal
transmission bar is calculated to reach the desired pressure and the desired velocity at the
tube-sample interface. Tests have been carried out with an inert material mechanically

representative of explosives. The friction coefficient and the stresses at the tube-sample
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interface are deduced from strain measurements on the Hopkinson bars and on the external

face of the confinement tube, and from an analytical model.

Keywords: friction parameter, identification, confinement, split Hopkinson pressure bars

1 Introduction

Numerical simulations are performed to predict the ignition of confined explosives
submitted to accidental impacts [1], [2], [3]. Such impacts are characterised by velocities of
several tens of meters per second and are usually called “low-velocity impacts”. These
simulations are based on:

- An elasto-plastic model simulating the macroscopic behaviour, whose parameters are
identified from triaxial tests.

- A thermo-chemical model enabling the calculation of the local heat due to the irreversible
macroscopic strain and due to chemical reactions.

The parameters of the thermo-chemical model are identified from normalised experimental

tests supposed to reproduce accidental situations: the drop-weight test [4], the Steven-test [3],

[5], [6], the Susan-test [3] and the Taylor test [7] among others. Unfortunately, numerical

simulations of these normalised tests show that the ignition time of the explosive strongly

depends on the friction coefficient at the interface between the explosive and the contact

materials (generally steel). A test enabling the friction coefficient measurement between steel

and explosives under the “low-velocity impacts” conditions has therefore to be designed.

Numerical simulations display that the “low-velocity impacts” lead to contact

pressures reaching 100 MPa and sliding velocities reaching 10 m/s at the interfaces. Few
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tribometers satisfy these requirements: tribometer with explosively-driven friction [8], target-
projectile assembly with oblique impact [9], Hopkinson torsion bars [10], dynamometrical
ring with parallelepipedic specimen launched by a gas gun or an hydraulic machine [11] and
the friction of a pin on a revolving disc [12], [13]. With these classical tribometers, mainly
used on metals and ceramics, the friction samples are tested in simple compression and this

configuration is unfortunately not adapted to our situation, as explained above.

For safety reasons, our friction tests are carried out with an inert material mechanically
representative of an explosive. This material is named the 11. The I1 Young’s modulus is
2 GPa, its Poisson’s ratio v is estimated to 0.4 and its density is 1850 kg/m? [14]. Its inelastic
behavior has been studied by carrying out triaxial compression tests [14]. The material flow
when its plasticity threshold has been attained (for the sake of simplicity the maximal stresses
obtained using triaxial tests are used to define a plasticity threshold). The plasticity flow

threshold is defined by a Drucker-Prager criterion [14]:

(1) omis - oP < C

where P is the hydrostatic pressure and omis the Von Mises equivalent stress.

Conventionally, the stress in the I1 is positive in compression and negative in traction.
A plastic incompressibility and a perfectly plastic behavior (i.e. C constant) are assumed. The

parameters have been determined: C = 25 MPa and a = 0.64 [14].

According to relation (1), in the case of a simple compression loading, the maximum
axial stress is only 31 MPa. The I1 behavior is quasi-brittle, so when this limit stress is

reached, it breaks. The desired 100 MPa pressure cannot therefore be reached with classical
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tribometers because of the 11 fracture. The material has therefore to be confined during our
tests for two following reasons:

- The behavior of the confined material remains elastic even under high stresses.

- A confinement situation avoids any fracture to occur when the elasticity limit is reached.

A cylindrical 11 sample is thus enclosed in a steel tube. This technique is usually employed to
perform compression tests with quasi-uniaxial strain states [14], [15]. Our test bench has to be
designed to enables friction to occur between the 11 sample and the steel tube. Our

experimental configuration is similar to the compaction tests one [16], [17], [18].

The Hopkinson bar set-up, its potential performances and the friction identification

from a test and from an analytical model are described in section 2. Then, the consistency of

this identification is verified in section 3 by performing numerical finite element simulations.

2  The Hopkinson bar set-up

2.1 Design and modeling

The Hopkinson bar device used for our friction tests has two coaxial output bars
(Figure 1). It consists in an I1 cylindrical sample confined in a steel tube, the sample being
inserted between the incident bar (via a plug, see Figure 2) and the internal output bar, and the
confinement tube being leant against the external output bar. The high impedance of the
external output bar keeps the confinement tube quasi-motionless whereas the impedance of
the internal output bar is calculated to reach the desired pressure and the desired velocity at

the tube-sample interface. Thus, the steel tube acts both as a confinement, which avoids any
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fracture in the 11 sample, and as a friction surface. The radial pressure at the confinement

tube — sample interface is generated by the axial compression of the sample.

coaxial S & and &,
output bars measurement measurements striker

R A A S

cell input bar gun

cut view

A4

Set meas:urement external output bar

&, measurement internal output bar

Figure 1: The Split Hopkinson Pressure Bar device. &: incident strain wave, &: reflected
strain wave, &u: Strain measured on the confinement tube, &t external transmitted strain

wave, &t internal transmitted strain wave.



108

109

110

111

112

113

114

115

116

117

118

119

120

Young’s diameters length
bar material waves celerity
modulus external internal
striker 1.05m
steel Ei=166 GPa | Ci=4555m/s | 2Ri=20 mm
input 25m
internal
aluminum | Ejo =72.8 GPa | Cio =5092 m/s | 2Rio =10 mm 1.46 m
output
external
steel Eeo =205 GPa | Ceo =5162mM/s | 2Reecc =40 mm | 2Ricc=30mm | 1.5m
output

Table 1: Young’s moduli, tensile/compressive waves celerities, diameters and lengths of the

bars.

The impact of the striker induces an incident compressive strain wave & in the input
bar (Figure 1). Reverberation occurs in the cell (cell details are given on Figure 2), which
leads to a reflected strain wave & in the input bar, to a transmitted compressive strain wave &
in the internal output bar and to a transmitted compressive strain wave &t in the external
output bar. & and & are both measured by a longitudinal strain gauge glued on the input bar,
at 1.22 m from the plug interface, where the two waves are separated in time. & is measured
by a longitudinal strain gauge glued at 330 mm from the sample interface and & is measured

by a longitudinal strain gauge glued on the external face of the external output bar and at

295 mm from the confinement tube interface.
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Figure 2 : Zoom on the mounting with the cell composed of the plug, the sample and the

confinement tube (axisymmetric cut view).

The sample has a diameter 2R and a length L equal to 10 mm, the confinement tube
has an external diameter 2R; equal to 24 mm and the length scale is respected on Figure 2.
The confinement tube and the plug, made of steel, have a Young’s modulus E: and a Poisson’s
ratio w respectively equal to 200 GPa and to 0.29. The friction face of the confinement tube
has been reamed and the sample was turned on a sliding lathe. Both have a weak surface
roughness representative of the pyrotechnic structures roughness (arithmetic average of
absolute values Ra roughly equal to 0.8). The radial clearance between the plug and the tube
and between the internal output bar and the tube is of the order of 0.01 mm. Teflon sheets
have been inserted between the plug and the sample and between the internal output bar and
the sample in order to reduce the friction at these interfaces and thus increase the pressure at
the tube-sample interface. The circumferential gauge glued on the confinement tube is 2 mm
wide. The initial axial distance between the sample middle and the gauge middle is chosen
equal to 2.5 mm because the sample displacement relatively to the tube during the test is
supposed to be around 5 mm. Thus, the gauge is glued at the mean axial position of the

sample middle.



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

The force Fi applied by the input bar on the plug and the velocity V; at the input bar -
plug interface can be determined from the Hopkinson formulae (2) and from strain waves &
and & measured by the gauge and virtually transported at the input bar - plug interface (see

Table 1 for symbols definitions):

F =-7R’Ei( +¢,)
@ {Vi =Ci(e, — &)

The force Fio applied by the internal output bar on the sample and the velocity Vi, at
the internal output bar - sample interface can be determined from the Hopkinson formulae (3)
and from strain wave &: measured by the gauge and virtually transported at the internal output

bar - sample interface:

The force Feo applied by the external output bar on the confinement tube and the
velocity Veo at the external output bar — confinement tube interface can be determined from
the Hopkinson formulae (4) and from strain wave &t measured by the gauge and virtually

transported at the external output bar — confinement tube interface:

(4) {Feo =7 (Riio - Rezeo) Eeoget
V,, =—C,€

eo“et
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The equilibrium state of the cell (i.e. the confinement tube, the sample and the plug)

gives:

(5) Fi = Feot+Fio

The stationary state of the cell gives:

(6) Vi = Vio

In the case of a stationary state, the sliding velocity at the friction interface V can be

expressed as following:

(7) V= Vio - Veo or V=V- Veo

The sample behavior has to be modeled to obtain a second relation between the forces
Fi, Feo and Fio. The model used is similar of the Janssen’s one [19] and has been previously
used by the authors in [20] and [21]. The approach is based on three assumptions:
(i) the confinement tube is assumed to be perfectly rigid,
(if) the sample behavior remains elastic,
(iii) in the sample, the axial, radial and circumferential stresses and strains do not depend on

the radial coordinate.
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Figure 3: Stresses in the sample. z: axial coordinate, p(z): radial pressure, #(z): friction stress

applied by the tube on the interface, o(z): axial stress.

If the stresses in the sample (Figure 3) are positive in compression and negative in

traction, the Hooke’s law leads to the following relation:

® P2)__v

o(z) 1-v

vbeing the I1 Poisson’s ratio.
The axial equilibrium of the sample slice between z and z+dz (Figure 3) leads to:

©  2(2)=Ro'(z)= Rdj_gz)

R being the sample radius.

A Coulomb’s law with a friction coefficient denoted f at the tube-sample interface

leads to:

(10) =(z)=f p(z)

10
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The relations (8), (9) and (10) lead to a differential equation:

(11) =

By taking into account the boundary conditions:

F, =z R%c(L)
(42 {Fio =7 R%c(0)

we obtain:

F . _2vL
(13) F—_exp(ﬁ f) with g = RAY)

i0

The incident strain wave & can be linked to the impact velocity of the striker Vs:

14) ¢g=-=—

Thanks to the Hopkinson formulae (2), (3) and (4), thanks to the equilibrium state
equation (5), thanks to the stationary state equation (6), and thanks to relation (13), the mean
pressure along the friction interface pmean and the sliding velocity V can be determined from
the impact velocity of the striker Vs, from the friction coefficient f and from the set-up

parameters:

11
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RRy E, Eylexp(8 f)-1]

15 _

(15 Puean 2f R L[Riin C,+ RioinO C exp(ﬁ f)] .
e {C' _Ry'E, Cuolexp(p f)—l]}

(16) V= L (Rezeo — F‘)iio )Eeo

R’E; Co + Ry Eo Crexp(f f) s

Relations (15) and (16) enable to choose the apparatus dimensions (L, R, Ri, Rio, Reeo
and Rieo), the apparatus materials (Ei, Ci, Eio, Cio, Eeo and Ceo) and the striker initial velocity Vs
knowing the sample Poisson’s ratio v, the friction coefficient f and the desired interface
solicitations (pmean and V). It must be highlighted that an accurate calculation of the apparatus
needs to know a priori an order of the friction coefficient f magnitude and needs to know
accurately the sample Poisson’s ratio v. The striker of our apparatus can be launched at
10 m/s. Figure 4 therefore displays the magnitudes of the mean pressure and of the sliding
velocity that can be reached with our set-up. Figure 4 shows that the mean pressure increases
and that the sliding velocity decreases when the friction coefficient increases. The desired
100 MPa pressure and the desired 10 m/s sliding velocity can almost be simultaneously
approached for very low friction coefficients (lower than 0.1). It could be noted that the
pressure and the sliding velocity cannot be simultaneously imposed to a desired value because

one depends on the other.

12
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Figure 4 : Evolution of the mean pressure pmean and of the sliding velocity V as a function of

the friction coefficient f.

None of the former devices enables to reach such friction solicitations. The tribometer
used in [20] enables to reach a sliding velocity of around 10 m/s but limits the mean pressure
to 20 MPa whereas the tribometer used in [21] and in [22] enables to reach a mean pressure of

around 100 MPa but limits the sliding velocity to 2 m/s.

2.2 Analysis of measurements

A test has been conducted to experimentally check if the sample reaches a stationary
equilibrium state as assumed in section 2.1. The time evolutions of the raw strains are shown
on Figure 5. The forces applied by the bars on the cell and the velocities at the bars-cell
interfaces are then determined from the Hopkinson formulae (2), (3) and (4). The input force
can be compared to the output force on Figure 6 and the sample input velocity can be

compared to the sample output velocity on Figure 7.

13
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Figure 5: Time evolutions of the raw strains measured by the gauges glued on bars and on the
confinement tube. The strain measured on the external output bar is very low compared to the

others.

We can notice that the time beginning used on Figure 5 is different from the one used

on the other figures and will be no more used in the paper.

14
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270 time (us)

271  Figure 6: Time evolutions of the input force F; and of the sum of the external output force and
272  of the internal output force Feo+Fio deduced from the measured strain waves in the bars and
273  from the Hopkinson formulae.

274

experimental velocities (m/s)

0 T T 1 I
0 100 200 300 400 500
275 time (ps)

276  Figure 7: Time evolutions of the input velocity Vi, of the internal output velocity Vi, and of
277  the external output velocity Veo deduced from the measured strain waves in the bars and from
278  the Hopkinson formulae.

279
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280 A quite satisfactory stationary equilibrium state can be observed on Figure 6 and
281  Figure 7. The evolution of the experimental input force Fi during the transient phase (at the
282  beginning) can be explained by the time shifting of the incident and the reflected waves & and
283  &. These two waves being quasi-opposed (Figure 8), uncertainties are amplified when the
284  input force is calculated with formula (2). The experimental evolution of F; will therefore not
285  be used to identify the friction coefficient f and we will focus only on the stationary phase
286  (approximately from 300 us to 400 ps).

287

1200

1000 -+

800 -

600 -

400 -

200 -

experimental strain waves ()

0 T T T T
0 100 200 300 400 500

288 time (ps)

289  Figure 8: Time evolutions of the opposite of the measured incident strain wave & and of the
290  measured reflected wave &, both virtually transported at the input bar - plug interface.

291

292 Figure 7 shows that the sliding velocity V is of the order of 8-9 m/s during the
293  stationary phase.

294

16
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According to relations (5) and (13), the friction coefficient f can be deduced from the

. F
output forces ratio —=:

io

In(i“%lj
17) f=—1 ~Z
(17) ;

12

—Fio

experimental forces (KN)
[8)]

—0.14xFio
0 T T T T

0 100 200 300 400 500
time (ps)

Figure 9: Time evolutions of the external output force Feo and of the internal output force Fio

deduced from the measured strain waves in the bars and from the Hopkinson formulae.

F
The —=£°

ratio identified during the stationary phase on Figure 9 in roughly 0.14. By

io

using relation (17), it leads to ff ~0.13 and if v ~0.4 to f ~0.05.

The mean friction stress zmean Can be deduced from Feo which corresponds to the

friction force:

17
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( ) Tmean 27Z'R L

The minimal pressure pmin IS reached on z=0 and the maximal pressure pmax In
reached on z =L (Figure 3). According to relations (5), (8) and (12), pmin and pmax can be

expressed from the output forces Feo and Fio:

v F
Pmin = p(0)=— I02
(19) 1-v 7R
D _ p(L)= |14 Feo + Fio
e 1-v  aR?
According to relations (8), (9) and (10), the pressure p is an exponential function of
(f2):

pfz
p fexp(L j

exp(p f)-1

(20) p = pmean

For low magnitudes of f, p can thus be considered as an affine function of z, which

implies:

_ pmin + pmax

21 =
(1) P =

The mean interface stresses are determined from the experimental output forces Feo

and Fio, from relations (19) and from relation (21):

18
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332  Figure 10: Time evolutions of the experimental mean pressure pmean and of the experimental
333 mean friction stress zmean.

334

335 Figure 10 shows that the mean pressure pmean is of the order of 90-100 MPa.

336

337 3 Numerical simulations of the test: check of the results consistency

338

339 Finite element simulations (software: ABAQUS/Explicit) are performed in order to
340 check the consistency of the experimental results and of the friction coefficient magnitude
341 identified from our analytical model (f ~0.05). The whole set-up except for the striker is
342  exactly reproduced in these simulations. As Teflon sheets have been inserted between the
343  plug and the sample and between the internal output bar and the sample, these contacts are
344  supposed to be frictionless. The experimental incident strain wave & is used as an imposed
345  loading by applying on the right-hand extremity of the input bar (Figure 1) a pressure equal to

346  the opposite of the measured strain & virtually transported at the extremity multiplied by the

19
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360

input bar Young’s modulus Ei. The opposite of & can be seen on Figure 8. The strains &, &u,
&t and &t can be considered as the mechanical response of the set-up to & and the simulations
have been performed with several values of the friction coefficient f to study its influence on

the response.

0
10 - numerical simulation (f = 0,05)
-20 -
[T ™t e — ]
= numerical simulation (f = 0.10)
3 -30 -
experimental results

-40 -

-50 1_

ol -0 | numerical simulation (f= 020)

0 100 200 300 400 500
time (pus)

Figure 11: Time evolution of the measured external transmitted strain wave &t virtually
transported at the external output bar— confinement tube interface and its numerical

equivalent depending on the friction coefficient f magnitude.

The numerical equivalent of the strain measured by the gauge glued on the
confinement tube &y is actually the mean value of the numerical circumferential strain along

the gauge width.

20
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Figure 12: Time evolution of the strain measured by the gauge glued on the confinement tube

au and its numerical equivalent depending on the friction coefficient f magnitude.

1200
1000 -
800 - St A
—_ experimental results
= ] . . .
= 60+t numerical simulation (f = 0.00

( )
numerical simulation (f = 0.05)
( )
( )

numerical simulation (f = 0.10
------- numerical simulation (f = 0.20
200
0 T 1 T 1
0 100 200 300 400 500
time (ps)

Figure 13: Time evolution of the measured reflected strain wave & virtually transported at the
input bar - plug interface and its numerical equivalent depending on the friction coefficient f

magnitude.
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Figure 14: Time evolution of the measured internal transmitted strain wave & virtually

transported at the internal output bar - sample interface and its numerical equivalent

depending on the friction coefficient f magnitude.

The external transmitted strain wave & is proportional to the friction force and is

therefore the most friction dependent strain (Figure 11). During the stationary phase, f = 0.05

is a very good fit with the experimental &t. The strain measured on the confinement tube &y is

also highly dependent on f, but a perfect fit cannot be obtained because of the numerical

strains high values (Figure 12). The reflected strain wave & and the internal transmitted strain

wave &t are quasi-independent on friction (Figure 13 and Figure 14). During the stationary

phase, f = 0.05 is consistent with the measured & and with the measured &.

4  Discussion of the analytical model assumptions

Relation (17) leads to the following one:

22



387 (22) [eXp(IB f)_l]FIO =Feo
388
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numerical forces (KN)
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390 Figure 15: Time evolutions of the numerical external output force Feo and of
391 [exp(p f)-1]F, (with f=0.05).
392

393 Figure 15 shows that the analytical model slightly overestimates the friction force Feo.

394  Only this criterion finally matters because f is firstly identified from the Feo ratio.

395

396 5 Conclusion

397

398 The purpose was to design a set-up enabling the friction measurement between an inert
399  material, mechanically representative of explosives, and a steel confinement. The desired
400 sliding velocities and the desired pressures were respectively 10 m/s and 100 MPa. A
401  confinement set-up using the split Hopkinson pressure bars technique had to be designed

402  because of the low mechanical resistance of the inert material when submitted to the simple

23
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compression of classical tribometers. Such a configuration does not enable to make direct
measurements. As a result, the stresses and the friction coefficient at the interface between
steel and the inert material were identified from indirect measurements, from an analytical
model and from the value of the inert material Poisson’s ratio. It has been shown that the
sliding velocity and the pressure reached roughly 8-9 m/s and 90-100 MPa whereas the striker

was launched at only 10 m/s.

A very low friction coefficient has been measured: only 0.05. In [20] and [21], a
sliding velocity of the order of 1 mm/min has been imposed and the corresponding friction
coefficient is roughly 0.2. In [22], the mean pressure is approximately 70 MPa and the sliding
velocity is of the order of 2 m/s. In [20], the mean pressure is approximately 20 MPa and the
sliding velocity is around 10 m/s. In both cases, the friction coefficient is of the order of 0.4-
0.5. The reasons of such a variation should be studied in a future work. The friction drop at

the very beginning of the test could also be studied by using a time dependent friction model.

The measurements processing could also be improved by using an inverse method like
in [23]. Another prospect is the design of a compaction test enabling the friction force
measurement. Indeed, the study of the friction in compaction situations is an issue [16], [18]
and our device enables the simultaneous determination of the friction parameters and of the

compacted material parameters.
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