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P is pressure required for ignition, Pp is an experimentally determined constant, and

Vl i3 shear velocity required for ignition.
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1. INTRODUCTION

The sensitivity cf explosive materials to various stimull is impcrtant
both for safe handling as well as functional application. Workers in the
energetic materials fileld have used various tests to categcrize explosive

sensitivity.1 Some of the commonly used tests are drop weight impact,
small and large scale gap, wedge, bullet impact, and skid tests. These
tests cover a wide range of ignition conditlons ranging from pressures of
hundreds of atmospheres and times of millisecs (skid test) to pressures of
10 GPa and times of wicroseconds (wedge test). 1In the explosgsives community

Ly there appears to be general agreement that for shock ignition of

% heterogeneous explosives, the concentration of shock wave energy at

§E irregularities in the explosive heats a small region of explosive to a

K temperature high enough that an accelerating chemical reartion ensues. A
m number of likely energy-concentrating mechanisms have bcen proposed such as

hydrodynamic hot spots, microjet formation at cavities in the explosive,

2
and explosive shear under pressure.” Any one or all of these mechanisms
may be operative in a shock sensitivity test. Relatively low pressure

tests such as the drop weight impact aud skid tests exhibit phenomena that

suggest a combined pressure-shear mechanism of 1gnition.3'a’5

When we speak of a combined pressure-shear mechanism, we assume that
under pressure explosive shear occurs either at local irregularities within
the explosive or at boundary discontinuities. This relative wotion of
ad jacent explosive layers under pressure causes frictional/viscous heating
of the interlayer. The explosive heats fastest in the region of maximum
velocity p.oadlent accuss the laterlayer. Since viscosity dccreases as
temperature increases, the shear 1s further localized, i.e., the velocity
gradlent increases. This localized heated regicn or shear band would
appear to be a likely site for ignition. The experiments reported here
have been designed to test the effect of combined pressure-shear on
explosive fignition.

:1
§

: 2. EXPERIMENTAL DETAILS q
X 3, :1
N In order to test the effect of combined pressure-shear on explosive d
ignition, we used two different experimental arrangements. One was J
designed to test explesive sliding against a steel surface, and the other b

to test explosive shearing and sliding against itself. For brevity, we
will refer to these arrangements as explosive on steel and explosive omn s
explosive, respectively. ot
The first arrangement, explosive on steel, is shown in cross section in g
Figure 1. A short cylinder of explosive was placed within a steel y

confinement cylinder. A polyethylene buffer plug was butted against each
face of the explosive sample and then the transfer piston and veloccity "
plston were slid into place as shown. The purpose of the polyethylene
buffer plugs was to prevent spurious ignition caused by steel on steel
friction in the reglon adjacent to the explosive sample. Dimensions are
given in Table 1.
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TABLE 1. Test Sample Assembly for Explosive on Steel Shear

LIRS X L]

Component Length (mm) Diameter (mm) Welght (grams)
Confinement Cylinder 82,6 63.5 L
) +,013 v
Cylinder Bore 82.6 12.725_0.000 §
.013 :
Transfer Piston 69.9 12.700 T* 07 3
L] t‘
.01 2
Velocity Piston 57.2 12,700 * 813 R
+.025 %
Buffer Plugs 19.1 12,700 -.025 -
7
5 +.013 %
Explosive Sanple 12.7 12.700 -.013 2.0 ;
5
\l
bd

2.3 For explosive on explosive shear, we used the arrangement shown in
Figure 2. 1In this case, the explosive sample was clamped within steel

5leeves and a plug was sheared out of its center,

Dimensions are given in

Table 2. Either of these arrangements could be placed in the high pressuve
activator as shown in Figure 3.
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TABLE 2. Test Sample Assembly for Explosive on Explosive Shear

Component Length (mm) Diameter (mgl Weight (grams)
Confineuent Cylinder 76.2 76.2
Confinement Cylinder
Bore 76.2 25.4
Steel Sleeves 38.1 25.4 (Sliding
Fit in Cylinder
Bore)
. +.013
Steel Sleeve Bore 25.4, 38.1 12'725-0.000
+.025 +.013
Seat for Test Sample 12'700-0.000 19.075 -.013
Transfer Piston 69.9 12.700 +.013
-.013
Velocity Piston 57.2 12.700 t+013
-.013
+.025
c 1 12.
Buffer Plugs 19.1 12.700 -.025
Test Sample 12.700 *-013 19.050 *-013 5.9
ple : -.013 ‘ -.013
Znd Plates 12.7 76.2

The end plates were hardened to 40 on the Rockwell C scale and fastened
to the confinement cylinder with six 3/8-16 x 3/4 socket head cap screws.

The high pressure activator is a modification of the one described in
reference 6. A heavier powder load was used in the breech in order to
obtain higher pressures and the breech was continuously vented in ord:r to
decrease damage to the activator components. A manganin foll pressure gage
was used to measure pressure on the explosive sample and a photodetection
system was used to obtain sliding velocity. The activator was used in {its
contact mode (transfer piston in contact with the breech piston) in order
to avold shock formation which could occur if the breech piston impacted
thé transfer piston. M=-9 propellant was used tc pressurize the breech
because it left little residue and made clean-up easler. However, it has a
high flame temperature and is therefore more erosive to the breech vent
hole then a lower flame temperature propellant would be. For this reason,
a replaceable nozzle of maraging steel was used as shown in Figure 3.
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2.1 Test Procedure. For the explosive on steel shear experiments, the

explosive test sample was either cast TNT, density = 1.60 gm/cm3, or cast
Comp B, density = 1.69 gm/cmB. The sample was cast 25.4mm long x 1l2.7mm

diameter and sawed to a length of 12.7mm. The sawed end was sanded using
600 grade emery paper under water. The sample was cleaned and then
radiographed for possible voids or flaws. The explosive gsample was
positioned in the confinement cylinder bore and the polyethylene buffer
plugs were inserted as indicated in Figure 1. The purpose of the buffer
plugs was to preserve the region of the bore adjacent to the explosive
sample free from high temperatures that could be generated by the steel
piston rubbing against the bore surface. The bore had a reamed surface
finish of 40 micron root mean square. A close-running fit of the sliding
parts to the confinement cylinder bore was maintained in order to prevent
or minimize extrusion of the explosive or buffer plugs when slid under
pressure. Dimensions of the explosive on steel test assembly are shown in
Table 1. The confinement cylinder was 1020 mild steel and the pistons were
4340 steel heat treated to 40 on the Rockwell C scale.

2.2 Activator Loading and Assembly. During the course of this
investigation, several different loading and assembly procedures were used.
The failure element which determines the pressure applied to the explosive
sample has undergone several design changes also. Figure 4 represents the
current experimental arrangement.

In order to prepare the activator for firing, we weighed M~9 propellant
powder and sealed it in tissue paper along with an electric match. This
was placed in the breech chamber with the electric wmatch lead wires
sticking out of the vent hole. The breech chamber bore was wiped clean and
the 50.8mm diameter breech piston was inserted. A 12.7mm thick steel
spacer ring (to limit breech plston travel) and a 3.2mm thick polyethylene
ring (to cushion piston impact) were placed on the breech piston. A 25.4mm
thick hardened st~el stopper plate was slid into position 25.4mm above the
breech piston. This plate stops the travel of the breech piston.

Next, the transfer piston was positioned in a central indent in the
breech piston and the confinement cylinder assembly was slid onto the
transfer piston. The restraining plate was placed on the end of the
confinement cylinder and tightened against the body of the activator in
order to prevent the confinement cylinder from moving due to the frictional
force on its bore surface during pressurization. Then the velocity piston,
extruder fallure element, and manganin foil pressure gagxe were positioned
as shown in Figure 3. Finally, the adjustable backstop was tightened to
hold the assembled activator components in place.
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2.3 Velocity Measurement. The velocity piston was
piston which had been modified by machining O.5um wide
0.5mm wide grooves near one end of the plston as shown
flats were polished to a final finish using .0l micron

a standard steel
flats separated by
in Figure 5. These
aluninum oxide

powder. In order to measure the sliding velocity of the explosive sample,
a one milliwatt helium—-neon laser becam was reflected “rom the velocity
plston through an interference filter and into a 1P22 photomultiplier tube.
The motion of the piston was measured by feeding the phototube output
signal to a Data Preclsion Model 6000 waveform analyzer. As each
reflecting flat on the velocity piston intercepted the laser beam, a
voltage signal was generated. Knowing the distance between flats (lmm
center to center) and measuring the time between voltage peaks, wi were
able to calculate the sliding velocity.

2.4 Pregsure Measurement. The pressure on the explosive sample was
measured by using a plezoresistive manganin foll pressure gage sandwiched
between two steel surfaces downstream from the explosive sample as shown in
Pigure 3. Since the activator is used in the contact mode, the pressure
pulse measured at this point is probably a good representation of the
pressure pulse on the explosive sample. However, due to frictional force
along the confinement cylinder bore, the downstream region may experience a
somewhat. lower pressure than the sample region.

The piezoresistive manganin foll gage is sensitive to gage distortion.
Great care must be taken to support the gage on a flat surface and to
stress the gage and its support uniformly. In our current arrangement
(shown in Figure 6) the manganin gage 1s epoxied between two thin Mylar
sheets and this sandwich is epoxied between the ground surfaces of the
pressure extruder and a 25.4um diameter steel plate.

In order to obtain a range of pressures, we extruded polyethylene
through various diameter orifices as shown in Figure 6. The extruder body
was 4340 steel hardened to 45 on the Rockwell C scale. The base of the
extruder was ground flat. There were four holes drilled through the wall
of the extruder as shown. The static yleld pressure of the polyethylene-
filled extruder for various diameter holes was determined experimentally

using a Carver laboratory press, Model C. These pressures are indicated in

Figure 6. The dynamic yleld pressure was generally 207 to 50% higher. oy
The manganin gage forms one arm of a balanced Wheatstoue bridge circuit !ﬂ
as shown in Figure 7. When the gage 1s pressurized, its resistance {Q
changes, unbalancing the circuit and producing a voltage output, V, pa
proportional to the pressure, P: o
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P = 4 AV
a(e)
where P = Presgssure (GPa)
AV =  Qutput Signal (Volts)
e = Bridge Input Voltage (Volts)
a = Pressure Coefficient of Resistance for Manganin - .023 ohm
ohin -~ GPa

The derivation of this equation is shown in Appendix A. This is the
pressure on the 25.4mm diameter steel plate. 1In c.der to calculate the
pressure on the 12.7am diameter explosive sample, we multiplied the

12.7
greater than the measured pressure assuming no frictional losses.

measured pressure by <25.4)2. This gave a sample pressure four times

3. RESULTS

Typical pressure and shear displacement records are shown in Figures 8
to 10. Figure 8A illustrates the results obtained for TNT slid against
itself without reaction. The upper trace represents the pressure sensed by
the manganin foil gage and the lower trace represents the displacement of
the velocity piston; the horizontal time axis 1s 2.048 msecs long. The
vertical axis is located at the polint of maximum deflection of the upper
trace; the pressure on the TNT sample was calculated as explained
previously. The average shear velocity occurring at this time is
calculated by dividing the distance between the reflecting flats on the
velocity piston (lmm) by the time between adjacent peaks on the
displacement trace. The data from these records indicate that TNT did not
react when slid against itself at a pressure of 0.56 GPa and a velocity of
20 m/sec. As with most of our shots, the maximum pressure was reached
within one millisecond.

Figure 8B represents TNT on TNT shear in which reaction occurred. The
vertical axls 1s positioned at the estimated point where reaction occurred.
This corresponds to a pressure of 1.08 GPa and a shear velocity of 33.3
m/sec. It can be seen that there is an increase in pressure and piston
velocity at this point. There is an increase in pressure and piston
velocity at an earlier time but we attribute that to non-uniformities in
the pressurization rate due, perhaps, to uneven burning of breech
propellant or binding and subsequent releasing of pistons. We have
obtained records showing increases in pressure and velocicy where reaction
did not occur. This figure 1llustrates the difficulty of picking a precise
reaction point.

Figure 9A represents a non-reaction record when Comp B is slid on Comp
B at a maximum pressure of 0.92 GPa and a shear velocity of 12.5 wm/sec.
Figure 9B shows Comp B reacting at a pressure of 1.07 GPa and a shear velo-
clty ot 26.3 m/sec. The reaction caused the piston velocity to increase to
100 m/sec within 50 wicroseconds. The pressure gage recorded 3.1 GPa
before it broke.
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Figure 8A.

620 .900u8
1.23Q00V

TRACE SOURCE * 3:—-:—-651‘ 1% "8CALE X FILL
1 ; BUF ,X® 620 .@00uS | Xi-4 LINEAR

TNT slid against TNT. No reaction. Upper trace shows
manganin foil pressure gage signal. Lower trace shows
velocity piston displacement record from which sliding

velocity is calculated.

. @6400ms 14  ~  2.04800wS WMI06
.25000V 1.090908 ° 2.30000U HICH
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. BUF.X@  1.06400m3 . X1-4 LINEAR

Figure 83. TNT Slid Against TNT - Reacticn
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.01608n8 . 104 © 2:04000m8 WIDH
.23@08U 1.99208  2.%20000 HIGH

TRACE.  S0URCE . % OFFBET X BCALE »x FILL
L BUF .X@ - 1.91600mS K14 LINEAR

Figure 9a. Ccmp B Slid Against Comp B - No Reacticn
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Figrere 9B, Comp B S1:4 Against Comp B - Reaction
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Figure 10A shows a non-reaction record when CMDB propellant® is slid
upon itself at u pressure of 0.18 GPa and a shear velocity of 17.9 m/sec.

Figure 10B illustrates reaction when CMDB is slid on CMDB. The vertical
axis 1s located at the estimated reaction polnt. The pressure at this
point 18 0.25 GPa and the shear velocity is 47.6 m/sec. The pressure drops
slightly because the activator breech piston is contacting the stopper
plate around this time. Due to reaction, however, the pressure remains
high and the piston velocity increases to 80 m/sec. The big jump in the
pressure trace is due to the velocity piscon impacting the base of the
extruder after the material has been extruded.

We have measured the pressure and shear velocity for TNT and Comp B
sliding against a steel surface in the configuration illustrated in Figure
1. We have also measured pressure and shear velocity for TNT, Comp B, and
FKM propellant slid against themselves as illustrated in Figure 2.

The data for TNT on steel are plotted in Figure 11 as sliding velocity
vs peax pressure on the explosive sample., On most shots, the peak pressure
and maximum velocity were nearly simultaneous.

The clear and filled symbols represent non-reaction and reaction,
respectively. There is wide scatter in the data, some of which may be
attributable to experimental problems. However, some of the pressures and
velocities may have been increased due to explosive reaction.

The data for Comp B on steel are shown in Figure 12, The data indicate
that Comp B is more sensitive than TNT to shear ignition. Also, it is more
evident here that there is an inverse relationship between the pressure and
velocity required for ignition. The derivation of the solid line
superinposed on the data will be explained in the analysis section. It can
be loosely interpreted as an isotherm defining the boundary between
reaction and non-reaction.

The results for TNT slid on TNT are shown in Figure 13. The critical
(1gotherm) curve for TNT on steel has been superimposed on these results
also. The same 1sotherm cuvve has been used for both sets of data.

The results for Comp B slid on Comp B are shown in Figure 14 with the
Comp B on steel tsotherm curve superimposed.

Finally, ‘he .ecsults of CMDB slid on CMDB are presented in Figure 15,
The superimposed isotherm for CMDB was calculated as shown in the analysis
section. It can be seen that CMDB propellant 1s much more sensitive to
combined pressure-shear ignition than either TNT or Comp B.

*The wor: on CMDB propellant was funded by the HARP program, NSWC, White
Oak, Silver Spring, MD. CMDB is an acronym for Composite Modified
Double Base.
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Q4GORU .. x 1.90000 - . 2.500edU HIGH

" SDURCE X OFFBET R BCALE X FILL
BUF .X@  4.42480m8 Xl-4 LINEAR

Figure 10A, CMDB Slid Against CMDB- No Reaction

7189.000uB8  x 1-4 . 2.04000m8 WIDE
x 2.00000 1.250000 HICH
-9 ) 20 HIGH

SOURCE X OFFSET X BCALE . X FILL
BUF .X2 710.000uS8 . X1-4 LINEAR

Figure 10B. cypp Slid Azainst cMDB - Reacticn
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4. ANALYSIS

We have attempted to correlate our pressure-shear ignition data in
terms of viscoplastic heating of the narrow zone of shearing explosive .
which we will refer to as the shear band. We imagine that as the explosive
shears under pressure, thermal energy is deposited in the shear band by
viscous heating. The shear band continues to increase in temperature with
the highest temperature becoming localized at the center of the shear band
due to thermal flow from its boundary. The high temperature at the center
decreases the viscosity of the explosive thereby increasing the shear rate
in this reglon. The net result of this viscous heating process is to
create a narrow band of heated explnsive with the maximum temperature at
the center.

The temperature at the center of the ghear band will continue to
increase until the energy deposition rate per unit volume (due to viscous
heating) 1is balanced by the energy flow rate per unit volume (due to
thermal conduction). As the thermal gradient steepens, the energy loss
rate per unit volume increases. 1If the peak temperature 1is high enough,
the explosive will react.

We will heuristically derive a relation between the shear velocity and
the pressure at the boundary between reaction and no reaction. Frey? has
treated shear band growth {n a more complete fashion, and the relationship
which we heuristically derive here has been verified in his model. Figure
16 is an idealization of the temperature and velocity variation across the
shear band when peak temperature is reached. The slopes of the dashed
lines represent the average values of the temperature and velocity
gradient. We will use these average values to r~late the thermal energy
deposition rate per unit volume to the thermal encrgy loss rate per unit
volume in order to derive a relationship between pregsure and shear

veloclty at the boundary between reaction and non-reaction. Some
assunptions made are:

Explosive shear strength is negligible (only viscous forces are
lmportant for explosive heating). For Comp B and TNT, this is probably a
good asgumption because these explosives melt before they react. The
maximum temperature occurs in the melt layer. For CMDB, it may be suspect.

Viscosity varies with pressure and temperature as indicated below. ;J'
Coefficient of thermal conductivity remains constant. 3i1

As mentioned, we used average values of variables across the shear 2}3
band. These values are listed here and shown in Figure 16. ;:'
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0 1
TAVG - — (temperature)
T. - T
aT 1 0 (temperature gradient)
AZ
z
2
\'s
_oax 1
VAVG i R (shear velocity)
V. -0
a1 (shear velocity gradient)
AZ Z

The thermal energy deposition rate per unit volume for a viscous medium
under shear can be written as

2
1 davh (1)
s (d—z)

or, using average values,

iz (é_‘i)
2 \AazZ
The viscosity, 1, increases as pressure i. . .aser #1d decreases as

temperature increases. R. Ftey7’8 fit a 1'~ited range of data to obtain a
relationship for verlation nf vigcosity of mnltcu INT with temperature. We
have used the same relationship. For the .iscos .ty variation with
pressure, Frey used a relationship typize) of organic liquids such as
nitrobenzene. Combining the tewmperature ‘nd preizsare corrections, the
viscosity dependence of TNT on temperatuie and j.essure can be written as

2 (2)

P X
__ Py . (T."'\ ;T (3)
I pRe
where kg viscosity of TNT at 358°k = 1.39x 2 kg (£ 9,
m-sec
P = pressure in the shear bsnd, GPa
PR = experimentaily deterzined ronstat = 3.165 GPa
E = experimentally determin:s ceunartant 3880°K
TAVG = average temperature i‘n the s _ar band, °k
0
Ta = 358 K

e = base of the natural log = 2.71828
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The average thermal energy deposition rate per unit volume can now be

written as
P ( E_ _E_
Pp \Tave TR 2

1/2;.¢Re e (_A\L)
Az

The thermal energy loss rate per unit volume can be expressed as

Ao (-AL) L (5
O<AZ> Z

(4)

where A, = thermal conductivity of TNT at 293°K = 0.262 joule.9 The thermal

a-%K-~sec
conductivity increases relatively slowly with pressure and decreases with
temperature. We have treated it as a constant.

As an explosive shears under pressure, energy 1s concentrated near the
center of the shear band by viscous heating while energy is dissipated by
thermal conduction across the shear band. 1If a critical temperature is
reached, the explosive will react. Otherwise the explosive will remain
unreacted. 1In our pressure-shear experiments, the boundary between
reaction and non-reaction 1is roughl; c¢quivaleant to a critical temperature
or isotherm. At this critical temperature the energy deposition rate per
unit volume is equal to the energy loss rate per unit volume. The curve in
Figure 11 is a fit to our pressure-shear data for TNT on steel obtained by
equating Equations 4 and 5 as follows:

P <3aso°_ 3aao°>

P. \T T
R
1/2uge § & AYE (& )2 S he(Ty L (®
AZ AZ) Z
Referring to Figure 16, this can be rewritten as
o] (o)
_g_ Gsso ] 3280>\,1 , S
I/ZuRe e 2 o Z z
z /
P
P 4x (T, - T
or e Mv,? = °(é 0) . 7
<3880 _ 3880 )
. Tave Tp
KR
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Note that the shear band width, Z, drops out of the equation. The
shear band width varles with time, but 1t does not affect the maximum

temperature in the band. Frey's calculations7, which relax some of the
assumptions used here, also show that the maximum temperature 1is
independent of shear band width.

If we assume that reaction occurs when a critical temperature, Tl’ is
reached, then, for a given explesive
r
P
R
e Vl2 = constant. (8)

Values for P and V, were substituted into Equation 8 until we obtained

1
a curve which seemed to give a good eye fit to the data. The point
P = 0.8 GPa, v, = 30 m/sec lies on this curve. Using these values and

P, = 0.165 GPa for TNT on steel

R
P 0.800 (9)
P 0.165
e R v - e (30)% = 1.15x10° ?
SeC2

We guperimposed the curve defined by Equation 9 on the data for TNT on TNT
shear as shown in Figure 13. Although there is a lot of scatter in the two
sets of data (TNT on steel and TNT on TNT), Equation 9 gave an adequate fit
for both sets.

We proceeded in a similar manner for shear ignition of Comp B on steel.
We continued tc use P0 = 0.165 GPa since we did not have viscosity data for

Comp B. For Comp B on steel

P 0.670 (10) ")

P 0.165 e

e R Vl2 = e (30)2 = O-SleOS n? iu

sec2 gi

P %ﬁ

. Ot

P Ny

The lower value of e R\’l2 for Comp B is8 A measure of its greater shear 2;
ignition sensitivity relative to TNT. This curve 1is shown in Figure 12 for ;Si
Comp B on steel data. We superimposed the curve defined by Equation 10 on r
the data for Comp B on Comp B wunear. We had only a small amount of data -
for this case but the fit seems adequate. This is shown 1in Figure 1l4. jig
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For CMDR propellant we did not have any viscosity data, so we
P

P
assumed that e RVl2 a constant, substituted estimated pressure and velocity

values at two different points and obtained Pp = .076 GPa for CMDB.
propellant. Then, for CMDB on CMDB shear

117 (11)
076
e Ryv2ae (30)2 = .042x10° w?

88C2

o~

P,
Again, the low value of e RVl2 relative to TNT and Comp B is an
indication of the greater shear sensitivity of CMDB propellant. 7This curve
1s shown superimposed on the data in Figure 15.

Figure 17 is an extrapolation of the curves for TNu, Comp B, and CMDB {n
order to illustrate their relative sensitivities for nressure-shear
ignition over a wider range of pressure and shear veiocity.

5. SHEAR BAND TEMPERATURE

We can rearrange Equation 7 to indicate the relatjouship between peak
temperature T1 and various experimental parameters associated with the

shear band.

P
T, = T PRV 2 12
1" T r¢ Vi (12)
3880 3880
T T
e AVG 4 A e R
(o]
T, + T,
Since TAVG =-———;——- , We can write
P
P
R 2
T, = T LR v, (13)
T 7760 3880
T +T T
e L 0 4)\e R
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From the form of Equation 13, it can be seen that the maximum temperature
{n the shear band, Tl’ increases monotonically with viscosity, pressure,

and the velocity gradient across the shear band and is inversely propor-
tional to the thermal conductivity of the explosive. By substituting
values for u Ao’ TR’ PR’ and P, V1 along the TNT isotherm, Equation 13

R,
can be rewritten
0.800
0.165
-2 2
T, - T, ] (1.39x107%)e (30
7760 3880
T +T 358
1o 4 (0.262)e
T, - T
1 0 . 5.99x1072 (14)
7760
T[T,

e

By iteration of Equation 14, we obtain T1 = 560°K = 287°C for the maximum

shear band temperature. This temperature seems to be too low to explain ey
reaction that occurs in about one millisecond in our experiments. The .

adiabatic thermal explosion formula11 requlres a temperature of 490°¢ for
TNT to react in one millisecond. The approximate nature of our calcula-
tions and the uncertainty of the estimated values of the coefficiants of
viscosity and thermal conductivity may explain the low value of Tl'

6. DISCUSSION

The data which we have presented indicate that ignition sensitivity
increases froam TNT to Comp B toCMDB propellant. We believe that ignition
occurs as a result of viscous heating concentrated in a small volume of
explosive as it shears under pressure. Both pressure and temperature have
a large effect on viscosity. This is illustrated in Figure 18 where the
logarithm of i {average viscosity) is plotted against pressure for several
values of average temperature. The average viscosity was calculated from
Equation 3. It can be seen that viscosity increases with pressure and
decreases as the temperature increases. 1ln our shear experiments, the A
explosive starts to heat as it resists the shearing force. Some region of A
the shear band reaches a maximum temperature due to non-uniform heating )
across the shear band and thermal loss at the boundary. Since the e
explosive is thermally softened in the region of maximum temperature, the )
velocity gradient increases in this region. The thermal energy deposition -




rate per unit volume, Equation 2, is proportional to the square of the
velocity gradient. 1If this rate i1s high enough, the explosive will ignite.
At the boundary between ignition and non-ignition, the maximum temperature
will be limited by thermal conduction across the shear band. Using this
physical hypothesis, we have deliberately fit our data to a viscous heating
model as indicated by Equation 7. This equation describes an isotherm at
the boundary between ignition and non-ignition. For a given explosive, we
have used Equation 8 to fit the experimental data

Although our data show a large amount of scatter, the curve,
P
PR, 2
e Vl = constant appears to give a satisfactory fit. The data for TNT on
TNT and TNT on steel were fit using the same curve. This suggests that the
thermal conductivity of the steel boundary which, is 2 orders of magnitude
higher than TNT, played no significant ignition role in our tests. The
same was true for Comp B on Comp B and Comp B on steel data. One reason
for this may be that the relatively long rise time, 500 microseconds, of
our experiment and thermal transport at the explosive-stzel boundary
allowed the region of maximum temperature to migrate into the explosive
glving results compatible with explosive on explosive shear.

We are aware of the excellent results of Randolph et allo on the
oblique impact ignition of PBX 9404 which show that the thermal
conductivity of the target has a large effect on ignition sensitivity. 1In
their tests, a hemispherical billet of PBX 9404 was impacted against
inclined targets of widely varying thermal conductivity. Low thermal
conductivity targets sensitized ignition whereas high thermal conductivity
targets desensitized ignition. Although our activator tests and the
oblique impact tests are basically explosive shear tests, we think some
reasons for the different results may be due to the dynamic history of each
test as follows:

Activator tests achieve peak pressure and shear velocity gradient
in about 500 microseconds. By this time, due to thermal conductivity, the
maximum temperature may have migrated to the interior of the shearing
explosive and be insensitive to thermal transport at the explosive-steel
boundary.

In the oblique impact test, the maximum shear velocity gradient and
heat generation occur at the beginning. This implies that heat transport
can have a large effect on the peak temperature.

In the oblique impact test, the motion of the impacting billet
towards the target interface tends to keep the high temperature region
close to the interface.

PBX 9404 is a brittle explosive with a small amount of binder.
This implies a narrow shear zone which can be affected by heat transport.
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There was evidence of localized heating in many of the unreacted test

. samnples. A visual examipation showed a narrow ring of plastically deformed

explosive at the boundaries of both the sheared plug and the remaining
annulus. This ring was darker and more uniform than the original
explosive. FPFigure 19 is a 100 times magnification of the inner
circumference of the annulus remaining after a 12.7um diameter plug had
been sheared from a 19.lmm diameter Comp B sample at a pressure of 0.1 GPa
and a velocity of 30 m/sec. The width wf the plastically deformed ring {is
about 100 microns. The sheared plug also showed a similar ring of about
100 microns width. At higher pressure and sliding velocity, the explosive
at the shear boundary appeared to have melted and resolidified. Sometimes
a thin layer of explosive adhered to the surfzce of the buffer plug. CMDB
propellant indicated similar phenomena.

Under marginal igniticn conditions, Comp B usually burned completely.
TNT sometimes burned completely, producing a large quantity of soot or 1t
started to burn and died out leaving a central plug and annulus with
charred shear boundary surfaces. CMDB propellant sometimes burned
completely or it started to burn and then died out in a manner similar to
TNT. In one recovered sample, the burn appeared to have originated at the
shear boundary and propagated radlally for a discance of 1.5am into both
the sheared plug and the annulus before dying out. 1In several of the
reacted CMDB propellant shots, the residue consisted of a fragile skeletal
gtructure of small spheres of aluminum. We assume this structure was

formed by the melting and resolidificacion of the fine aluminum particles
contained in the propellant.

The physical evidence of the recovered samplees indicates that a narrow
region of explosive around the shear boundary heats up and ignition starts
in this region. The appearance of the heated region implies a viscous

heating process and we have attempted to interpret our data in terms of
such a process.

Dur experimental data for CMDB propellant indicated that it was very
sensitive, 33 shown in Figure 15. CMDB 48 a composite, modified, double
base (nitrocellulose, nitroglyce.ine) propellant containing aluminum. We
suspect that the high visccsity of nitrocellulose may be a significant
contributor to shear ignition seasitivity.

A possible source of extraneous ignition in these experiments may be
the high temperatures caused by metal on wetal friction such as might occur
between the piston and the confinement cylinder (Figure 1) or between the
steel sleeve and its confirnement cylinder (Figure 2). Another source of
extraneous ignirion may be explosive heating due to the large shear
velocity gradient when a thin layer of explusive flows between these
boundary discontinuities. We tried to prevent or minimize these effects by
the use of buffer plugs next to the explosive and strong end plates on the

33
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confinement cylinder. 1In one test of TNT sliding against steel, we did not
use any buffer plugs and the pressurized explosive flowed between the steel
pistons and the confinement cylinder bore, depcsiting a layer of unreacted
explosive on the ends of the confinement cylinder. The pressure on the TNT
sample was 0.5 GPa and the width of the flow channel was estimated to be
less than 25 microns. In this case, the close proximity of the surrounding
ateel surfaces may have had a large cooling effect on the thin layer of
explogive flowing between theu.

In some of our high pressure shots for explosive on explosive shear
using the experimental arrangement of Figure 2, explosive flowed into the
Joint between the steel sleeves. We speculate that the end plates flexed
due to the force of the pressurized explosive acting on the internal
surfaces of the steel sleeves. This would create a gap between the steel
sleeves allowing a thin layer to flow radially into the gap. 1In order to
prevent this radial flow, we have gtarted using the experimental
arrangement depicted in Figure 20}). We are presently evaluating the
effectiveness of this design.

7. CONCLUSIONS

The data of our combined pressure~shear ignition experiments indicate
an increasing sensitivity from TNT to Comp B to CMDB propellant. We have
agsumed viscoplastic heating within the shear zone and calculated (using
many approximations) an energy deposition rate per unit volume. This
calculation was interpreted in terms of an isotherm that defines rhe
boundary between ignition and non-ignition.

We did not see any difference in ignition sensitivity between explosive
8lid on explosive and explusive slid on steel in these experiments.
However, the large spread in our data may have precluded such an
observation. We speculate that the high sensitivity of CMDB propellant to
conbined pressure-shear 1ignition may be due to {ts highly viscous
nitrocellulose component.
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Figure 19. Comp B on Comp B shear, no reaction. This is a 100x
magnification of the inner circumference of the annulus
Temaining after a plug had been sheared out at a
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APPENDIX A

Derivation of Equation

eR _ eR
2R 2R+AR

Referring to Figure 7, it can be seen AV

since R

or AR = PR we can write

AV =§-R- __-eR -
2R 2R+aPR

[~]
av = T2 T 2%aP

aeP

V= e

4AV + 2aPAV = qeP

4av 44V -for e>>av

P = ae - 2aAV ~ ae

Sedesora:

e = Bridge Input Voltage (Volts)

R = Gage Resistance (ohms)

AR = Change in Gage Resistance (ohms)

AV = Bridge Output Signal (Volts)

P = Pressure (GPa)

a = Pressure Coefficilent of Resistance for Manganin = .023 ohm

ohm-GPa Rid
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SYMBG! °

it eeeisenenas ...Experimentally Determined lonstant = 3880°K
ctteasan ceesanes ..Pressure in Shear Band, G 1
crresernes eeee....Experimenca’ly Determinen Constant = 0.165 GPa

eveseesarsanssssse.Constant Initic’. Temperature = 293%K

tet-eessssecssses Reference Temperacur. .Y Calculating Viscosity =
358°K

teteecsresssssassTemperature in Shear Band, ok

Ceie e esiee s asse s Peak Temperature in Shear Band, °k
.................. Average Temperature in Shear Band, °x
.................. Shear Velocity Across Shear Band, m/sec
teeiesescsasssess.Maximum Shear Velocity Across Shear Band, m/sec

teeeeeeeraesreess.Average Shear Velocity Across Shear Band, m/sec
steesessiassseses .Width of Shear Band, m

cieeasscssserssss.Shear Velocity Gradient, 1
sec

Ctii s crerenesnee s Average Shear Velocity Gradient, 1
sec

teseesssresessesssAverage Temperature Gradient Across Shear Band, 05
I}

teresissesessssessBase of the Natural Log = 2.71828

cevesssresssssess.Vigcosity, kg
m-sec

tieessessseassasscAverage Viscosity, kg
m-sec

teetereccesssessVigcosity of TNT at 358°K = 1-39)(10-2 kg

m—=secC

veresesssnsseaes. Thermal Conductivity of TNT at 293°K = .262 _ joule

o
m-"K-sec
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