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Critical Impact Initiation Energies for Three HTPB Propellants
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The instrumented drop weight impact machine is one possible candidate for establishing the hazard response
of solid rocket propellants to impact. The plastic work done on the propellant prior to initiation can be measured
by equating it to the loss in drop weight kinetic energy, provided energy storage in the machine is negligible.
Three HTPB/AP propellants were studied with an instrumented impact machine. Data are given for impact
velocities ranging from 5.54 m/s, at which no sample was consumed, to 16.14 m/s, at which nearly all of the
sample was consumed. These data are interpreted in terms of a proposed mechanism based on other impact
tests. On bare steel tools ignition, as opposed to hot spot formation, is assumed to occur at impact velocities
greater than 10.3 m/s, when more than 90% of the sample is consumed during the test. At higher impact
velocities, for the present data, times to reaction are short and the change in impactor kinetic energy during
the initiation delay is defined as the critical initiation energy. Some of the trends in the data are correlated with
the propellant formulations. The present test is contrasted with others suggested for impact sensitivity char-
acterization in terms of both initiation threshold and response severity.

Introduction

T HE drop weight impact test has been used extensively
to evaluate the low rate impact sensitivity of energetic

materials, although such results are known to be both machine
and operator dependent.1 For many years the accepted man-
ner of obtaining data with a drop weight tester was the 50%
Go/No Go method in which the initial drop weight height
required to cause a reaction in half of the tests is determined.
One shortcoming of this method is the inability to separate
the distribution of dissipated drop weight kinetic energy be-
tween elastic energy stored in the machine and plastic work
done on the sample.2 This makes the determination of a quan-
titative measure of impact sensitivity with the 50% test im-
possible. To overcome this problem, the method of critical
initiation energy was implemented by workers at the Naval
Surface Warfare Center.2 This procedure increases the impact
velocity of the drop weight, which brings the ignition prob-
ability to near 100% and shortens the time to initiation from
impact when compared to the 50% test.

The dissipated impactor kinetic energy in either test is dis-
tributed in five different forms: the elastic and plastic strain
energies of both the sample and machine, and the sample
kinetic energy. The sample kinetic energy is negligible and
due to the relative hardness of the sample and impactor, no
plastic deformation of the machine occurs. At the short re-
action times of the critical energy test, the elastic energy stored
in the machine has been argued to be negligible.2 Hence, the
dissipated drop weight kinetic energy up to the time of re-
action is mostly transferred to the sample as elastic and plastic
strain energy and is called the critical initiation energy. The
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critical energy is, thus, that delivered to the sample between
impact and initiation and analogous to the minimum ignition
energy for electrostatic discharge initiation of solid rocket
propellants, discussed elsewhere.3

Coffey has previously conducted critical energy experi-
ments on both propellants and explosives. It has been argued
for an ammonium perchlorate (AP) propellant that the critical
energy is independent of impact velocity in the range of 1.4-
5.4 m/s for a 10 kg drop weight.2 For shotgun tests at up to
170 m/s, the critical energy remained of the same order of
magnitude. In critical energy tests reaction is distinguished
by visible light emission from reacting hot spots in the sample.
Hence, the critical energy test measures the kinetic energy
dissipated before hot spots formed within the sample begin
to react chemically (the first of two steps in ignition). The
initial hot spot chemistry may or may not cause growth of the
reaction and self-sustained ignition (step two).

Hot spots are generally accepted as the origin of initiation
in the drop weight test and other methods of mechanical
initiation. Miller et'al.4 have measured hot spot temperatures
greater than 400°C for AP crystals in drop weight impact, and
they also showed that in the absence of localized heating, the
bulk sample temperature)increase in RDX, 0.2°C, is insuffi-
cient to cause a reaction. Many theories for mechanical hot
spot formation in energetic materials have been postulated,
but all seem to recognize the importance of various forms of
plastic work. For crystalline materials, Coffey et al. have pos-
tulated that when a critical shear stress value within a crystal
is reached, dislocation pileups collapse and release energy
preferentially in the direction of slip.5"8 Workers at Cavendish
Laboratory have observed jetting and melting in layers of
explosive materials in drop weight tests and postulated that
hot spots are a result of locally obstructed plastic flow or the
closure of gas pockets.9'10 More recently, they have observed
shear bands in explosive samples for impact tests at subcritical
velocities not leading to ignition.11 In other tests, Frey and
co-workers have examined the ignition of explosives in com-
bined pressure and shear. The results were analyzed using a
model, based on viscoplastic heating, developed to compute
the temperature rise in a shear band within the explosive.12'13

The existence of a two-step ignition process can mask the
true meaning of ignition in a solid rocket propellant hazards
test. The creation of hot spots, or detection of light, sound
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or smoke during a test do not ensure the ignition of a pro-
pellant, but in the conservative approach required for risk
analysis are the usual criteria for onset of reaction. However,
ignition occurs only when the reaction becomes self-sustain-
ing. For example, in thermal ignition tests with rocket pro-
pellants, Boggs et al.14 have observed this two-step process:
as shown schematically in Fig. 1, at lower energy fluxes to
the sample, two threshold times describing stimulus levels for
first, gasification reactions and second, self-sustaining ignition
could be distinguished. These thresholds are separated by a
pre-ignition reaction region, and if the incident flux is re-
moved below the second threshold, then the reactions quench
and the propellant extinguishes. Similarly, two threshold stim-
ulus levels should, thus, be defined in impact sensitivity tests
for propellants (for explosives, the distinction is probably un-
necessary). These are the minimum stimulus level to create
chemically reacting hot spots (local ignition), and the mini-
mum stimulus level for sustained ignition. A similar differ-
entiation has been introduced15 in a detailed mechanism for
the response of composite solid propellants containing alu-
minum to electrostatic discharge. Occurrence of sustained
ignition is favored by confinement, high ambient pressure,
and so forth. To properly compare the results of various small
scale impact tests the definition of ignition in each test must
be understood and interpreted in the context of the test con-
figuration.

For the classical 50% Go/No Go test, where any reaction
of the above types is considered a Go, it is clear that the
sample is not necessarily ignited. In other tests, Ho and Fong
have examined propellants using both a modified Hopkinson
Bar and a shotgun test.16-17 For the Hopkinson bar test, they
measure a critical impact velocity, the minimum impact ve-
locity for ignition to occur. They define ignition as the de-
tection of light emission from the sample and the minimum
velocity for ignition as the velocity at which the percent prob-
ability of emitting light deviates from zero. This is also not
clearly an ignition in the classical sense. In the critical energy
test light is also used as the detection method. However, here
the sample is impacted with sufficient speed to cause a sus-
tained reaction in nearly 100% of the tests. The relative lo-
cations of the Hopkinson bar, critical energy, and the 50%
Go/No Go tests on a reaction probability curve are summa-
rized on Fig. 2. The lines corresponding to two hypothetical
propellants, X and Y, will be discussed below.

In hazard classification the second step, the growth of re-
action, is equal in importance to hot spot creation, because
this second step is one aspect of reaction severity or explo-
siveness. Ho and Fong determine the explosiveness of a ma-
terial in their Hopkinson bar test by the slope of their ignition
probability curve. Alternatively they examine the light inten-
sity from the reaction.16'17 Coffey et al. have used a ballistic
impact chamber to determine the reaction severity of explo-
sives and propellants.18 This chamber is essentially a drop
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Fig. 2 Relative location of various impact tests on a percent reactions
curve. Propellant Y is less sensitive than propellant X for hazards
purposes, but ignites more easily.

IGNITION AND SUSTAINED STEADY STATE BURNING

Fig. 1 Two-step thermal ignition process suggested by Boggs et al.14

Removal of incident flux prior to Go/No Go locus results in propellant
extinguishment.

Fig. 3 Impact ignition mechanism. Left side postulated for drop weight
impact. Right side suggested by Ho and Fong.16

weight machine with the sample confined to a small volume
between a striker and anvil. The chamber pressure is moni-
tored and the integral of the pressure-time history is used to
determine the reaction severity. The growth of the reaction
can be examined by observing the initial pressure rise rate.

The basic two-step ignition process does not address the
actual method of creating hot spots or the transfer of energy
from the hot spot to the surrounding material. For the Hop-
kinson bar, a slightly more detailed ignition mechanism, in
which the mechanical energy transferred to the sample leads
to fracture, was postulated by Ho and Fong16 and Ho et al.17

and is shown on the right side of Fig. 3. This fracture releases
thermal energy, which causes the formation of hot spots si-
multaneously (step one), thus leading to the second step in-
volving ignition. We believe that fracture is not the operative
energy localization mechanism for impact initiation of com-
posite propellants. The suggested mechanism on the left of
Fig. 3 shows energy localization (within oxidizer crystals) causing
localized heating (thermal hot spots). This type of localization
also occurs in inert materials.6 The resulting thermal energy
concentration may lead to chemically reacting hot spots for
an energetic material, which, as discussed previously, can
either quench or lead to ignition.

In the present work, drop weight tests were conducted on
three similar HTPB/AP (hydroxyl terminated polybutadiene/
AP) propellants at various impact velocities. After each test,
the residual mass of the sample was weighed and compared
to the initial mass in order to determine the fraction of sample
consumed. Additional impact tests were conducted where the
drop weight velocity was monitored. Critical energies were
calculated for cases where the impact velocity was great enough
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to cause an early reaction and keep the energy stored in the
machine negligible. At the lower speeds and long reaction
times, it is likely that a substantial part of the dissipated drop
weight kinetic energy is stored as elastic machine energy. In
addition, at the lower speeds the reaction was confined to hot
spots and the sample did not undergo self-sustained combus-
tion. Thus, the dissipated drop weight kinetic energy in low-
speed impact yields an upper bound to the energy necessary
to cause reacting hot spots, rather than a minimum. The actual
energy deposited in the sample is less than the measured value
due to the stored elastic machine energy.

The goals of this experimental work are to clarify the dif-
ferent definitions of ignition via low-rate mechanical impact
in various test procedures now in use through the sample-
fraction-consumed experiments; to distinguish between chem-
ical hot spot formation (local ignition) and self-sustained ig-
nition thresholds; and to measure energy requirements for
the latter in order to determine if these are independent of
the test apparatus and operator procedure.

Experiments
Tests were conducted to determine both the impact sen-

sitivity, via critical initiation energy, and reaction severity,
via percent of sample consumed. The impact machine and
drop weight used for this study are shown in Fig. 4. The drop
weight consists of an aluminum body with a steel striker press-
fit into its base. The hardened steel anvil is clamped to the
steel base of the machine. The anvil is approximately 8 cm
high and 2.54 cm in diameter at its top. The mass of the drop
weight is 367 g. Tests were conducted at impact velocities
ranging from 5.54 to 16.14 m/s.

Three HTPB/AP/A1 solid rocket propellants, A, B, and C,
were used. Because each has been tailored for a specific mis-
sion, many formulation differences exist between these pro-
pellants. The available formulation data and differences are
given in Table 1. The samples were cylindrical disks with the
diameter held constant at 5 mm. For the percent consumed
tests, the masses ranged from 32.4 to 57.3 mg. In the critical
energy tests, the masses ranged from a minimum of 31.1 mg
to a maximum of 53.0 mg, corresponding to a thickness var-
iation of 0.86-1.47 mm. For both types of tests, the majority
of the samples were in the 40-50 mg range.

Table 1 Formulation differences between three HTPB/AP/A1
propellants used for critical energy and percent consumed tests

Propellant A Propellant B Propellant C
Total AP, wt %
Density, kg/m3

AP size distribution
Relative material

Distributions, wt %
Coarse AP
Fine AP
Ultrafine AP
Alc

Bonding agent 1
Bonding agent 2
Plasticizerc

Burn rate catalyst0

68.1
1.83 x 103

Bimodal

Ca

Fb
0.0
1.0
1.0 Bd

0.0
1.0
1.0

68.1
1.83 x 103

Trimodal

-0.78 C
~F

-0.22 C
1.0
0.0
0.5 B
1.0
0.56

68.1
1.83 x 103

Bimodal

r-^r*
~F
0.0
1.0
0.67 B
0.0
1.5
1.0

Fig. 4 Instrumented drop weight machine and drop weight with ac-
celerometer (all dimensions in cm).

aC = Weight percent of coarse AP in propellant A.
bF = Weight percent of fine AP in propellant A.
•Normalized by the weight percent for this ingredient in propellant A.
dB = Weight percent of bonding agent in propellant A.

For critical energy tests, an Endevco Model 2255-005 B
accelerometer is placed on the rear of the striker and used to
monitor the drop weight acceleration, as shown in Fig. 4. The
rise time and resonant frequency of the accelerometer are ~7
fis and 300 KHz, respectively; its maximum permissible load
is 100,000 g (200,000 g in shock loading). Time to reaction of
the sample after impact is determined by using two photo-
transistors placed at the same height as the sample. The light
and amplified accelerometer signals are sent to a dual channel
LeCroy 9400 oscilloscope. Garnet paper, 180 grit, was placed
between the sample and the anvil to prolong accelerometer
life. The garnet paper increases friction and, hence, shear on
the propellant, which allows hot spots to be created more
easily, shortens reaction time, and increases the extent of
reaction. This results in lower impact velocities required for
ignition, which decreases the maximum accelerometer load
(approximately 60,000 g at 12.95 m/s) and allows more tests
before accelerometer failure. The velocity change of the drop
weight prior to sample reaction is determined by integrating
the accelerometer trace on the oscilloscope from the time of
impact to the time of first light. For high impact velocities
the elastic strain energy of the machine is negligible, and once
the change in drop weight velocity is known the critical energy
is determined by

^critical = ^plastic = AEkinetic = - mw[V0bV + \kV2]

where £plastic is the plastic work done on the propellant;
AEkinetic is the change in kinetic energy of the drop weight;
mw is the mass of the drop weight; V0 is the impact velocity,
which is taken to be negative; and AV is the change in drop
weight velocity, which is} positive.

Qualitatively, for experiments at any velocity, the acceler-
ometer output, as shown in Fig. 5, can be used to determine
if substantial energy has been stored in the drop weight. If
reaction occurs after the first large minimum in the acceler-
ation trace, then substantial elastic energy is most likely stored
in the machine. The large oscillations in the traces have pe-
riods, ~ 40 jits, of approximately the time required for an
elastic wave to travel the length of the drop weight and return.
Hence, they are thought to indicate elastic strain energy stor-
age in the test apparatus. As expected, the amplitude of the
elastic wave increases with impact velocity (curve 3 is § vertical
scale of curve 1), but the longer reaction delay times at low
speeds lead to multiple wave reflections prior to light emis-
sion. Consequently, for low speeds stored elastic energy in
the machine comprises a large part of the drop weight kinetic
energy transferred to the sample and machine at reaction
time.

The presence of garnet paper in the critical energy tests
precludes the measurement of the sample residual. Conse-
quently, the percent consumed tests were conducted using a
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bare steel anvil and striker without any instrumentation pres-
ent. Therefore, the results from the critical energy and percent
consumed tests are not directly comparable at a given impact
velocity.

Results and Discussion

Percent Consumed
Tests were conducted to determine the weight percent of

sample consumed during the impact test for various impact
velocities from 5.54 to 16.14 m/s. The data were collected in
two sets of experiments using a bare steel striker and anvil,
as noted previously. Propellant B was tested in the first set,
and A and C were tested in the second set. The temperature
was approximately 18°C for all tests, and the ambient relative
humidity in the laboratory was 20-30% for the B tests and
—40% for the A and C tests. Initially, an effort was made to
trap any small pieces of sample that might fly out radially
from between the striker and anvil as the sample was initiated.
After several tests, it was decided that the amount of sample

Curve 1 x 1/8,
VQ = 12.95 m/s

Fig. 5 Typical accelerometer traces for various drop weight impact
velocities for propellant B. The vertical scales differ with respect to
curve 1 as indicated, e.g., the scale for curve 5 is i that of curve 1.
The horizontal time axes are identical. | denotes estimated time of
impact, | is time of first light seen by phototransistors, and the time
delay is indicated.

lost this way was negligible and no further effort was made
to catch any particles. Table 2 shows the data for the averages
of initial and final mass of the samples plus the fraction con-
sumed. Figure 6 shows all of the data for the latter from these
tests. Three samples were tested for almost all cases, and the
unbiased standard deviation is given in Table 2 for the fraction
consumed data.

The impact velocities used for these tests span the range of
what is necessary for only a hot spot reaction, denoted by
less than 10% consumed, to what is required for ignition,
defined here as greater than 90% consumed. The usual ig-
nition criterion is the chemical heat release rate exceeding the
rate of heat loss to the surroundings. However, these rates
cannot be measured using available instrumentation. Because
ignition should result in essentially complete sample con-
sumption, and the percent consumed data in Fig. 6 for high
impact velocities approach 95%, ignition is therefore defined
as 90% sample consumption.

At 5.54 m/s no reaction other than hot spots was present.
For propellant A no reaction occurred, while for B and C hot
spot reactions were observed in the outer half of the sample
where the strain and strain rate are higher than close to the
anvil center. At any impact speed the residual was the center
of the remaining sample, in the region of higher pressure and
lower shear. Because any voids present would reach their
highest temperature in the sample center, this suggests that
adiabatic compression of gases and micro jetting in voids are
not important hot spot mechanisms for the relatively voidless
propellants studied here.

It is interesting to compare these results to those of Ho and
Fong. For propellants B and C, the minimum impact velocity
of 5.54 m/s here is above Ho and Fong's critical impact velocity
initiation threshold because a hot spot reaction occurred. For
A their threshold lies between 5.54 and 6.75 m/s in the present
test. The HTPB/AP propellants tested by Ho and Fong have
critical impact velocities in the Hopkinson bar test of ap-
proximately 13-16 m/s,16 which are different from those shown
in Fig. 6 and Table 2 due to the differing impactor and sample
masses, and sample geometry.

Percent consumed data such as these provide information
on the growth of reaction from step 1 to 2 in propellants due
to varying stimuli. The consumption of more propellant is
analogous to moving from the first gasification line towards
the Go/No Go ignition locus in Fig. 1. For propellant C sub-
stantially more propellant was consumed at velocities from
5.54 to 8.4 m/s than for A and B, which would suggest that
in this impact velocity range C is more apt to reach sustained
reaction and ignition and, thus, will exhibit the highest se-
verity. The increased sample consumption with increased im-
pact velocity could result from either an increase in hot spot
temperature or an increase in the number of hot spots. A
comparison of ingredient concentrations and AP size distri-
butions in the three propellant formulations shown in Table
1 suggests that either explanation is reasonable via the bond-

Table 2 Average fraction of propellants A, B, and C consumed on bare steel tools3

Propellant A Propellant B Propellant C
Average mass, Average mass, Average mass,

Velocity,
m/s
5.54
6.75
8.4
9.7

10.3
12.95
16.14

111

Initial
40.9
40.6
46.2
41.9
43.6
52.8b

s
Final
40.9
27.9
23.3
12.5
8.1
3.4

Fraction
consumed

0.00
0.31
0.51
0.71
0.82
0.94

± 0.00
± 0.13
± 0.09
± 0.09
± 0.04

Initial
42.9
41.1
44.1
41.8

39.6
42.4

&
Final
39.8
33.6
21.8
12.6

2.6
1.3

Fraction
consumed

0.07
0.18
0.50
0.70

0.94
0.97

± 0.04
± 0.05
± 0.09
± 0.12

± 0.03
± 0.01

111

Initial
41.5
40.3
45.9
47.7C

43.6
42.1

g
Final
38.3
20.4
11.2
10.5
4.1
2.7

Fraction
consumed

0.09 ± 0.08
0.50 ± 0.10
0.75 ± 0.10
0.78 ± 0.05
0.90 ± 0.03
0.94 ± 0.01

aThree samples of each propellant were tested at each velocity unless otherwise noted.
bRepresents one sample.
Represents two samples.
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ing agent and plasticizer variations in propellant C (through
their effects on mechanical properties).

Based on the results of these tests, it was determined that
a sustained reaction would occur at velocities of approxi-
mately 11.0 m/s and higher for all propellants. The presence
of garnet paper in the critical energy tests is expected to shift
the data in Fig. 6 to the left on the impact velocity axis and
allow ignition to be defined at lower impact velocities.

Critical Energy
Energy-to-reaction results were obtained for the three pro-

pellants in two different sets of experiments with the propel-
lant resting on 180 grit garnet paper. In the first set impact
velocities of 8.4, 10.3, and 12.95 m/s were tested with the
ambient temperature and relative humidity (RH) in the lab-
oratory ranging from 21 to 22°C and 50 to 60%. The second
set utilized impact velocities of 5.54, 6.75, and 9.7 m/s in
laboratory air at approximately 18°C and 20-30% RH. Table
3 gives results of the average dissipated kinetic energy prior
to hot spot reaction for extent of reaction ranging from hot
spot reaction only, 6.75 m/s and below, to nearly complete
sample consumption, taken as 10.3 m/s and above. Table 3
also shows the average time from impact to reaction and the
number of data for each condition. The unbiased standard
deviations are also shown for the dissipated energies and re-
action times. For all impact velocities the dissipated drop
weight kinetic energy is only measured up to the time of
detectable hot spot reaction (determined by visible light emis-
sion). However, only for the low-speed impacts does the stored
elastic machine energy comprise a large part of the dissipated
kinetic energy, and only at the higher impact velocities do
the hot spots lead to reaction growth and ignition. Therefore,
the critical energy values for high-speed impacts and indicated
energy values for low-speed impacts are not quantitatively
comparable.

100

80-

60"

0 A
A B

+ C
+ tJ°

A

t '

4 6 8 10 12 14 16 18
IMPACT VELOCITY (m/s)

Fig. 6 Percent consumed for propellants A, B, and C at various
impact velocities.

At 8.4 and 9.7 m/s the elastic machine energy is considered
negligible, although due to the length of the reaction times
and possible elastic energy storage, including these results
with the critical energies is suspect. However, reaction usually
occurred before the largest minimum on the accelerometer
trace (see Fig. 5), and the drop weight velocity decreased less
than 60% of its impact speed prior to reaction, so these data
were included here. Numerical analysis could either justify or
discredit including these results.

Low-Speed Results, 5.54-6.75 mis
The lowest impact velocity, 5.54 m/s, is very close to a

reaction threshold for propellants A and B. For all three
propellants, the dissipated energies of the drop weight prior
to reaction were greater than 90% of the available kinetic
energy. This is similar to the situation in the 50% Go/No Go
test where a large amount of elastic energy is stored in the
machine at the time when reaction is observed. Even when
light emission was not detected, reaction at a few hot spots
within the sample was evident from post-test visual inspection.
Therefore, an undetected reaction can occur within the sam-
ple and cause the measured values of energy and/or minimum
impact velocity for reaction to be unrealistically high. Results
can also be misleading due to unexpected deviations in the
data. These deviations can cause the required stimulus for
one sample to be considerably lower than usual for that pro-
pellant. For example, with propellant B at 6.75 m/s the dis-
sipated drop weight energy in one test was only 86 J/g, but
the mean value was 155 J/g. This was the most extreme de-
viation for the low velocity data. Aberrations like these pose
a great threat to safety and show the need for a large number
of samples to be tested when close to the reaction threshold.

Propellant C, which reacted to a greater extent in the per-
cent consumed tests, is the most sensitive of the three pro-
pellants at low impact velocities, where only hot spots were
created. At 5.54 m/s a sharp increase in light emission was
observed in three of three valid tests for C compared to one
of five for A and B. In addition, at 6.75 m/s the mean dis-
sipated energy for C is considerably less than for A and B,
which implies that less stimulus is needed to create reacting
hot spots in C (assuming the elastic machine energy time
history is relatively independent of propellant at this speed).
The extent of reaction at these impact speeds is comparable
to the critical velocity test, and the results agree qualitatively
with observations by Ho and Fong16 and Ho et al.17 For HTPB/
AP propellants they observed that both the addition of plas-
ticizer and absence of bonding agent increase the sensitivity
of the propellant.17 Here, propellant C has both less bonding
agent and more plasticizer than A, and C is the more sensitive
of the two propellants at these impact speeds. However, there

Table 3 Average indicated and critical energies for reaction and average times to first light for propellants A, B, and C on 180 grit
garnet paper3

Indicated energies'3
Hot spot reactions only

Critical energies
Ambiguous0 Ignition

Velocity, m/s
Energy, J/g

A
B
C

Time to first light,
A
B
C

5.54d

114 (l)f

132 (1)
117 ± 12 (3)

/AS
316 (1)
310 (1)
273 ± 18.6 (3)

6.75d

173 ± 24 (5)
155 ± 53 (4)
141 ± 19 (5)

157 ± 24.3 (5)
193 ± 51.1 (5)
171 ± 16.2 (5)

8.4e

226 ± 41 (5)
277 ± 38 (5)
231 ± 20 (5)

160 ± 27.4 (5)
152 ±15.1 (5)
148 ± 5.3 (5)

9.7d

261 ± 61 (5)
263 ± 36 (4)
207 ± 30 (4)

119 ± 10.5 (5)
133 ± 16.5 (4)
125 ± 10.8 (4)

10.3e

269 (1)
372 ± 35 (8)

95(1)
93 ± 13.2 (8)

12.95C

345 ± 26 (4)
216 ± 56 (7)
335 (1)

82 ± 11.5 (5)
67 ± 11.1 (8)
68 ± 8.5 (2)

"Unbiased standard deviations are shown.
bRepresents an upper bound for critical energy due to elastic machine energy storage.
cSample residual in Table 2 suggests ignition threshold not reached.
dDatum set 2.
eDatum set 1.
lumber in parentheses is number of data for each condition.
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are also slight particle size distribution differences between
A and C indicated only schematically in Table 1.

Effects of Impact Velocity
All of the energy data for the three propellants at velocities

of 8,4 m/s and greater are shown in Figs. 7-9. At higher
impact velocities it is not possible to distinguish between the
sensitivities of A and C. This is evidence that relative impact
sensitivity rankings of propellants cari change when ignition
is defined by sustained reaction and not simply light emission,
as is shown schematically in Fig. 2, Here propellant X would
be more sensitive than Y at low levels of impactor energy,
where the hot spot reactions would not propagate, and less
sensitive than Y at high levels of impactor energy where a
sustained reaction may occur.

At velocities above 5.54 m/s in datum set 2 (see Table 3),
the dissipated energy of the drop weight prior to light emission
increases. Therefore, at the elevated strain rates of higher
impact velocities more energy must be deposited in the sample
prior to hot spot reaction. This is most likely due to changes
in the mechanical properties of the propellant with strain rate.
At 8.4 m/s and above the trend of dissipated kinetic energy
prior to hot spot formation with impact velocity varies with
propellant, as shown most clearly in Figs. 7-9. Propellant A
shows a trend of increasing critical energy with impact veloc-
ity, whereas propellant B has a slight decrease in critical en-
ergy from 277 J/g at 8.4 m/s to 250 J/g at 12.95 m/s. The
critical energy of propellant C seems to have no trend with
impact velocity. However, if the set 2 datum points at 9.7
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m/s are ignored (see ambient effects discussion below) and
the single datum point at 12.95 m/s is valid, it would seem
that C has a relative maximum for critical energy somewhere
between 8.4 and 12.95 m/s.

In the past the critical energy of an HTPB/AP propellant
was thought to be independent of impact velocity.2 For that
propellant, the ignition times were less than 100 jits and light
emission was used to detect initiation. Percent consumed data
were not recorded, but it is reasonable to expect that with
the short ignition times and large drop weight (10 kg), the
samples ignited. By inspecting Coffey's data more closely, it
was found that the deviations in critical energy (coefficient of
variation greater than 0.3) with impact velocity are greater
than the deviations for the present data (in datum set 1, 0.25,
0.22, and 0.23 coefficients of variation for A, B, and C, re-
spectively) over the velocity range of 8.4-12.95 m/s. How-
ever, it seems from the present data that critical energy is not
constant, but instead a function of impact velocity that de-
pends on the propellant mechanical properties. This is ex-
pected because the binder is viscoelastic and both the work
needed to move dislocations in the oxidizer crystals and the
rheological characteristics of the propellant vary with strain
rate.

High-Speed Results, 8.4-12.95 mis
Differences in the propellant formulations can help explain

the relative magnitudes of the critical energies for the three
propellants at certain velocities. At 12.95 m/s, B has a lower
critical energy than A and is likely lower than C. This is most
likely an effect of the ultrafine AP in B, which is not present
in A and C. These small particles replace a substantial amount
of larger AP present in greater abundance in both B and C.
This decreases the effective viscosity of B with respect to A
and C, which allows B to flow more easily in high strain rate
and shear situations where AP particles must flow past one
another. Consequently, for B the drop weight will slow less
for a given amount of deformation. If hot spot reactions occur
first in the largest AP at approximately the same amount of
deformation for all three propellants, then the ultrafine AP
in B causes it to have a lower critical energy. The relative
constancy of the critical energy of B with impact velocity
implies that the relevant mechanical properties of B are less
strain rate dependent than A and C. At 8.4 m/s propellant B
has a higher critical energy value than both A and C. Ap-
parently, the high strain rate effects of the ultrafine AP are
not as influential on the results at this lower speed. In fact,
the lower strain rate dependence of B compared to A and C
is not a factor at the lower impact velocities, 5.54 and 6.75
m/s. Based on the similarity of the reaction times for the
propellants at any impact speed, the greater yield strength of
the small particles is not delaying the onset of reaction in B.

The critical energy of a soft propellant can be either higher
or lower than that of a harder propellant depending on the
reason for its softness. Here the smaller particles in B ap-
parently cause a lower energy requirement to shear the pro-
pellant at high strain rates. However, the large particles in B
are the origin of hot spots, so the reaction still starts at ap-
proximately the same time, and most likely thickness, as for
A and C. Therefore, the critical energy is lower for B. If,
instead, all of the large AP in B were replaced with small AP,
it is likely that the creation of hot spots would be delayed
long enough for the critical energy of B to be greater than A
and C, at the higher velocities. The delay would be caused
by both the increased shear strength of the smaller AP and
the reduction in thickness required to cause binding of the
AP particles in their relative motion.

Environmental Effects
Inconsistencies in drop weight data can also be attributed

to temperature and humidity variations.19 For propellant C
the critical energy at the velocity of 9.7 m/s for datum set 2,
as shown in Fig. 9, is lower than would be estimated by datum
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set 1. This can be an effect of either aging the propellants
(datum set 2 was acquired about three months after set 1) or
changing environmental conditions in the laboratory. Al-
though nothing quantitative can be said about aging, a definite
drop in the amount of moisture in the ambient air existed
from datum set 1 to 2. In fact, the decrease in relative hu-
midity, from 50-60% to 20-30%, when coupled with the
temperature decrease, approximately 4°C, could lead to a
reduction in the specific humidity ratio of over 60%. This
decrease in atmospheric moisture can cause a decrease in the
moisture within the propellant, particularly close to the sur-
face, which leads to an increase in shear stresses as the pro-
pellant deforms. This increased shear means that less drop
weight deceleration is necessary for sample reaction. Hence,
the critical energy is decreased. Note however that the B data
from sets 1 and 2 are more consistent.

Conclusions
It is apparent that both particle size distribution and impact

velocity influence critical energy. Propellant B, which con-
tains ultrafine AP, exhibits the lowest critical energy at high
impact speeds, yet requires energy values similar to A and C
at lower speeds. At impact speeds of 8.4 m/s and greater, the
critical energy data exhibit less scatter than the previous data
presented by Coffey et al.,2 but trends with impact velocity
are apparent (Figs. 7-9).

It is postulated that energy localization and initial reaction
occur at the large AP particle sites, as opposed to the fracture
suggested by Ho and Fong,16 and all propellants have the
same large AP size. The dissipated drop weight energies prior
to hot spot reaction are approximately equal at the lower
impact velocities and increase with impact velocity near the
threshold for reaction. This increase may, however, simply
reflect more energy storage in the machine, but not in the
propellant.

At low velocities it seems that propellant C is more sus-
ceptible to hot spot formation and local ignition than A and
B, based on the percent reacted tests. Because C has de-
creased bonding agent and increased plasticizer, this result
agrees with those of Ho et al. for critical impact velocity.17

At these velocities in the drop weight test only hot spots are
initiated (step 1 in Fig. 3), and, thus, results from the drop
weight and Hopkinson bar are comparable (by reporting crit-
ical velocity, defined as the zero point of the reaction prob-
ability curve, Ho and Fong have also reported the necessary
stimulus for hot spot reaction and, thus, have evaluated im-
pact sensitivities of propellants with this criterion). It is pos-
sible that the propellants would be ranked differently if the
sensitivities are based on sustained ignition (step 2).

Thus, although the critical energy and Hopkinson bar tests
both have similar impact velocities and strain rates, 103-104

s"1, results from these and other tests must use consistent
definitions of ignition in order for meaningful comparisons
and ranking of propellant sensitivities. It was suggested with
the reaction probability curves X and Y in Fig. 2 and observed
in the present drop weight percent of sample consumed tests
summarized in Fig. 6 that relative ranking based on critical
impact velocity can be different from that based on propellant
ignition thresholds. We have also distinguished between hot
spot reaction (local ignition) and sustained ignition (and com-
bustion) analogous to the distinction made by Boggs et al.14

for thermal ignition. Although local ignition is the important
threshold for risk assessment in propellant hazard studies, we
prefer the traditional criterion of self-sustained reaction for
ignition. Critical energy is reported only if the latter occurs.

Note, however, that hot spots are precursors of ignition,
and that the critical energy values reported here also, thus,
reflect the energy required to form hot spot reactions. It is
expected that at high impact speeds, which correspond to a
large energy flux, both the rate of hot spot creation and the
number of hot spots created will increase and therefore ig-
nition becomes more likely. The time delay between hot spot

initiation and sustained ignition will also decrease as impact
velocity increases. However, there is no way to distinguish
these events in the present test method using first light sensed
by the phototransistors of Fig. 4 to terminate the measurement
of energy removed from the drop weight.

Both severity of response and sensitivity are related to the
distinction between hot spot initiation and self-sustained com-
bustion, which always follows ignition. Critical impact velocity
(at 0% reaction probability) and 50% Go/No Go drop weight
heights (at 50% reaction probability) do not provide a quan-
titative measure of the ignition stimulus. In contrast, critical
energy (at >90% reaction probability) measures the requisite
energy stored in the sample for ignition (and the precursor
hot spots) and should be relevant to other impact scenarios,
because it is in principle a property of the energetic material.
In fact, attempts have been made to do just this.20 In the
Hopkinson bar test one could also report critical energy for
ignition with existing instrumentation, currently used to ob-
tain high rate propellant material properties, such as fracture
toughness.21-22
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