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PREFACE

This program was conducted by Mr. John Corley, of the Armament Directorate,
Energetic Materials Branch (WL/MNME), Captain (CAF) Dennis J. Desprey and his successor
Captain (CAF) Alan Stewart of the Armament Directorate, Fuzes Branch (WI/MNMF). The
program was conceived as a technology demonstration program integrating what appeared to be
relatively mature technologies. The objective of the program was the weaponization of an
insensitive high explosive for general purpose bombs. During the course of the investigation. it
was determined that significant alterations of TNTO I'V (later called AFX.-644) were required to
=~hieve a reproducible, qualifiable explosive fill (designated AFX-645). Modifications to the
vik-82 bomb and the FMU-139 fuze were demonstrated, completing the demonstration program.
Testing showed the feasibility of fielding a 500 Ib, general purpose bomb vthich can be stared
and transported as an |.6 Hazard Classification ordnance package. In a fuzed state the weapon
passed fast cook-off and sympathetic detonation tests making il a candidate for 1.2 Hazard
Classification.
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Fuzed Insensitive General Purpose
Bomb Containing AFX-645

Section One: Introduction

The U.S. Air Force Wright Laboratory, Armament Directorate recently completed an in-house
technoivgy demonstration program. The program objective was 10 develop a general purpose bomb
which can be stored a3 an Insensitive Munition (IM). The systern developed integrates a modified FMU-
139 fuze and a modified Mk-82 (500 ib.) bomb containing the insensitive high explosive AFX-645,
Goals of the program include demonstration of a fuzed bomb which achieves 1.2 hazard classification
and a non-fuzed bomb which achieves 1.6 hazard classification while maintaining the lethality of
tritonal. These goals were realized recently in full-scale testing using prototype hardware in the Fuzed,
Insensitive, General Purpose Bomb (FIGPB) program.

Wright Laboratory has developed an insensitive high explosive for geaeral purpose bombs,
designated AFX-64S, which is readily initiated by a modified version of the FPMU-139, AFX.645isa
qualifigble insensitive high explosive bomb fill. Explosive performance is approximately 95% that of
tritonal. Fully assembled, fuzed bombs can be safely stored and transported using this explosive fill.
This paper discusses improvements to baseline AFX-644 which led to the development of AFX.645.
The results of an extensive series of performance and safety tests are documented as well as the initiation
experiments to produce a viable explosive train. The paper also details the FMU-139 fuze and Mk-82
bomb modifications required tc achieve & Fuzed, Insensitive, General Purpose Bomb (FIGPB).

1.1 Background

The technologies developed for this program were a high priority during the Cold War when the
USAF required a high degree of readiness for conventional warfare in Europe. The system of centralized
munitions depots, with quantity/distance (Q/D) restrictions associated with hazard class/division 1.1
munitions, imited transportation and storage of explosives at the main operating bases. The inability to
preposition ordnance was viewed ns a major operational deficiency. At many installations, storage
igloos designed to hold 250,000 Ibs. of munitions contained only a small fraction of that capacity.

Benefits associated with reducing the hazard classification of munitions systems can be
quantified in terms of reduced separation distances and/or increased utilization of available storage
volumes a3 illustrated in Table 1. Tests and criteria for achieving hazasd classification 1.2 and 1.6 of
explosive filled articles are provided in Table II from Reference 2.

Table I: Storage Advantages for Hazard Classification 1.2, 1.6 Munluom Systems
(Example: Storage Igloo with capacity of 300,000 Ib. HE)'

[ Satety Hasard Clasification 1l 12 1.6
Disunce to Inhabited Building @ 3620 Feet with | 800 Feet with | 195 Feet with
Igloo Load of: 60,000 lb, 240,0001b. | 300,000 Ib.
(20 %) (80 %) (100 %)




USAF interest in insensitive munitions declined with the reduced emphasis in combat in the
European theater. US Navy interest remains high due their unique storage requirements aboard ships and
aircraft carriers. Should future conflict require storage of munitions in a theater which mandates the use
aof munitions which meet the United Nations safety criteria, the technologics have been developed. The
Guif war brought to the forefront other issues such as time and labor constraints associated with bomb
build-up. These issues are also addressed with insensitive munition concepts as thev lend themselves to
all-up-round (AUR) ordnance packages which can be stored and shipped as pre-assembled urits.
Technology developed in this program would allow future bombs to be stored fully assembled, closer to
delivery platforms. This eliminates the cumbersome last-minute build-up of munitions during wartime
operations, reduces time-consuming transportation of the munitions and makes them Jess vulnerable to
attack.

Insensitive munitions require the employment of less sensitive explosives and explosive
formulations. The Los Alamos National Laboratory (LANL) has demonstrated that 3-nitro-1,2.4-triazol-
5-one (NTO) possesses both insensitivity and high enefgy". NTO is an off-white, crystalline solid
particulate explosive that decomposes at 270°C to 278°C and has no stable low melt point. NTO is
easily synthesized from two low cost ingredients, formic acid and semicarbazide (aminourea), to form
the intermediary 1,2,4-triazol-5-one (TO). TO can then be nitrated in 70% nitric acid at 50 to 60°C to
produce NTO. Yields are favorable in both steps, from 80 to 90 percent. NTO has favorable
performance performance properties. lts detonation velocity is 8.2 mm/usec, at a density of 1.85 g/em’.
The impact sensitivity of NTO is 291 ¢cm using 2 2.5 kg weight (type 12 tool), Taerefore, NTO
represents an attractive candidate as a base to form an insensitive composite explosive.

Melt cast systems are the most suitabie for loading large quantities of items, an essential need
with general purpose bombs due to their high demand and iarge size. Therefore a suitable meit cast
binder is necessary to process the solid particulate NTO. Such a meit cast formulation will utilize
existing Army Loading-Assemble-Packing facilities, whick  «ve the capacity to fulfill general purpose
bomb requirements. TNT is most suitabie as that melt castable binder since it has a stable low melt,
thermal stability, and a long history of use in such applications. TNT and NTO, designated TNTO when
combined, provides a slurry when heated, which can be cast into warheads’, Additives such as
particulate aluminum and desensitizing wax ¢an then be added to obtain the desired level of sensitivity
and energy output.

Twa reformulation efforts were undertaken using TNTO 1V (buseline AFX-644) as a starting
point. The first effort sought to replace the low melt wax (D2) and the nitroceilulous surfactant. The
product of this work was AFX-644 Mod ) which was an extremely insemsitive yet poor performing ‘
explosive. The performance parameters of this formulation were enhanced in the second reformulation
effort by increasing the percentage of energetic ingredienta to as high as possible and still pass
insensitivity tests.

The insensitive high explosive developed during this program, AFX-645, is casily processed in
existing melveast, Load-Assemble-Pack facilitics such as those at McAlester Army Ammunition Plant
(MCAAP) in McAlester, OK. Furthermore, a domestic production source has been developed fqr
nitrotriazolone {NTO), the explosive ingredient which gives the formulation its unique combination of
insensitivity and high performance. A stand.wdization agreement ( STANAG) specification for NTO is
being dratted among tho nations of the North Atlantic Treaty Orgunization (NATO).



1.2 Layout of Report

The program was originally planned to be a relatively short technology demonstration of several
‘nearly mature’ technologies. It was believed at the beginning of the program that TNTO IV (baseline
AFX-644) explosive (2 mixiure of TNT and NTO), a modified FMU-139 and a slightly redesigned Mk-
82 bomb could be easily integrated into an ordnance package which couid achieve the insensitive
munition criteria. As the program progressed, it became apparent that considerable reformulation work
was required for TNTO IV. Also, numerous iterations of boosting schemes were tried and a plethora of

performance and sensitivity tests were required. The span of work reported here is approximately four
years.

This report is organized to assist the reader in understanding the logic of decisions made
throughout the program. The tests are not explained in chronological order. Section Two of the report
will explain the development, characterization and testing of TNTO IV, the baseline AFX-644
formulation. The first reformulation effort will be explained in Section Three. Numerous processing
parameters were altered and the result on sensitivity will be explained. Although the formulation
percentages for AFX-644 Mod 0 were identical 10 those for baseline AFX-644, AFX-644 Mod 0 was less
sensitive and yielded lower performance parameters. A second reformulation effort was undertaken to
trade some of the extra insensitivity of AFX.644 Mod 0 for performance. This second reformulation
yielded the final product of the investigation, an insensitive high explosive which uses the same
ingredients as AFX-644 Mod 0 but in different quantities. This final product has been designated AFX-
645. Much of the discussion and conclusions relating to AFX-644 arc equaily applicable to AFX-645.
Section Four explains the second reformulation as well as the performance tests for both reformulation
efforts. Section Five covers the booster and fuze hardware configuration designs which spanned the
entire program and were tested against a variety of AFX-644 formulations. Section Six covers the full
scale hazards testing of the fuzed bombs which were the final proof of the viability of the concepts
demonstrated in this program. The report wraps up with a list of well substantiated conclusions.



Section Two: Baseline AFX-644 Formulation Characterization and
Evaluation

The development of the baseline AFX-644 (also referred to as TNTO [V) insensitive high
explosive is detailed in Reference 3. AFX-644 is a melt-castable, wax-desensitized, nitrotriazolone
(NTO)-based explosive formulation which employs TNT s an energetic binder material and aluminum
powder to enhance blast performance. TNT, NTO, Wax, and Al powder are mixed in proportions of 30
40, 10 and 20%, respectively. Daseline AFX-644 meets the United Nations' (UN) criteria for Extremely
Insensitive Detonating Substances (EIDS) and full scale testing requirements for fast cook-ofY, slow
cook-off and bullet impact. Mixed results were obtained in full-scale sympathetic detonation testing
with the baseline formulation. Mi-82 pressure arena tests for baseline AFX-644 yiclded performance
parameters similar to those obtained for tritonai-filled bombs.

Table I1: Baseline AFX-644 Formulation Results’

*

l Ay gty
Screening
Test Criterlon Result
Impact Sensitivity (H-50%, 5 Kg) »200.5 cm
Friction Sensitivity (BAM) 62Ky
| Thermal .Wility (CRT) 037cm7g
{ Flectrosutic Discharge 0.040 Joules
Small Scale Bum Mild Burn
{(TNTNTOWax 42/52/6)

United Nations Criteria for Extremely Insensitive Detonating Substance (EIDS) for
1.6 Hazurd Classification

L"'l:est Criterion Result

Cy _ No Detoration No Reaction
Glp@omjg §Dnnor) No - 83 mm* ieGe_ill mm

__Fs_u__un Pressie < Prossure ~ {7 kPa
ALY aPiR < 1SMPus | aPid~ 0.3 MPan
Bullet 'npact No Explosion | No Reaction

| Fxtemnal ire No VE'F:-\ Reaction

“Pressure Ru |
5 ol NoFrageni Thiow | Dellgreton "

United Ni - a3 1.2 and 1.6 Hazard Classificution Article Tests in Mk-32 Bomb

Tent Criterion Resull
310%™ Cook-0ff ﬁc@omdon (1.6) Tom only m
I art Jook-off No Detonation ( 1.6) Tum only
No Mass Expiosion (1.2
Tullet rapact No B m& (L] "Bum only (6X, 3 round bursts)
" Svmpathetlc Detonatlon No Propagation Adjscent:
(1.2 and 1.6) No Go (8X) ¢ 0.3 inches
Diagonal:

No Go (2X) @ $.16 inches

Go (2X) @ 5.16 mches |
sUap thickness critation in a function of donor output pressure:

P(70mm, Pentolite)=P(82mm, Comp B)= P(76mm, RDX/Wax) + 34 Kbar.




Results of screening tests, EIDS tests and full scale (MK-82) article sympathetic detonation and
slow cook-off tests conducted for the baseling AFX-64.4 formulation have been reported previoush ' and
are summarized here also in Table Ii. The results of additional slow cook-off. fast crok-off. bullet
impact and sympathetic detonation tests are also provided in Table 11 and described in the texi that
follows. All tests in Table 11 describe the criteria for achieving 1.6 hazard classification viith some
exceptions. Screening tests have no hard criteria as they are intended for identification of promising
formulations. The 1.2 harard classification does not require the use of 1IDS quatified explosives. The
srticle testing for 1.2 hazard classification includes only the fast cook-off (with a reluxed pass criterion)
and the sympathetic detonation test.

2.7 Baseline Slow Cook-off Testing

2.1.1 Baseline AFX-644 Slow Cook-Off Test 1

The first slow cook-off test on e baseline AFX-644 formulation was described in Reference 3.
The item was placed in an aluminum oven equipped with thermocouples. controllable electrical heat
tapes, exudation roughs. circulating air and insulstion (Figure 1), The first siow cook-off test conducted
on bascline AFX-644 in a standard Mk-82 bomb resulted in mild burning of the explosive contents with
reaction products rclcased upon rupture of the nose fuzewell. No case fragmentation was observed
(Figurc 2). 'The oven temperature at the time of reaction was 161° C, and the internal bomb temperature
was 190° C,

Figure 1: Slow Cook-off Test Net-Up

A



Figure 2: Baseline AFX-644 Slow Cook-off Test 1 Result

2.1.2 Bascline AFX-644 Srow Cook-off Test 2

A sccond Mk-82 slow cook-off test was conducted for the baseline AFX-644 formulation. Ay n
the first tesi. the item vented mild!y through the nose fuzewell and bumed non-propulsis ely (Figure 3).
T'he test item had thermocouples posicioned in the bomb. on the bomb skin and in the oven free air. The
oven temperature was initially raised from 28°C 10 100°C at an approximate heating rate of 10.3°Crr,
The item was souhed af this condition for apprrximately 14,5 hours until equilibrium berween the oven
air ternperature und the internal bomo temperature was achieved. The oven temperature was then taised
at a 1ae of 3.3°C/hr 1o 140°C. A this point in the experiment, there was & power outage for
approximately 8 hours. 1he oven covled to approximately 40°C and the internal bomb temperatures
decrensed 10 s low as 74°C. Once power recumed, the oven air was heated to 100°C’ at i rate of
13.3°C/hr. I was again soaked at this condition for upprox‘mately 6.5 hours sllow ing the internal
teinperatures 1o cquilibrate.

Heating then resumed st an approximante rate of 3 2°C/hr until resction occurred at an oven air
temperature of approximately 167°C and an internsl item temperaturc nesr 190°C. Subsequently, fire
ensued as mohten explosive from the exudation troughs ignited. The item vented mildly from toe aose
and burned non-propuisively. The item fell from the stand during the test. 1t was noted prior (o teding
that the bomb was resting on the exudation iroughs, suspended ahove the metal stand. The nose fuzewcil
wax huried in ashes .nd residues making inspection difficolt. The tail fuzewell was inverics at ity base
“Tuff seal” exudntion was observed about the tail ring. The bomb ¢ase remained imact throughous the

expuriment.



Figure 3: Baseline AFX-644 Slow Ccok-off Test 2 Result

2.2 Baseline AFX-644 Fast Cook-off Test

A single item wood bonfire test was conducted for a MK-82 containing the bascline AFX-644
formulation. The item was placed on the bottom section of a standard metal storage pallet. The pallet
and item were strapped loosely to a steel frame stand (Figure 4). The item was surrounded by wooden
plarks (Figure 5) soaked with 15 gallons of diese! fuel and ignited using thermite grenades.
Thermocouples were placed in and around the item 10 monitor the corresponding temperatures
throughout the test.

The item vented mildly and burned in place upproximately 10 minutes after the fire started. It
remained on the stund for the duration of the test (Figure 6). Reaction occurred when the flame
temperature was fluctuating between 1500°F and 2000°F. The internal thermocouples registered
temperatures well below 16C F prior (o reaction indicating reaction initiated near the surface as would
he expected in a fast cook-off scenario. Venting occurred from the nose first. Eventually. combustion
products vwere emitted from the tail fuzewell and the charging well at the center of the bomb also. The
positions oof the thermocouples were similar to those of the slow cook-off tests,
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Figure 4;: Wood Bonfire (Fast Cook-off) Test Set-Up

.. . hd e

Figure 5: Wood Bonfire (Fast Cook-off) Test Before Ignition
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Figure 6: Baseline AFX-644 Fast Cook-off Result
2.3 Baseline AFX-644 Bullet Impact Tests

Two Mk-82 bombs containing baseline AFX-644 were subjected to bullet impact testing using
0.50 cal AP ammunition. The items were at a standoff distance of 60 fect from the muzzles of three
Mann barrels (Figures 7,8). Each item was impacted with three separate three-round bursts delivered at
senvice velocity with 100 millisecond intervals between rounds, Prior to firing into the live munition
items, rounds from ¢ach Mann barrel were fired individually through light screens 1o obtain an average
delivery velocity. The first light screen was placed approximately 10 feet from the barrel and was five
feet in front of the second screen. The average velocitics were 2947+33.9 fisec, 2954+26.4 R/sec and
2932415.0 ft/sec for barrels 1,2 and 3, respectively. No significant reaction or burning resubted from any
of these impacts anc the items remained intact.

High Speed Camera High Specd Camera

0.50 Cal. Mann Barrels Mirror
Figure 7: Schematic of Bullet Impact Test Set-Up



Figure 8: Mann Barrels Used forr 0.50 Cal Bullet Impact Testing

2.3.1 Bullet Impact Test--1tem 1

The aim point for the first three round burst in the first item was the side of the bomb. orthogonal
to and centcred between the lugs. Two of the rounds completely penctrated the item and exited the
bachkside of the bomb. displacing the internal explosive. creating a hole in the bomb. The impact holes
were grouped closely together with the edges of the center hole contacting the other two holes. No
significant burning was ob=erved and the item remained completely intact (Figure 9).

The svcond three round burst in the first item was delivered along the same side of the item as
the first but at a point ten inches in front of the forward lug. Again, the rounds entered the test item in a
closely grouped pattern, with two of the entry holes overlapping and the third located approximately 1
inch from the cluster. None of these rounds exited the bomb case, but they did wansverse the entire
diameter of explosive as indicated by the slight case deformation on the backside of the test item. No
reaction occurred from these impacts (Frgures 9,10).

The third three round burst in the first item was delivered into the tail fuzewell, One round
penctrated the fuzewell along the 10p edge. The sccond round penetrated the center of the fuzewell and
the third entered through the bottom of the fuzewell. Again. no significant reaction wis observed,
although there was some mild smoking for a short time after the impacts (Figure 11).

fo



Figure 10: Baseline AFX-644 Bullet Impact, Item 1, Shot 2 Rear Side



Figure 11: Buseline AFX-644 Bulict Impact, Item 1, Shot 3 Result

2.3.2 Buliet Impact Test--Item 2

The aim point for the first three round burst in the second item was. again. along the side at the
center point benween the tugs. Two of the rounds impacted closely together. resulting in over-lapping
entry holes. The third round apparently wnbled upon exiting the barrel and impacted the test item
approximately ten inches from the aim point. The penetration of this round resulted in an oblong hole.
The bullets from these impacts became fodged into the test item and did not penetrate the item
completely (Figure 12). The seal around the tail fuzewell was compromised from the pressure release
and minor reaction induced by these impacts. The fuzewell was slightly crushed and ruffseal was
observed exuding from the ¢case. The nose fuzewcell was slightly crimped and both nose and tail
fuzewells were caated with explosive residue (Figure 13). Unreacted high explosive was visible in all o ¢
the impact holes. Most of the explosive charge appeared to be intact. $0 it was decided ta continue
testing with this item.

The aim point for the second three round burst into the second item was. again. in the side of the
item at a point ten inches in front of the forward lug. Two of the rounds impacted the bomb case ncar the
aim point. penetrating within two inches of each other. The third round impacted near the forward lug
position in a glancing blow fashion, failing to penetrate the casc wall. One of the two penetrating rounds
exited the back of the bomb case (Figure 14). There was some mild smoking initially and more residue
was abserved in the nose fuzewell. Unreacted explosive was visible inside the bomb via the penetration
holes. No significant reaction occurred and the charge remained essentially intact.

The third three round burst into the second test item was delivered into the nose fuzewell since
the (il fuzewell had been compromised. Sinoke exited the charging well and nose fuzewell when the
bullets impucied. After the shot. unreacted, damaged explosive could be seen at the basc of this furewel)
(Figure 15), No charging tube damage was observed.
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Figure 13; Baseline AFX-644 Bullet Impact, Item 2, Shot 1 Fuzewell Rupture
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Figure 14: Bascline AFX-644 Bullet Impact, Item 2, Shot 2 Result
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Figure 15: Baseline AFX-644 Bulict Impact, Item 2, Shot 3 Resuh
2.4 Basoline Sympathetic Detonation Tests

2.4.1 Baseline AFX-644 Sympathetic Detonation Test ]

The first full scale (MK-82) sympathetic detonation test on baseline AFX.644 was described in
Reference 3. A summary description is presented here. The standard metal pallet contained three inen
BDU-50s und three MK.-82s containing baseline AFX-644. The old standard meta) pallet which has
vertical and horizontal skin-to-skin separation distances of approximutery 0.5 inches was emploved for
the test (Figure 16). The donor bomb was [ocated in the bottom row, center position of the pallet
between a live acceptor bomb and a BDU'-50. The top row of the pallct consisted of 8 BDU-50 hetween
u live acceptor bomb and another BDU.50. The live acceptor bombs were on opposite sides of the pallet

14



to allow individual assessment of the conditions at the adjacent and diagonal acceptor positions. The
items were individually stamped for positive post test idemification of the recovered rermnants.

The loaded metal paliet was positioned above a 6 ft x 6 1. 1«inch thick armored steef witness
panel. A wirness plate of the same dimensions was supported above the paller on a wooden stund at a
height of approximatelv 6 feet. A quantity of sand bags were placed on the top piate. Additional 6 ft x
12 f1, Y-inch thick panels were positioned on both sides of the paliet. The donor bomb was initiated from
the nose using C-4 and an RP-83 boostered detonator (Figure 17).

IS



The detonation of the donor bomb did not propagite to either of the live acceptor bombs, The
recovered pieces of the live diagonal ucceptor bomb were large and plate-fike. The charging welt and
lug well were also recovered form this item indicating this item did not detonale. The item was broken
up severely from the jet-like impact of the donor frugments and its own subsequent low order reaction.
The remnants of the adjacent live acceptor bomb also included heavy, plate-like pieccs. Unreacted
explosive was recovered from the arena. Evidence from the witness pliates confirmed that no secondary
detonation occutred.

2.4.2 Baselinc AFX-644 Sympathetic Detonation Test 2

The second sympathetic detonation test on Mh-823 containing the bascline Al'X-644 formulation
a{so resulted in no propagation of the donor detonation. The set-up for the second sympathetic
detonation test was the samc as that of the first test. The donor bomb was nos¢ initiated using C- and an
RP-83 detonatui. Piezoelectric pins were positioned at S-inch intervals along the donor bomb to verify
complete detonation of the donor bomb.

Portions of all 1est items were recovered along with the pin data and witness plate markings. The
data confirmed prompt detonation of the donor bomb with no propagation {o the surrounding items. The
danor bomb promptly transitioned 10 an average measured detonation velocity of 7.01 £0.45 km/sec.
The bottom witness plate was cracked und severely scarred by donor fragments. The markings were
symmetrical about the center of the plate. with no markings from the acceptor items (Figure 18). The
side panels were clean except for some minor markings from donor fragments (Figures 19.20). The top
plate was deformed from impact by the top. center item and mildly scarred by donor fragments (Figure
21). Large. plate-like pieces with liner material stifl attached were recovercd from the live adjacent item
(Figure 22). Two small. thick pieces of the live, top row acceptor were recovered (Figure 23). The
remaining inert items were broken apart and showed evidence of severe donor impacts.

Figure 18: Bottom Witness Plate from Baseline AFX-644 Sympathetic Detonation Test 2
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Figure 19: Live Adjacent Acceptor Side Witness Plate from Baseline AFX-644 Sympathetic
Detonation Test 2
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Figure 20: Live Diagonal Acceptor Side Witness Plate from Baseline AFX-644 Sympathetic
Detonation Test 2
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Figurce 22; Live Adjncenl Acceptur Remnant from Bascline AFX-644 ‘i\ mpathetic
Detonation Test 2
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Figure 23: Live Diagonal Accepter Remnant from Baseline AFX-644 Sympathetic
Detonation Test 2

2.4.3 Baseline AFX-644 Sympathctic Detonation Test 3

Al this point in the program, Mk-82 Toading uf bascline AFX-644 was transitioned 10 the Naval
Urdnance Station Detachment (NOSDET) at Yorktown, Virginia. The transition was made to validate
scale-up of the bascline formulation processing parar cters (Fglin’s 100 gallon melt hettle was not yet
activated) and to expedite londing of large numbers of test items, Explosive weights for the 12 bombs
loaded at Yorktown were lower than for any of the charges loaded previously at Fglin (183 + 0,38 [bs.
versus 188.8 1 1.5 1bs.). ‘The hombs loaded at Yorkiown were not water-weighed prior 10 explosive
loading. Using the average volume obtained for the bombs loaded at Eglin, the average charge density of
the bombs loaded at Yorkiown is estimated 1o have been 1.61 g/em’ versus 1.66 g/em’ for the bombs
loaded at Eglin. A compositionnl analysis was performed at Yorktown on a single sample collected near
the end of the mix. The 100 gallon kettles at Yorktown empty from the bottom, 5o this sample was from
the “head™ of the batch. The sarnple was rich in wax and deficient in aluminum, indicating soine settling
may have occurred This may have resulted in wax deficient bombs Joaded first with increasingly wax
rich bombs produced thereafler. Samples were not :ollected prior 1o loading and the order of loading
was not recorded. 1t is possible that bombs of varying energies and sensitivity levels were loaded. but it
is impossible to assign these levels 1o individual bornbs. This was discovered prior 10 testing the Hems.
The decision was made o proceed with additional sympathetic detonation testing.

The next experiment in the test plan was an all iive, Mk-82 sympathetic detonation test in the old
standard metal pallet with 0.5 inches of separation betv een al) ad)acent iterns using bombs loaded s
Yorktown. The test set-pp was identical to that of the previous svmpathetic detonation test with the
exception that all acceptor bombs contained baseline AFX-644. The donor bomb detonated, achicving a
detonation velocity of 6.42 = 0.38 km/sec. The detonation of the donor bomb did not propagate to either
of the acceptor bombs adiacent 1o the donor on the bottom row of the pallet as evidenced by the large
plate-like remnants recovered from these items (Figares 24,25) and the absence of witness markings
from these items on the bottom plate (Figure 26). The rwo acceptor bombs originally in the diagonal
positions of the paliet propagated the donor detonation #s indicated by the multiple fragment markings
and penetrations on the upper portion of the vertical witness plates (Figures 27,28). ‘The evidence
regarding 'he top center acceptor is inconclusive but tends o indicate no detonation of this item. No

9



positively wdentifiobie pieces of this item were recovered. The top witee ss panel was heaviiy nddled
with holes and impacts from the disgonal acceptor bombs thigure 20)  Additonalhy  there were some
very fine fragment impacts i the center section of the top plate. It is speculoated these are from small

donor fragments which were able to circuni ent the unreacting top center bomb body prior ta its initial
movement,
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Figure 24: Live Adjacent Acceptor Remnant from Bascline AFX-td44 Symipathetic
Detonation Test 3

Figure 25: Live Adjucent Acceptor Remnant from Buseline AFX-644 Sympathetic
Detonntion Test 3
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Figure 26: Bottom Witness Plate from Baseline AFX-644 Sympathetic Detonation Test 3
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Figure 27: Side Witness Plate from Baseline AFX-644 Sympathetic Detonation Test 3
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Figure 28: Side Witness Plate from Baselinc AFX-644 Sympathetic Detonation Test 3

Figure 29: Top Witness Plate from Bascline AFX-644 Sympatketic Detonation Test 3
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Section Three: First AFX-644 Reformulation Program

The responses observed in hazards testing of the baseline AFX-644 formulation were promising.
The results of sympathetic detonation testing were mixed. The scaled up mixes of baseline AFX-644 had
jower than expected charge densities with an attendant rise in shock sensitivity. The ingredient
suspested of causing the inconsistencies in processing was the D2 wax. Other parts of the formulation
were also scrutinized. Scveral shortcomings of the D2 wax composition were revealed during
characterization and evaluation of the baseline formulation. These shortcomings were significant enough
to prevent AFX.644 from becoming a quatifiable bomb fill. A reformulation strategy was developed to:
minimize exudation, improve processing parameters, and improve AFX-644 survivability for
sympathetic detonation scenarios.

Several varieties of waxes in numerous concentrations and wax to surfactant ratios were
evaluated. An improved formulation with the same composition percentages as the baseline formulation
(INT/NTO/wax/Al 30/40/10/20) was developed and designated AFX-644 Mod 0. AFX-644 Mod 0
employs & high melting microcrystalline wax, called Indramic-800 and an alternative surfactant called
Ganex WP-660 in the percentages reported in Table I1l. The objectives of the reformulation strategy and
the results of formulation changes are discussed in the following sections.

Table I1I: AFX-644 Wax Compaositions

Baseline D2 Wax {mproved Wax
Meh Point = 62.7°C Melt Point = 83.9°C
e S ——

Indramic-170C  84% Indramic-800 98.3%
Nitrocellutose  14% Ganex WP-660 1.5%
Lecithin 2%

AR

3.1 Minimize Exudation

Although D2 wax containing Indramic- 170C is routinely used i Composition B
(RDX/TNT/D2), the percentage smployed is very small (0.5%). Also, the influence of wax migration
and exudation are not an issue for Comp B. AFX-644 cannot tolerste migration and exudation of the
wax, since this may dramatically influence its responses to hazardous stimuli. Studies on the baseline
AFX-644 formulation determined that at least 8% (predominantly wax) of the formulation was exuding
during pressurized temperature cycling between -64°C and +74°C --an unacceptable finding.

The strategy' selected to minimize exudation was to replace the D2 with a wax possessing a
higher melting point. Redu “:d wax and waxless formulations were also studied. The exudation
measured for AFX-644 Mod 0 samples subjected to pressurized temperature cycling was 0.43%.
Acceptable growth characteristics were also obscrved with expansions of 2.56% in length and 2.34%4 in
diameter for the 1-inch by 1-inch cylindrical samples--typical for TNT systems.

3.2 improved Processing Parameters

For an explosive formulation to be viable for qualification, consistent liquid viscosities and
charge densities must be achievable. Batch viscosities of the baseline AFX.644 mixtures ranged from a

very castable fluid to thick/pasty compositions. Resulting charge densities ranged from below 99% of
the theoretical maximum density (TMD) to greater thun 96% TMD, Several factors which contributed to

these large variations in processing puramneters were identified and elitninated.
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3.2.1 Minimization of Nitroccliulose

[t was determined that nitrocellulose decomposition from the D2 wax is a source of off-gassing
which could result in micro-void formation as the molten explosive cools and freezes. Steps were taken
to reduce the percentage of nitraceiluiose employed in the wax formulation. The D2 formulation
contains 14% nitrocellulose. It was determined that stable TN'T/wax emulsions could be formed using as
little as 2% nitrocellulose in the wax formulation with I-170C. Other mineral and petroleum waxes
required only 0.5% nitrocellulose to form TNT emulsions.

It was also learned that the influence of nitrocellulose decomposition on charge quality could be
minimized by preprocessing the wax/nitrocellulose formulation to remove any gases formed by
nitrocellulose decomposition. This is accomplished by melting the wax mixture and applying & vacuum
to the meht kettie for approximately 15 minutes.

3.2.2 Alternative Surfactant Systems

Alternative surfactant systems were also studied to replace completely the aitrocellulose/lecithin
system employed in D2 wax. MACH I of King of Prussia, PA, under contract to the USAF, conducted &
systematic investigation of nearly 300 processing aids using nitromethane as a TNT simulant. Ganex
WP-660 was recommended for trials with TNT and the 1-170C wax. Ganex is a poly-(vinyl-
pyrolidone/1-triacontene) dispersing agent commonly used in the cosmetics industry to form stable
emulsions®, The USAF performed TNT/1-170C/Ganex trials and found the emulsion characteristics of
this system to be significantly improved when compared with the nitrocellulose/lecithin system.
Subsequent shock sensitivity testing and critical diameter experiments of AFX.644 Mod 0 with this wax
indicated increased critical diameter and dramatic reductions in shock sensitivity when compared to the
baseline formulation. It was also determined that the emulsion reduced eneryy release as measured by
cviinder expansion tests.

3.2.3 NTO Specification

[t was determined that lot to lot variations in the nitrotriazolone (NTO) purchased from Glin and
Dynamit Nobe! influenced end-of-mix (EOM) viscosities. Sieve and scanning electron microscopy
analyses were performed to determine the particle size distribution and crystal morphology for each lot
of NTO. The results of these analyses led to the development of & single parameter, packing density,
which asccommodates all of the observed varistions, Packing density is determined by mildly vibrating &
known mass of particles to a final volume. It was determined that an NTO packing density of greater
than or equal to 0.95 g/ec is required to achicve castable viscosities for AFX-644. The specification for
NTO was altered as follows:

Particle Size: No more than 20% of the material will pass through a 212 micron (70 mesh) sievet
Packing Density: Grearer than or equal to 0.97 gram$lcm3; and

Method: A know mass of material is vibrated mildly (so as net to crush or mechanically damage the
crvstals) until & minimum volume is achieved. The packing density is then calculated with this fina!
volume.

A STANAG specification is in prepanation with consideration of this data. This specification
was achieved in a recent procurement of NTO from Dynamit Nobel vis Girundus Corporation, and end-
of-misx viscosities are consistently castable with this material, The 14 lots received from Dynamit Nobel
in FY93 had the particle size distributions shown below:
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Table IV: Particle Size Distributions of NTO Lots from Dynamit Nobel

St

Particle Size (microns) Percent, % Kange, %
600 11.3=10.2 0.2-29.5
600.425 328+ 923 16.4-46.1
425-300 283+ 69 20.3-44.6
300-212 1521 6.7 9.2.28.7
<2 xz.g 39 7.1-184

The packigidensr’ties of the lots recejved were: | 04 1 0.02 ¢'cc.

M — — S —

3.2.4 Vacuum Processing

Entrapped air which enters the molten explosive during mixing was determined 1o be another
source of charge density variations. A processing step of applying vacuum (28 inches Hg) on the melt
kettle for approximately 15 minutes during mixing was added. The kettle atmosphere is slowly (so as
rot 1o drive air back into the mixture) returned to ambient presswre prior to casting. Charge densities for
Mk-82 hombs lcaded with AFX- 6§44 Mod 0 using this technique have been very consistent. The average
density for the first nine bombs loadcd with this formulation varied by only 0.4%.

3.3 Improve Survivability for Sympsthetic Detonation Scenarios

3.3.1 AFX-644 Shock Sensitivi

Figure 30: Medified Expanded Large Scale Gap Test Set-Up

A variety of TNT/NTO formulations were studied for comparison with the banliqe AFX-644
formulation. The shock sensitivities of several TNT/NTO compositions were measured using the
Modificd Expanded Large Scale Gap Test® (ELSGTXFigure 30). Reduced wax‘md waxtess
formulations were studied to minimize cxudation as mentioned above. Altornative waxes and sgrfnctam
svstems were also employed. The 1-800/Ganex WP-660 wax/surfuctant system was most effective in
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reducing the shock sensitivity of the AFX-644 formulation. The results of this testing is presented in

Tal?lc V. The last three rows of Table V concern explosives developed in the second reformulation effort
which is discussed in Section Four.

Table V: Expanded Large Scale Gap Test Results for Various AFX-644 Formulations

i
AFX-644 Formulation Density ELSGT
i Variants TNT | NTO | Waxand Tpe Al | giee TMD | Go (Inches) | No Go {Inches)
Bascline 0% 40% [ 10% D2 20% | 168 94 4% 1.9} 1.94
Orther 30°% 40% | 10°51-800 20% [ 169 [ 96.0% 2.44 2.47
Iterations 28% 40% | 12%1-B00 " 20°% | 1.68 96.5% 2.3 2.38
28% 40%% | 4% PW-%00" 28% 1 1.84 96.3% 218 2.19
26% a0% | 4% PW-200 " 30% | 1.B3 | 958.3% 2.07 2.09
| 26%, 40% ) 6% PW-500" 28% [ 1.82 | 96.7% 1.94 2.00
. 26%, 40% | 6% PW-600" 28% [ 173 | 92.0% 2.06 2.13
Wanless 30% | 40% None 30% 1192 | 960% ] 2.4 738
Mod O 3% 40% | 10% 18007 20% |17 972% 1.50 1.63
Mod 0~ 0% 40% | 10% 1-800 " 20% 175 | 99.4% 1.28 1.31
Mod | 30% 45% 1 10% I-R00 " 159, [ 1.68 97.4% 1.76 1.81
Mod 27 32%, 45% | 8%1.800 " 15% 1164 | 934% 164 2.00
AFX-645 " 32% 48% | 8% 1.800 " 120, [1.63 | 93.6% 1.95 2.0
Notes.  1: Vacuum Mix, Ambient Cast (V= 6.8-;;4: 0.12kmnec. 20m <D, <28,

1
2. Vacuum Mix, Vacuum Cast

3: D2 wax is 84% Indramic 170C, 14% Nitrocellulose and 2% Lecithin (melting point 62.7°C)
4. 98.5% Indramic 800 wax and 1.5% Ganex surfactant (meching point 83.9°C)

§: 94% indramic 800 wax, 4% Nitrocellulose and 2%4 Lecithin

6. PW = Polvwax

3.3.2 New Metal Pallet

Suppression of sympathetic detonation was achieved through optimization of candidate
explosive formulations and container design. Most munitions are stored in comainers where the
packaging material and container. by design or coincidence, provide considcrable protection in a
sympathetic detonation scenario. This is not true for general purpose bombs which are stacked in groups
of six in simple. open pallets (Figure 16). However, during the course of the FIGPB program, a new
siandard metat pallet was introduged. The new design was accomplished to enabic munition handlers
using forklifts 10 dissect bomb pallets for mancuvering as "three-prcks" or "six-packs.” The separation
distance between rows and columns in the old standard metal pallet is approximately 0.5 inches. The
new pallet provides a horizontal distance between bombs of approximately (.75 inches and the top row
of bombs has been raised to 8 spacing of approximately 2.88 inches (Figure 31). In this case, the
survivability of the hombs is aided by the change.

As reported by Glenn, et. al. ¢ pallet dimensions dramatically influcnce the response of the items
to detonation events. The response of the acceptor items to the donor stimulus is a complicated function
of casewal! thickness. velocity and shape at the point of donor casewall impact with the acceptor bomb,
It has been determined experimentalty and by HULL hydrocode calculations®” that the diagonal
positions are the worst acceptor positions for surviving svmpathetic detonation in the old pallet when the
bottom, center item is employed as the donor. The acceptor bombs directly above and adjacent to the

donor bomb provide a symmettical passuge along the diagonal for the expanding donor casewatl. The

2u



donor casewall impacts both top and adjacent acceptor simultaneously causing both case fricture at the
impact points and a corresponding increase in pressure at these points. ‘This results in a frayment which
does not thin appreciably as it accelerated further towards the diagonal acceptor. More importantly, the
edges of this casewall passing between the top and adjacent bamb accelerale more than the center thus
creating a nearly flat plate 10 impact the diagonal acceptor.

The shock wave from the flying casewall of the donor can be reduced by lateral release waves as it
travels through the case of the accepror. These lateral release waves will affect the pressure at the
explosive/case interface to varying degrees depending on the donor case thickness and shape at impact.
The diagonal bomb in the old metal pallet was being struck by a fairly flat casewall which increases the
impact arca and reduces the effect of these laieral pressure release waves. This combination of pulse
duration and high peak pressure allow the diagonal bomb to detonate when those closer to the donor do not.

When the bomb separation distances are increased slightly, as with the adjacent and top bombs in
the ncw metal pallct, the peak pressure in the acceptors will increase due to the added room the casewall
has to accelerate. As even more separation is provided, as with the diagonal bombs of the new metal pallet,
the casewall thins further and the peak pressure then decresses due to lateral release waves. The response
of the acceptors depends on both peak pressure and pulse duration. This dependence on pulse duration is
due 10 two physical effects: the lateral release waves mentioned above and a phenomenon of detonation
referred to as critical energy. The pulse duration in the explosive will effect the amount reacted if sufficient
energy is not available to create a prompt detonation. For example, & 65 kbar pulse of very short duration
may result in only a thin region of explosive reacting while a longer duration pulse of the tame pcak
pressure would allow the acceptor 1o run up into a full self-sustaining detonation.

To illustrate this complex interrelation of peessure, velocity and impuise, calculations and test
results for AFX-1100 explosive are given. Table VI ahows the velocities, pressures and impulse ingide the
acceptor generated by an AFX-1100 donot at the point of first casewall impact with the acceptor for the
old standard pallet and pallets in which the top row of bombs was raised. This table is generated from
HULL calculations. The results of MK-82 sympathetic detonation testing of AFX-1100 are provided in
Table V11 for the old standard pallet and pallets in which the top ow of bombs was raised. As the top row
is raised, the casewall accelerates to a higher velocity and the peak pressure incresses in the t0p cenier
bomb and decreases in the diagonal bomb. The impulse imparted (0 the diagonal bomb diminishes, while
the that at the top center bomb passes through & maximum due (o an “optimal” case thickness/velocity
combination.

HULL calculations were also performed for donor bombs contuining 8 30/40/2/28 .- TNT/NTO
wax/Al AFX-644 formulation®, Although this purticular formulation wis not explored further, the trends
of pressure clistribution within the pallets during a symp thetic desonation test are valid. The pressure and
velocity distributions in the old standard pallet and the new standard pallet are shown in Table VIIL. The
maximurn impulse in the 0l siandard pallet is observed by the adjacent and top bombs. With this donor
systemn, the diagonal bomb is subjected to 2 very large peak pressure relative to the other items. The peak
pressure distribetion is much more uniform in the new standard pallet configuration. In the new standard
pallet, the critical position for surviving sympathetic detonation has shifted 1 the adjacert bombs. The
donor casewall impacts these items firt. ‘The expansion at impact with these acceptors is smalier than the
expansion at the point the donor casewall impacts the top center bomb or the disgonal bombs. Also, the
casewall is somewhat thicker at the point of impact with the adjacent bomb, creating a longer duration
pulse in this locaton.
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Table VI: Pressure/Velocity Calculations for MK-82s Containing AFX-1100 with 0.5-inch
Horizontal Separations at Various Vertical Separation Distances’

Adjacent Bomb
Top Row Position | Distance From Donor | Casewall Velocity | Peak Pressure Impulse
mm mm/ysec Xbar kbar*secX 10°
All Palliets 13 1.04 28 1.27
Top Bomb
Oid Standard 13 1.04 p1] 1.27
Raiged to 2 Inches | 51 1.33 36 1.40
| Raised to 3 Inches | 6 1.37 38 1.48
Raised 0 § Inches 128 1.44 43 1.45
pre—
Diagonal Bomb
0id Stmdard 133 1.3 53 1.30
Raised 10 2 Inches 159 1.58 47 1.29
Raiged o 3 Inches 177 1.63 44 1.12
Raised w 5 Inches 219 1.73 39 0.84

Table VII: AFX-1100 MK.82 Sympathetic Detonation Test Results with .5-inch
Horlzontal Separations at Various Vertical Separation Distances®

Top Center Separation § Diagonal Separation | Diagonal Acceptor Response
Distance (mm) Distance (mm)
Qld Standard Pullet 133 Detonation
41 160 Detonation
16 180 No Detorstion
83 20 NoDeforgtion
133 230 No Detonation

Table VIIL: 29% Wax AFX-644 Pressure/Velocity/Impulse Distributions for Acceptors in
Old And New Standard Metal Pallet Configurations’

Pallet and Acceptor Posltion Distance Casewall Peak Impulse
(mm) Velocity | Pressure | (kbartsec*10%)
(mm/jisec) .(_kgr)

L OidPallet Adjacent Bomb 13 1,20 58 2.6
|___Old Palict Top Bomb _ 13 129 38 276 1

Old Patlet Miagonal Bomb 133 1.60 92 21l

New Pallet 19 1.47 8 2.74

New Pallet Top Bomb 7 1.60 7 2.24

New Patlet Di Bomb 179 1.7 75 172




Figure 31: New Standard MX-82 Metal Pallet

Several storage pallet contigurations werc tested to determine their influence on the survivability
of AFX-644 filled bombs and to establish safety margins for the standard pallet configuration. As
discussed previously, the haseline AFX-644 formulation survived consistently in the adjacent position
when the bottom center item in the pallet was detonated as the donor bomb. Mixed results were
observed for acceptor bombs in the diagonal position. An asymmetric paliet test was designed for testing
to allow mare information to be gathered from a single test and to provide design safety margins. The
asyminetric pallet test is described in the next sub-section,

1.3.3 Sympathetic Detonation Testing of First Rcformulation Candidates

A series of sympathetic detonation experiments employing an asymmetrical pallet configuration
was conducted for three different TNT/NTO formulations. The separation distance between the center
column of bombs and one of the adjacent columns was 2.0 inches, while the separation distance between
the center ¢column and the other adjacent column was 4.0 inches. The separation distance between the
top and bottom rows of the pallet was 0.5 inches. The donor bomb was the bortom item in the center
column. Live acceptor bombs were placed in the top position of each adjacent column (Figure 32).
Witness plates surrounded the test pallet and served as a means of data collection along with the pre-
stamped cases. This configuration enabled the simullanecus evaluation of the worst case donor/acceptor
arientations for two distinctly different pallet designs. A substantial margin of safety is established for
the vulnerability of formulations which survive the Mk-32 sympathetic detonation test at a separation of
2 inches. The results of this testing is summarized in Table 1X.

Table IX: Results of Asymmetric Pallet Testing

AFX-644 Formulation Result @ 2-inch Spacing | Result @ 4-inch Spacing
L S Ui
TNTNTO/A) 3(V40730 (waxiess) Go (Figure 33 Left) Go (Figure 33 Right)
INTNTOPW-500/A1 26/40/4/30 (low wax) Go (Figure 34 Left) No (o (Figure 34 Right)
TNT/NTOA-300/Ganex/Al No Go (Figure 33 Left) No Go (Figure 38 Right)
30:/4009.85/0. 18720 (AFX-644 Mod 0)
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Figure 32: Asymmetrical Pallet Used to Evaluate Candidate Explosives in Sympathetic
Detonation

Figure 33: Side Witness Plates from AFX-644 Waxless Asymmetrical Pallet Sympathetic
Detonation Test
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~4: Side Witness Plates from AFX-644 L.ow Wax Asymmctrical Pallet Sympathetic
Dctonation Test
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Figure 35; Side Witness Plates from AFX-644 Mod 0 Asymmetrical Palict Sympathetic
Detonation Test

3.3.4 AFX-644 Mad 0 All Live Sympathetic Detonation Test

An aMl live sympathetic detonation test of AFX-644 Mod 0 was also conducted in the new
standard metai paliet. All items were loaded using a 30 gallon kettle. Prior to casting at ambient
pressure, the ingredients werc mixed under vacuum conditions (28 in. Hy) for approximately 15 minutes.
This processing procedure was employed for all subsequent loadings of AFX-644 maditications. The
only exception were the vacuum cast split molds used in the 4-inch diameter copper ¢ylinder expansion
tests discussed in section 4.1, The donor bomb was placed in the bottom, center position of the six-
member pallet and was initiated from the pose fuzewell using composition C-4. The use of non-electric
nitiation und deletion of the piezoclectric pins was done to reduce the cost of the experiment. As in
previous Mk-82 sympathetic detonation tests, 1-inch thick armor plates surrounded the paliet of bombs
as witness panels.

The vertical separation hetween the rows of bombs was approximately 2.83 inches, while the
scparation between columns was approximately (1,99 inches, The detonation of the donor bomb did not
propagate to any of the acceptor bombs as evidenced by witness plates, case remnants and residual
explosive recovered after the test. The bottom witness panel exhibited the typical scarring generuted by
donor bombs (Figure 36). No scarring of the edges. typical of adjacent bomb detonations was observed.
The top witness panel was recovered as & single piece with minor scarring from donor fragments and
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mild denting/deformation from the impaci of the top-center acceptor bomb (Figure 37). The recionered
witness pancls from the sides of the pallet were essentially identical to ¢ach other (Figure 38). They
were both smooth with the exception of mild impacts from donor fragments. Unreacted explosive
residue was found in and about the test arena, Large, thick. positively identified pieces of all of the
acceptor bombs were recovered (Figures 39-43). One of the diagonal acceptor bombs was almost
entirely recovered. Many of the recovered pieces were glazed with explosive residue. One of the
adjacent bomb remnants contained significant amounts of unreacted high explosive. Although extremeiy
successful from an insensitivity standpoint. the relatively low damage to the acceptor bombs was (in hind
sight) indicative that performance of the donor was less than had been observed with baseline AFX-644.
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Figure 37: Top Witness Plate for AN Live AFX-644 Mod 0 Sympathetic Detonation Test
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Figure 39: Adjacent Acceptor for All Live AFX-643 Mod 0 Sympathetic Detanation Test
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Figure 40: Adjacent Acceptor for All Live AFX-644 Mod 0 Sympathetic Detonation Test
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Figure 41: Tap Center Acceptor for All Live AFX-644 Mod 0 Sympathetic Detonation Test
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Figure 43; Dimonnl Acceptor for All Live «FX.644 Vlod 0 Sympathetic Detonation Test
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Section Four: Second AFX-644 Reformulation Program

After the all live AFX-644 Mod 0 sympathetic detonation test a Mk-82 blast arena test was
conducted to sugment the data from a baseline AFX-644 blast performance test. This AFX.644 Mod 0
test showed that the performance of the explosive had suffered from the reformulation despite having the
same percentage of energetic material. However, AFX-644 Mod 0 is far less sensitive than was required
1o pass the sympathetic detonation test as shown in Table IX. A second reformulation strategy was
devised to trade some of this additional insensitivity for energetic material to enhance performance. This
section explains the performance measurements for all AFX-644 variants tested. the results of the second
reformulation and the symipathetic detonation testing of these newer formulations. AFX-645 was the
product of this second reformulation effort.

4.1 Four-inch Diameter Copper Cylinder Expansion Tests

Copper cylinder expansion tests (4.inch diameter) were conducted for the baseline AFX-644,
AFX-644 Mcd 0, AFX-644 Mod | and AFX-645 in addition to tritonal. Procedures described in
Reference 9 were employed in these tests. The test set-up is shown in figure 44. A low-oxyvgen. high
conductivity copper tube with an inner diameter of 101.6 mm, a wall thickness of 10.16 mm and a length
of 604 mm contained 6 cylindrical pellets of the candidate explosive. Each pellet had a length of 101.6
mm and was machined to fit within the cylinder. The pellets were stacked within the cylinder. The
initiation train consisted of an 1F23 electronic bridge wire (EBW), a P-040 plane wave lens
(TNT/CaCOs). and a 101.6 mm diameter, S0 & mm long cylinder of comp B.
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Figure 44: Four Inch Copper Cylinder Expansion Test Set Up

The radia} motion of the copper walt was measured shadow-graphically using a Cordin model
132A high speed streak camers with & 400 mm focal point lens. A writing speed of spproximately 2.0
km/sec was used for the baseline AFX-644 shot. A writing speed of spproximately 1.5 km/sec was
employed for the ather formulations. The camera slit was positioned 177.8 mm from the bortom of the
cylinder. Buck-lighting was provided by two argon candles positivned behind the cylinder. The argon in
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the candles was Hlummated by shocks created by 100 mm square. 2% 4 mm thick octol (75/23) pads The
pads were iminated simuhancousty with separate 25 dmm diameter. 25 3 mm long comp AS pellets and RP-
2 EBW detonators. The sununating end of the argon candles was fitted with a 6 mm thick. wlute Debrin
plast:e diffuser and placed approximately 400 mm from the rear surface of the copper tube. The cviinder
was placed approximately 975 em from the camera. providing a ficld of view of approximately 366 mman
width io obtain readings bevond 126 mim on cach side of the ¢vlinder

As shown in figurc 44, an aluminum alignment fixture is uscd to position the cvhinder. A
graduatcd steel ruler is attached to the alignment fisture for determination of the optical magnification from
a stisuic photograph  Both edees of the film record were anah zed on an Optical Gauging Praducts Model
XL-14C comparitor to obtain the casewall position as function of time  The optical comparitor results
were transposed to the displacement damain and then corve firted 10 a nonlinear form eniploved by Davis™

(3 [x x)
A -0 a7
2VE B,
bom——
Jx
{ 1+ \; : J
Y
where V. is the wall velocity (mm-usec) at any given displacement x (mm) and A and B are fitting
constants. Gumey constants were derived from the curve fit veloaitics 2t a casewall displacements of 23

mm_, 76 mm and 120 mm using;
(7, =‘.15J1%‘ 2.8

where G- 1s the Gumey constant (kmysec) calculated using the velocity at 76 mun (equivalent to 19 mm for
the 1 inch diameter test). Vs the wall velocity at 76 mun of expansion and M/C is the mass ratio of metal
to explosive. Gumey energies were calculated using

[

1+ Po
E.: ME,|——2M
o

£t

where E; is the Gurney energy (k}em'). Es is the specific kinctic energy of the casewalt (172 V¥) at 76
mm of expansion, M is the mass of the ¢ylinder wall per unit length. W is the volume of the cylinder wall
per untt length, and p- 1s the initial density of the explosive. Data for cach of the formulations tested 1s
provided in Table X A comparison of the perfonnance for each formulation with the performance of
tritonal is also provided.

Tabie X: 4-inch Diameter Copper Cylinder Expansion Data for Tritonal and AFX-644

Gurney | Gurney
Formulation Casewall Veloclty (Km/sec) Encrgy | Velechy Ratios with Tritonal
- . (Kd/em) | (Kmisec)
W’—
Vi Vu Vi Een G EpdEpd(T) | Ga/Ga(T)
Tritonal 1,1240.02 | 1.34-0.00 | 1.4140.01 | 4.23+01 | 22320400 ] | i
| Buseline AFX-644 1 110401 [ 1.2940.03 ] 1.35+0.04 ] 3.94+.19 | 2.16+0.06 ] 0.93+0.05 0.97+0.03
AFX«644 0 1.0040.03 1 1.14:+0.04 | 11840.04 §3.09+.19 | 1.90+0.00 § 0.73+0.08 0.84+0 03
AF X644 | J.04+0.02 1 L1940 C] | 1244000 § 3.5+ 08 | 1.9940,01 § 0 79+0.01 0.804+0.0}
AFX-644 3 L10:001 | 1284003 | 1.3340.03 | 385416 | 2.1440.08 ] 0 91+0.04 0.9540.02




4.2 Balancing Performance with Sensitivity

Development of an insensitive high explosive requires achieving the appropriate balance of
sensitivity and performance while maintaining a reasonable level of initiability. All AFX-644 Mods are
readily initinted as explained in the next section of this report. Maximum performance is desired while
still achieving the ctiteria for passing the sympathetic detonation test. Energy/Sensitivity ratios for
various formulations were determined using the Gurney Energy at a case wall expansion of 76mm, Ege
and the calibrated pressure comesponding to the minimum barrier thickness in the modified expanded
large scale gap test required to prevent detonation of the acceptor charge, Pyogo. Given two
formulations within the same family of formulations which yield different sympathetic detonation
results, (i.e. one propagates and one does not propagate) one can add energetic material to the non-
propagating formulation until the energy/sensitivity ratio approaches that of the propagating formulation.
This is the approach used to develop AFX-645 as shown in Table X1. The energy/sensitivity ratio for
AFX-644 Mod 0 which survived sympathetic detonation testing in the asymmetrical pallet is 0.0358.
The energy/sensitivity ratio of the waxless formulation (TNT/NTO/A1-30/40/30) which failed to survive
sympathetic detonation testing in the asymmetrical metal palict is 0.0624. A rarget value for
reformulation of AFX-644 Mod 0 was provided by the baseline AFX-644 formulation (0.0533) which
vielded mixcd sympathetic detonation results in the old standard metal pallet, AFX-645 was selected
based on its energy/sensitivity ratio of 0.0$43.

Table AlI: Energy to Sensitivity Ratios for Various AFX-644 Formulations

m-__q-__mu-_ m 1
AFX-6idd Formulation Density Symp. Eg/
Variants {TNT [NTO |WuwiTre | Al glee TMD | Detonstes | Pyoso
Triwonal__ | 90% _{none_ |mone | 30% | 173 | 96:0% ] Go 0.313
Baseline | 30% | 90% | 10% D2 0% [1.68 |94.4% | Mixed 0.0833
[Waxless | 30% | 40% | None 30% 192 96.0% o 0.0634 |
Mod0°* | 30% 140% | 10%1-800 |20% [J1.71 |96.0% | MNoGo 3.0038
Mod 1 130% 145% |10%I800 |15 |T68 [074% [wotsesied | 00433 |
AFX.643° | 32% | 48% | 8% 1-300 12% 183 | 93.6% [NoGo | 00343
M

4.3 Biast Pressure Testing

Mk-82 pressure arena tests were conductad for the baneline AFX-644 formulation, AFX-644
Mod 0, AFX-645, H-6 and tritonal. Data for each of thesc tests are summarized below. The transducers
were placed in two radial arrays at ten feet intervals in 8 range of 25 to 65 feet. For each shot, the test
item was positioned horizontally on a wooden stand, with its centerline 54.0 inches above ground level.
The stand was positioned above two § ft x ! @t x 4-inch thick, rolled homogeneous armior plates butted
together along the 10 ft edge. The bomb stand stre.ddled the joint between the plates. The pressure
transducers were positioned as shown in the layout disgram (Figure 45). For the AFX-645 test, fragment
velocity screens were placed at a distance of 45.8 i from the test item for comparison with previous data
from tritona). A total of 12 cach, 4 ft wide X § i tall scroens were positioned 1o register time-of-arrivals
(TOAs) for fragments from 5° polar zone increments ranging from 65-125° (i.c., panel 1 registered
fragments from 65-70°, panci 2 registered fragments from 70-75°, etc.). The resuits preserted in this
section werv: gathered ovar a span of four years. Tho test set up, instrumentation, data collection and data
analysis were repeated as identically as possible for these tests. Tritonal shots were conducted towards
the end of the program as sarlier data were not collected identically. The earlier tritonal data are not
reported here.
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Figure 45: Arena Layout for Mk-82 Biast Pressure Testing

Figure 46 displays the time of arrival of the blast wave plotted against pressuie gauge location.
This graph gives & good idea of relative performance as the strongest pressurs wave should trave] faster
in air of the same temperature. These data were taken on several differeit days and not corrected 1o a
standard day. In order from most powerful to least, this graph would rank the explosives as: H-6, then
basclinc AFX-644 and Tritonal tied for second, then AFX-645 then AFX-644 Mod 0.
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Figure 46: Blast Front Time of Arrival vs. Distance for Five Explosives in Mk-82 Bombs

Figure 47 displays the logatithmic scaled plot of peak pressure versus gauge location. 1t too is a
good methodl of ranking the relative power of an explosive. However, with these data, the gauges are
often sent into resonance after the initial positive pressure pulse passes and the associated ringing makes
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it difficult to dﬂemine the cxact peak. The ‘goodiess’ of the curve fits thus drops from an average of
0.99 as was seen in the first plot to an average of 0.93. The relative rapking from this measure of
gcrforrnance is: H-6 and baseline AFX-644 tied for first, then tritonal, then AFX-645 then AEX-644 Mod
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Figure 47: Blast Peak Pressure vs, Distance for Five Explosives in Mk-82 Bambs

The: shock wave expanding out from the Mk-82 Somb is a positive pressure followed by a
negative pressure pulse. The integration of the positive pulze with time yields an impulse value which is
another good performance parsmeter. This integration inherently eliminates uncertsinty from gauge
ringing but has a different uncertainty as the pressure gauge calibration is often affected by the shock
event. Best judgment is used to determine if the pre- or post-shot calibeations are used to read the
resuits. The goodness of the curve fits for the data plotted in figure 48 average 0.83. This patameter
ranks the baseline AFX-644 a3 the most powerful with the remainder ranked as before, It should be
noted that all the data presented in figures 46-48 is a quite close ranking in thet they are all nearly the
same in perfonnance. The sample size for this data is very low: two bombs each with two rows of
pressure gauges. A summary comparison of the data obtained for the formulations tested ratioed with
that obtained for tritonal is provided in Table X1] below. The ratios presented in Table XII were
calculated by ratioing the results from each of the 12 gauges and then bulk avernging thess resuits.

Table XII: Mk-82 Performance Comparison with Tritonsl

Paramater H6 | Dasoline AFX-644 | AFX-644 Mad 0 AFX-645
Veloeity .11 0.97 0.99 1.01 |
Pressure T 33:0.14 1.4020.18 R0 _ oe |
mpulse TAS0.12 | 1.1330.19 | O.0720.00 | 0.88%0.00
Time of AITIval 20620 0.9910.01 0.9120.02 0.93£0.02
ve Phase Durstion 1.1020.13 T.06x0.00 0.5820.03 1.0020.08
Veloc 0.93%
10 oid test
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Figure 48: Blast Impulse vs. Distance for Five Explosives in Mk-82 Bombs
4.4 AFX-644 Second Reformulation Sympathetic Detonation Tests

4.4.1 AFX-645 (2-Body) Sympathetic Detonation Test

A full-scale (MK.-82) sympathetic detonation test of AFX-645 (TNT/NTO/1-800 Ganex/Al-
32/48/8/8/12) was conducted. The detonation of the donor bomb did not propagate to the single, Jive
acceptor bomb. The donor bomb was placed in the bottom, center position of the new standard metal
pallet between two inert BDU-50s. The acceptor bomb was placed in one of the outer columns of
bombs, above one of the BDU-50s on the bottorm row. The other two positions aof the top row were filled
with BDU-50s as well. The donor bomb had an explosive weight of 189.8 1b. and a charge density of
1.66 glec (95.6% TMD). The accoptor bomb had an explosive weight of 185.7 Ib. and a charge density
of 1.61 g/cc (92.8% TMD). The assembled paillet was positioned above a 6 ft. x 6 ft. x | in. stee] armor
plate to obtain signatures from the donor fragments as well as any generated by the acceptor bomb. A
second armor plate (12 ft x 12 fi x | in.) was placed upright on the same side of the paliet as the live
acceptor bomb at a distance of approximately 6 feet from the center of the pallet to obtain signatures
from the Jive acceptor bomb in the event of a detonation (Figure 49). The donor bomb was initiated
using 2.5 1b. of C-4. The inert acceptor bombs were stamped with letters for easy identification after the
test. The bomb next to the donor and beneath the acceptor was labeled as item “T.” The item directly
above the donor bomb was lsbeled as item “A." The bomb on the other side of the donor bomb was item
“C.” The last bomb was item “B.” The live acceptor bomb was not stamped.

A large projectile was seen departing the test site on the side of the live acceptor bomb after the

detonation of the donor bomb. Upon retuming downrange, EOD personnel discovered smoking
remnants from the test at various points surrounding the arena. The debris from the test was recovered to

assess the results of the test. The bottom witness plate was heavily scarred and cracked from the

detonation of the donor bomb. The signature was very symmietrical to the center point of the armor
piate, spanning 18 inches on either side of the crack. The scarring on the side witness plate was minimai
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except for "'pcppering” from small doner fragments along with a fow larger impacts. No perforations
were observed in this plate (Figure 30).

Figure 50: Side Witness Plate from Two Live Body AFX-645 Sympathctic Detonation Test
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Two large, unlabeled casc remnants witl: impact signatures resembling those observed on jtems
recovered from corner (diagonal) acceptors in previous tests were collected (F")gurc 51). This and other
post iest evidence was sufficient 10 determine the fate of the live acceptor in this two-body experiment.
The rase remnants recovered from the inen aceeptor bombs were small relatis ¢ to the whole bombs
recovered from tests with the AFX-644 Mod 0. Qualitatively. the performance of AFX-64% was judged
t¢ be greater than that of AFX-644 Mod 0.
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Figure §1: Diagonal Acceptor from Two Live Body AFX-645 Sympathetic Detonation Test

4.4.2 AFX-648 Sympathetic Detonation 1 vst 2

A full-scale (MIX-82) sympathetic detonation test of AFX-645 (INT/NTO/1-800 Ganex/Al-
32/48/8/8/12) wax conducted. All of the bombs in the standard metal pajlet were filled with explosive,
There was no cvidence of detonation from four of the five acceptor bombs; however, the fifth ;tem
reacted violently or partiallv detonated after a substantial run-up. ‘The results of this rest are considered
as a positive indication of the tow vulnerability of this formulation.

The donor bomb was placed in the bottom, center position of @ standard metal pallet It had & net
explosive weight (NEW) of 189.3 [b., resulting in a charge density of 1.68 g/cc (96.2 % TMD). The
donor bomb was placed next to a bomb with a NEW of 187.5 Ib. and a charge density of 1.63 g/cc
(93.6% TMD). This adjacent bomb wus labeled as item “&.” The acceptor bom* on the other side of the
donor bomb had a NEW of 188.2 1b. with a charge density of 1.65 g/ce (94.8% 'IMIDD). This bomb was
labeled us item “A.” The acceptor bomb above the donor bomb, in the top, center position of the pallet
had an explosive weigint of 186.2 1b, with charge density was 1.63 g'cc (93.8% TMD). This bomb was
labeled as item “B." The bomb above item ‘& was labeled as item "P." It had an explosive weight of
186.5 Ib. with at charge density of 1.62 g/cc (93.2% TMD). The bomb above item A" was labelied as
item "K.” It had an explosive weight of 185.8 1b. with a charge density of 1.66 g/ec (95.3% TMD). The
assembled pallet was positioned on a 6ft. x 6. x 1 in, ste¢l armor plate to obtain signatures from the
donor fragments as well as any generated by the aceeptor bombs. An identical witness plste was placed
above the pallet at a height of 6 feet. 1t was covered with sandbaygs and supported on a wooden stand.
Vertical armor plates (12 ft x 12 fi x | in.) were placed upright on both sides of the paliet mt a distance of
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approximate )y 6 feet from the center of the pallet to obtain signatures from the acceptor bombs in the

event of a detonation. The donor bomb was initiated using 2.5 Ib. of C-4 and a blasting cap fired from a
non-electric timed fuze.

The bottam witness plate was heavily scarred and eracked from the detonation of the donor
bomb. A I fi by 2 1 section of the plate was removed from the main remnant of the plate in the center
region of the plate where the bomnb tails originally resided. The signature {rom the donor detonation was
very syiumelrical to the center point of the armor plate, spanning 17 inches on either side of the crack.
Hesides this donor scarring, a few fragment markings were observed bevond the original position of item
“A." They were isolated to the last 21 inches of plate iy the region originally covered by the tails of the
bornbs (Figure 52). The side witness plates were recovered at a distance approximately 100 yards
beyond the edge of the arena. Both plates were hent severely by the impact of the diagonally positioned
acceptor bombs as they were accelerated by the detonation of the donor bomb.  The scarring on the side
witness plate closest to items “P” and “& " was minimal except for “peppering™ from small donor
fragments along with one perforation (Figure 53 Left). The plate was deformed (folded) with a creas¢ at
approximately 65 inches from the bottom of the plate. The side witness plate closest to items “K” and
“A” (Figure 33 Right) showed heavy scarring beiow the creasc at 60 inches from the botiom of the plate.
in the region spanning the half of the plate corresponding 1o the original tail position of item “A."” Ten
perforations were evident in this region.  The top witness plate (Figure 54) was deformed due to the
mechanical impact of the top center bomb as it was accelerated by the donor detonation. Also, there was
one perforation and a few fragment impacts in the region of the top platc originally positioned above the
tail region of items “K™ and "A.”

» TR PR I |
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Figure 52: Bottom Witness Plate from 6 Live Bomb AFX-645 Sympathetic Detonation Test



Pasitively wentifiable case remnants were recovered from all of the test items.  Substantial
picces of the nose scctions were recovered for all of the items originally positioned on the top row of the
paller. Appronimatels one third of the case from the top. center item (B Figure 53) was recovered as a
single picce. The nose sections of items “P” (Figure 561 and “K™ (}igure 57) were severely scarred by
fragment impacts from the donor bomb. Other remnants from these items exhibited the severe impact
and flow-like characteristics rypical of the region directly impacted by the premarely fractured donor
bomb fragments as well as those refiected from the items adjacent to the donor bomb. Numerous large.
plate-like pieces were recovered from item “&.” (Figure 58). Fewer of these wpe of fragments were
recovered for item “A” (Figure 59). Some unreacted mclt-cast type explosive was recovered near some

of the recovered casc pieces, but its origin could not be positively identified.
» ..mr____»'r"-.--“- - AT G e = Wiy - s e . . . e .

Figure §3: ‘&' wnd ‘A° Side Witness Plates from 6 Live Bomb AFX-64% Sympathetic
Detonation Test

The cvidence from this test reveals that four of the five aceeptors in this test did not react '
violemly or detonate. These included hoth of the diagonally positioned items. One of the items adjacent
10 the donor bomb (“A”) did result in a non-prompt, violent reaction or a pastial detonation. However,
the encrgy emitted by this reaction was not substantial cnough (or promm gqough) to propagate a
reaction in its nearest neighbor bomb, item “K." (which was ariginally positioned diagonally with respect
to the donor bomb).

46



AW

Figure 54: Top Witness Plate from 6 Live Bomb AFX-645 Svmpathetic Detonation Test
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Figure 55: Yop ‘B’ Acceptor from 6 Live Bomb AFX-645 Sympathetic Detonation Test
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Figure 57: Diagoral ‘K* Acceptor from 6 Live Bomb AFX-64%8 Sympathetic Detonation
Test
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Figure 59: Adjacent ‘A* Acceptor from 6 Live Bomb AFX-648 Sympathetic Detonation
Test
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Section Five: Initiation System for the Fuzed Insensitive General
Purpose Bomb

5.1 Strategy For Boostering Tests and Fuze Hardware

The program goals included the demonstration of advanced insensitive high explesive (IHF)
technology in an existing weapon system. An objective was to use the FM1U-139 fuze with as few
modifications as possible 1o detonate the IHE. The strategy for achieving this was to first determine the
booster size and material needed 1o detonate the AFX-643 and then determine the best fuze configuration
to house this booster. This strategy was followed by first 1esting several inventory boosters against the
[HI.. After thesc tests proved unproductive, s booster material was chosen such that it could be stored in
the weapon if needed and maintain the desired 1.6 hazard classification. A series of tests, supplemented
with hdrocode modeling were performed 10 size this booster. This was followed by a series of
detonation tests of this insensitive booster materisi to size and select 1 lead material and configuration.
The fuze hardware was examined to configure a system which would be compatible with the FMLU-139
fuze. These steps are explained in greater detail in the following sections and are surnmarized in Table
XL

Concurrent with this program. i contracted ¢ffort with AAT Corp. of Hunt Valley, MD calicd
Insensitve Muniticn Fuze Technology (IMFT) produced a fuze which was tested against AFX-644. This
progrram is fully described in References 13 and 14. The layout of that explosive train and a summary of
its characteristics is included below for completeness. Not coincidentally. the IMFT explosive train is
very similar to the modified FMU-139 explosive rain developed in this program.

Most of the boostering tests against AFX-644 were conducted in an 8 inch diameter by 16 inch
fong steel can filled with the candidate explosive and emploving mock fuze hardware. The IMFT
booster tests were conducted with the front half of an actual MX-82 bomb. As can be seen in Table XIII
below, several versions of AFX-644 were tested. Most of the booster testing was cor.ducted concurrent
with the first reformulation effort. However, comparing the booster tests with the sensitivity tests of
Tahle V shows that the least sensitive AFX-644 formulation, AFX-644 Mod 0, was successfully
detonated by the modified FMU-139 explosive train at -67°F,

8.2 Existing Boosters

Three inventory booster designs were tested against baseline AFX-644 and the more seasitive
TNTO I formulation’ (TNI/NTW/D2/AL 32/42/7/19). Tt was postulated that the standard FMU-139 with
an annular CH-6 booster of 125 gm would be incapable of detonating baseline AFX-644. This was
proven as shown in Figures 60 and 61. The M-148 auxiliary booster with 182 gms of tetryl was tested
against TNTO 1l successfully. The 284 gm tetryl T-147 booster was tested successfully against INTO 1
and unsuccessfully against bascline AFX-644. These tests showed that no inventory booster was capable
of reliably detonating the very insensitive baseline AFX-644. Two additional explosives were tested as
candidate boosters: PBX-9502 and PBX-9503. In appropriate dimensions, both these explosives had
sufficient power to detonate baseline AFX-644 and its modificutions, PBX-9502 was sclected due to its
extreme insensitivity and acceptance within the weapons community, These tests further pm\:ed what
had long been suspected: an annular booster would not perform well against AFX-644 due to its .
reimively large critical dismeter. An THE with & Jurge critical diameter is more easily detqnated witha
cyhndrical “end light' boosting scheme. The toroidal bouster in many bomb fuzes results in & peculiar
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detonation front shape. The detonation front in the booster is shaped by the hole of the toroid such that
the peak pressure is experienced on the side of the fuze at a point furthest away from the detonator’”.

Table XTII: Summary of AFX-644 Initiation Test Results

——r—— et 4 g ———

Test ltem (Donor) Tested Against (Accepto.; Test Result
Condition*
FMU-139 (Annuiar--125g CHs6) Basciine AFX-644 Ambiem NO GO
T-147 Auxiliary Booster (Annular 2845 Temrvh) TNTO 1V (Baseline AFX-644) -68°F NO GO
T-147 Auxilian Booster (Annuksr 284 Teint) TNTO I <43 °F GO
PBX-9503 (Annular 500 Bascline Ak X-644 -68°F GO
‘ M- 1 48 Auxiliary Booster (Annular 182 g Taryl) TNTO 1 45 °F QO
PBX.9502 (Cylindrical 3" X 3")Flit Bottor Fuzewel] | Daseline AFX-644 Ambient GO
PBX 9503 (Cylindrical 3" X 3") Baseling AFX-644 Ambient GO
PRX-9502 (Cvlindrical 2.7° Dia X 3%) Bascline AT X-644 68 VF GO
PBX-9302 (Cyhndrical 24" Dia. X 1) Bascline AFX.644 -58°F NO GO
PBX-9502 (Cyvlindricnl 24" Dia. X 1.87%Y) Daseline AFX-hd4 -65°F NO GO
PBX-9502 (Cy hindrical 24" Dia. X 2.57) DNaseline AFX-644 4%°F GO
PBX-9502 (Domed Shape 2.4" Dia. X 2.257) Bascline AFX-644 68°F Go |
AS Pelles¢Cylindrieal 0.5 X 0 5"} Off Center PBX-9502 (Cvlinder 2.44 Diax 3} -65°F LATE GO
AS and PRX9502 (Cylindrical 2.44" Dis X ") Baseline AFX-644 45°F GO
PRXN-? (Cylinder 2.44 Dia X 1) Through Metal Plate | PBX-9502 -88°F NO GO
‘ PQXN-‘I IC‘ylinﬁtlcnl X PBX-9%02 -§8°F GO
with 0.01 Fiver Plate snd 0.04 Air Gap
’ PBXN-7 (Cy lindrical 1 X 1) PBX 9502 Ambient GO
with 0.03 Tlyer Plate and 0125 A Gap *°
’ v+ Modifted FMU- 139 and PRX-9502 Aux Booster AFX-844 Wuxless -A7°F GO
Modifled FMU.139 and PBX.9502 Aux Booster AFX-844 4% Wax -65°F GO |
Modified FMU- 39 snd PRX-9502 Aux Booner AFX-64d Mod 0 -6TF Go
IMET Fuze AFX-644 4% Wax Ambient Go
IMFT Fure AFX-644 4% Wax -A1°F GO
| IMFT Fuae with AHM on Fuzewell ATX-644 4% Wan -MF ao |
l IMFT Fuse in Standard Fuzewell with AHM Tritone! $0°F GO l

* {old ll-l conditions !n uhlrvd by in. ¢ el cms unti] equilibrium wean reached with the pre-set freezer

temperature 68 below was the goal on all cold tests. However, some tests were conducted in the heat of summer where the

freezer was incapahle of petiing that cold.
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Flgurc 60: FMU-139 Fuze to AFX-G-M Booster Test Set Up

Figure 61: FMU-139 Faflure to Detonate Al- X-644

§.3 PBX-9502 Booster Sizing

PBX-9502 (95% TATB, 5% Kel-F) was s¢lected as the auxiliary booster explosive due o its
cxtreme insensitivity and demonsteated effectiveneas as an initiating material. A series of five
detonation tests were condwcted 1o determine the quantity of PBX-9502 needed to reliably dutonate
bascline AFX-644. The dismeier of booster chosen to test was 2.44 inches which corresponds to the
diameter of the booster cavity in the FMU-139 fuze. Testing determined that the minimum length



needed was between 2.5 and 1.875 inches. [f the shape was changed to domed instead of cylindrical, a
slightly smaller quantity of booster could deliver a higher peak pressure into the main charge. This was
proven with hydrocodes and experiments. Hydrocode sample outputs for the 2.5 inch cylindrical and
domed booster configurations are shown in Figures 62 and 63. The domed booster has several
advantages which were not fully explored in this test program. The obvious advantage is that less
explosive is needed and thus it provides s more elegant boostering scheme. The shape of the advancing
detonation front closely matches the shape of the hardware and provides efficient energy transfer into the
main charge. Another advantage is that the domed fuzewell is stronger in the axial and lateral directions.
This could be a significant advantage in hard target penetration environments. Despite these advantages,
cylindrical boosters of 2.44" diameter by 3.0” length were used through out the remainder of the
program. This decision was made for ease of machining hardware; the 3.0 length provided some design
margin.

s
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Figure 62: Hydrocode Output 2.44 Dia. by 1.5 Cylindrical Booster
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Figure 63: Hydrocode Output 2.44 Dis. by 2.25 Domed Booster

The booster testing was cenducted in an 8 inch diameter by 16 inch long steel can called an
engineering scale unit which was usually conditioned to -63°F (Figure 60 and Figure 64). The
instrumentation included piezoelectric time-of-arrival (TCA) pins to measure shock and/or detonation
velocity us well as armor wimess plates 1o determine No Go or Go (Figure 65).



Figure 65: Witness Plate and Fragments for a Prompt Detonation

5.4 Critical Diameter Testing

Conical charges were used to estimate the critical diameter of baseline AFX-644 and AFX-644
Mod 0'°. The cones tapered from an initial diameter of 4 inches to a final diameter of 1 inch. The base
of the cones were 4-inch diameter x 4-inch long cylinders of the formulation being tested. This base was
initiated using 4-inch diametet x 4-inch long cylinder of Comp B. Piezoslestric pins were positioned at
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intervals of 30 mm to determine the velocity of the reaction wave as it propagated through the cone. The
critical diameter is the diameter at which the velociy of the reaction wave measured in the cone is 90%
of the detonation velocity measured in the cylindrical base of the cone. One cone of each formulation
was tested. The results arc presented in Table XIV.

Table XIV: Critical Diametcrs of AFX-644 Variations Determined from Cones
T
Parameter Density D

Baseline AFX-644 J1.72gcm | 33-39mm
Bascline AFN-644 | 1.70 g'cm’ | 41-43 mm
L AFX-044 Mod 0 * | 1.65 !r‘cm‘ 44-49 mm
* G 855 §-800. 0.5% Ganex WP-660 vs.
9.8525 1-800. 0.18 Ganex WP-660 in fina} formuziation

¢

5.5 Lead Sizing

PBX-9502 requires a larger diameter fuze lead than the MK-8 found inthe FMU-139 10
accenmodate its larger eritical diameter. A 0.5" Dia. X 0.5" cylindrical pellet of AS explosive proved
<apable of (etonating the nooster at -65° F. However, the TOA pin data from this test indicated that the
detevation in thx PBX-9502 was still accelerating at the end of the booster. To ensure that this ‘Jate”
detonation was adsquris, this whole explosive train was tested against haseline AFX-644 at-65° F, This
fest was 2 clear ‘Go’. Atthi, point *he eaplosive train, configured as a large booster inside a redesigned
fuze. was judged to b2 excessively long. I# was decided to change the configuration to that of an
auxiliary booster which would romam with the boir ! and 1o use a small booster in the FMU-139 which
would permit rclatively simple fuze hardware modifications. The PBX-9502 auxiliary booster was. from
this point onward. placed ot the britom of a long flat battomed fuzewell and covered with a 0.005"
qainless steel cover as a weather sef (Figure 6.},

PBXN-7 explosive material was chosen to suppicment the FMU. 139 detonator and lead. This
expforive was cirosen 85 it is a qualified material i) use wirs several fuzes. Furthermore. this cxplosive
does pass enok-ofl tesis although it is too shoek sensitive o meet the 1.6 hazard classification criteria.
The first test of this material proved that even a large quantity of it . xuld not detonate the PBX.9502
witl: 2 metal attenuator between it and the booster, 1.essons lcarned from other detonation transfer
problems suggested that if a lnyer of metal is impeding detonatiorn. that metai should be made to fly
8o .an air gap 1o enhance detonation reliability. The nexi confiquration tested had a much smaller
PBXN.7 }2ad (<3 g insiead of 137 g) which accelerated & 0.010 inch d:ick ¢ 775" dimmeter steel plate
across an 0.040 inch air gap. HULL hd-ocode modeling suggested that this scheme would faii to
ransfer detonation at -65° F yet the test did prov=to be 4 *Go’. The flyer plate boosting scheme for the
auxiliary booster was explored pmerically in greater detail with the SMERF codc a5 described below.
The dimensions of the flver and air pap were tripied 10 0.030 inch aad 0.125 inch, respe.tively.
Mod:ling suggested higher shock pressurcs and longer duration puises into the booster with this
configuration, The (.125 inch air gap is much easier 1o achicve and less tolerance seusitive in
representa, ve hardware assemt'y. This ‘flyer plate’ boosting scheme formed the basis of the FMU-139
and Mh-82 bumb modifications in this program.

5.8 SMERF Simulation of the FIGPB Flyer Piate initiation System

Pydrocode calculations emrloying Softwar~ for Multi-Eujerian Reactive ow (SMI_ERF). were
performed by Brumback and Woo'® to determine the effectiveness of the flyer plare de-ign for initiating
PBX-9522. In these calculstions. a8 PBXN-7 booster was initiated. launching a steel fiver plate across an
air gap and into a steel plate which covers the PBX.9302 suxiliary hooster. Pressure nodes fo: the
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calculations were placed along the path of the shock front in the various materials. An illustration of the
flyer piate initiation train is provided in Figure 66. In the calculations, the air gap thickness and the flyer
plate thickness were varied independently to determine which combination was most effective in
detonating the PBX-9502 auxiiiary booster. The cover plate thickness was constant at 0.005 inches.
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Figure 66: Flyer Plate Initistion Train as Simulated in SMERF Caleunlations

The hydrocode calculations confirmed that all sixteen combinations of the thicknesses are
effective at sustaining a detonation in the PBX-9502 suxiliary booster. The detonation wave determined
in the calculations is presented in Figure 67 for a flyer piste thickness of (.030 inches snd an air gap
thickness of 0.125 inches. The maximurs flyer plate velocity calculatod for each plate/gap thickness
combination and the maximum pressure generated in the PBX.9502 suxiliary booster for each plate/gap
thickness combination are provided in Table XV.

Table XV: Maximum Flyer Plate Velocity and Pressure in the PBX-9502

Fiyer Plate Alr Gap Thickness (inches) I

Thickness (inches) (Y] 0.08 6.10 0.125

0.01 Sakms 130kmws 1J8kms 13
345 kbar | 368 kbar | 379 ber

g [ 34kmh [33Ems [ IOk vs |

. s
335 kbar | 371 kbar

0.03 2.1knvs | 2. 1
351 kbar | 370 kbar
0.04 ]

252 kder



200

Time = 7.4 microsec

Figure 67: SMERF Results of 0.030 Flyer and 0.125 Air Gap

5.7 FMU-139 Modifications

The initiation train for the FIGP1 is derived from the FMU-139 fuze which, at program start, had
only recently entered the munitions inventory. The electronic safe/arm mechanism, rotor, detonator and
lead were not changed in this program. However, the new configuration is required to iniriate reliably
less sensitive explosives having larger critical diameters and initiation pressures than the current bomb
fills. Specifically, ihe output from the booster explosive must be greater than the initiation pressure of
the main charge explosive when the generated shock wave grows to the critical diameter of the main
charge explosive. The standard fuze configuration with the electrical connector entering the center of the
fuze through the hole in the booster requires a series of plates, pads and structural features 1o support the
charging tube and protect the booster. These pieces mitigate the prassure output from the CH-6 or
PBXN-7 hooster before the pressure pulse reaches the main charge axplosive.

The re-design of the FMU-139 involved replacement of the annular CH-6 booster with a smaller,
cylindrical PBXN-7 ‘flyer plate’ lcad. The large solid cylindrical PBX-9502 auxiliary booster requires
the relocation of the fuze electrical connector to the face plate of the fuze at the rear of the bomb. This
has some structural advantages and vastly improves the shock impedance matching between the booster
and the main charge. The modified FMU-139 is shown {n Figure 68. This figure shows the cavity for
the 1.0 inch dismeter cylindrical PBXN-7 booster and the new bottom plate of the fuze with a recessed

arca which forms the flyer plate.
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Figure 68: ‘Flyer Plate’ modified FMU-139
5.8 Bomb Modifications

The bomb’s rear intema) charging tube must be moved such that it tunnels from the charging
well 1o the aft closure of the bomb. Prototype versions of a modified Mk-82 bomb aft closure have been
fabricated. The aft closure is removed from the standard Mk-82 bomb and the new aft closure is welded
on allowing the charging tube: to exit the tail of the bomb beside the fuzewel! (Figure 69). Explosive
loading with this bomb is accomplished by filling the bomb through the large hole in the aft closure to a
predetermined level and then inserting the new fuzewell into the molten explosive and attaching it to the
aft closure with & screw locking ring. The furewell with auxiliary booster already instsiled is pre-heated
to 80°C prior to insertion. The liquid explosive is displaced by the fuzewei) upon insertion. The
procedure allows for the inspection and clcaning of the aft ¢losure prior to inserting and locking the new
fuzewell. This ensures that no explosive is present in the area of the threads. The item is capped off
with a "tufT seal” pad by injecting this fluid through ports in the aft closure. These ports are then filled
by threaded bolts. This procedure is considered easier than thet used for stundard bormbs where the rear
fuzewcll must be pushed aside inside the case then repositioned after filling and re-attached to the aft
closure. The modified bomb is robust enough to accommodats fuze designs up to 4.0 inches in diameter,
allowing custom initiation schemes for various explosive fills possessing different critical diameters nnd
iritiation pressures. No special bomb venting features were built into this aft closure. The results of
some of the fust cook-off tests indicated that such a feature would be desirable. Schemes for medifying
the af closure of a large weapon to provide venting have besn investigated by NAWC China Lake''.

A new fuzewell was built and tested. It has . 2.44 inch diameter by 3.0 inch long cavity at the
bottom for the PBX-9502 auxiliary booster and a larger cavity for the modified FMU-139 (Figure 70).
Once the PBX-9502 booster is inserted, it is ravered by & thin (0.005 inch) stainless stee! shim stock to
provide a weather scal. This is done before the fuzewell is inserted in the bomb. The step change in
inside diameter provides a load path for the mass of the fuze during bomb impact. The weight of the
fuze does not bear on the suxiliary booster. The thickness of the end of the fuzewell and the sides
surrounding the booster was made to be the same as conventional fuzewells (0.040 inch) 30 as to provide
a standard detonation impedance. The thickness of the side wall in the vicinity of the fuze was made
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thécker (0.070 tnch) to provide better load carryving capacity, Detailed strength analy sis of this fusewell
was nat carried out. Should such an apalysis prow e thal more strength is needed, the side wall thickness
of both ¢ross sections can be invreased without any effect on the detonation transfer reliability as this
explosive train couples energy primarily througn the bottom of the fuzewcll. No asphaltic hot-meit liner
{AHM) wes used on these fuzewells although later tests with the ¢ritical module proved that such a liner
would not prevent detenation of the main charge.
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PRXN-T PRIMARY BOOSTER
AFX-644 EXPLOSIVE _,,
g ' LOCK RING
AFT PLATE AND '

REAR FUZEWELL W
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EXISTING ROTOR
7 CONNECTOR TO FZU-48
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Figure 69: Mk-82 Bomb Modifications.

Figure 70; Fuzewell for FIGPB



5.9 Insensitive Munition Fuze Technology Explosive Train Tests

The IMF 1 program ™ produced an explosive train quite similar to the madified FMU- 139
developed in this program. Figure 71 shows the salient features of this design. As it is not ba.ed on any
existing fuze. this design had the freedom to package the explosive train difterently and rot be concerncd
with length constraints. The rcar half of the IMFT nosc fuze concept (referred to as the critical module)
contains the explosive train and the time delay circuitry for post impact functioning, The front half,
which was not developed in the IMFT program. will contain the clectronic safe/arm. wind turbine power
supply. and proximity sensor. The critical module explosive train is started with an exploding foi!
initiator (EFY or slapper detonator). The slapper detonator is adjacent to an HNS 1V pellet which
launches a very small flver plate into the PRXN-7 lead which is in intimate contact with the PBX-9502
hooster. The explosives in this fuze are sized nearly the same as the modified FMU-139 vet no flver is
needed between the lead and booster as they have ao interfering metal to attenuate the shock front.
Provisions for venting the explosivas in a cook-off are buih into the design and have been proven. The
cratica’l module has undergone a large sequence of functional and hazard tests under the auspices of the
IMFT program. Some of these tests are outlined here.
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Figure 71: IMFT Critical Module -

The critical module was tested against AFX.644 L.ow Wax version as summarized in Table XIlI.
The test unit was the forward half of a Mk-82 Bomb with a special flat bottom nose fuzewell and filled
with only 70 Ibs. of explosive. It was positioned above armor witness plate and instrumented with ‘TOA
pins. The entire explosive train {ron: the high vohage slapper detonator 10 the AFX-644 was fmcchd
“n four tests. The first was a7 ambicnt conditions. the second at -5 1°F, the third at -34°F with AHM liner
o the fuzewedll, and the final shot was ngainst a tritonal filled half bomb with the standard fuzewel! with
AHM and interna) conduit. Al shots were prampt detonations. The last shoi was conducted to prove
that this fuze could be used in a standard bomb if desired.
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Section Six: All-up Round Hazards Testing

Wiihin this report the t=rm All-Up Round has o specific meaning. The storage of munitions is
driven by safety issues. Missiles and cluster bombs are stored in an all-up state in that the eatire round
can be taken from storage to the aircraft with little or no maintenance assembly action. General purpose
horabs have to be built up from as many as rwenty picces such as fuzcs and guidance Kits. The major
reason for this is that the hazard of the weapon from accidental fire or detonation is mcreased when the
fuze is installed. The safe storage of an all-up general purpose bomb does not depend on the presence of
the guidance kits or other ancillary pieces. The hazard esting reported in this scction was accomplished
in fuzcd warheads without the ancillary pieces.

6.1 All-Up Round Fast Cook-off (Wood Bonfire) Tes:

A fast cook-off twood bonfire) test was conducted on three All-Up Round (AUR) MA-82 bombs
comaining AFX-644 Mod 0 and a modified FMU-139. The results of this test met the §.2 Hazard
Classitication criteria prescribed by the United Nations.
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¥Figure 72: Three Bomb FIGPB Fuzed Fa.t Cook-off Test Set Up

The bomis were situated on a new standard metal pallet as shown in Figure 72. The: botmmw
position of the center colunin (1tem "5") and both positions of ane of the outer t.tOllln‘H.\S (Top: Ttem “il".
Bottom: ltem "B") were filled with live, fully assembled bombs. The othor positions in the pallet
contained BDU-S0s. Each of the Yive bombs was configured as a Fuzed nsencitive General Purpose
Bomb (FIGPB), incorporating a modified aht closure, fuzeweil and FMU-} 39 s previously described.
The fuze was configured as it would be in storuge with the Mk-8 luad in-line with the ‘PBXN-’:' ‘ﬂyer'
plate” lead and the auxiliary PBX-9502 hooster. The detonator was removed, simulating the out-of-line.
storage condition, The fuze was beld in the bomb with a retaining device This L-shaped piece of stee!
was bolted to the modificd aft closure using one cf the three. threaded “tuff seul“' injection ports. The L.
shaped picce pressed a circuler washer against the face plate of thg fuu to hold it m phe‘e (F igure 73)..
This retaining clamp is not intended to replace a proper fuze locking ring but was ‘jury rigged" frr testing

-
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only. The pillet of bombs was placed on a steel stand approximately | meter above the ground.
Thermocoupldes were placed in and around the test items. Planks of Y-inch x 3-inch jumber were piaced
under. around and above the pallet 10 a distance of approximately' 1 meter. Approximately 20 gallons of
dicsel fue! were applied to the stack. The wood and fuel were ignited using thermite grenades.

Figure 74: FIGPB Fast Cook-off Wood Bonfire Test

The fire hurned for 8 minutes and 40 seconds before the first reaction n?cu.rrf:cli. The. ﬁrst itgm
("B") vented and lef} the tast stand, coming 1o rest approximately 45 feet from its initial position (Figure
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751 The final position was i the direction of the bomb tails. indicating a nose venting propetled the
item {rom its initiat position. The interna) and externa) temperatures at the time of venting were $50-
900°C. hem "B remained s1ationary and intact afier the initial venting. Subsequent burning of the
explosive was evidenced by Names protruding from the orifices in the nos¢ and tail The recovered
bomb case was Nitled with charred explosive residue whicl was also present cutsid= this itemn near the
nose and tat orifices. The fuze was expelied without reacting when the bomb vented and was
subscquently recovered. The auxiliary booster was also recovered (Vigure 76).

- - '...‘c o8 \
Figure 75: Item “B* from FIGPB Fast Cook-Off Test

Figure 76: Fuze and Auxiliary Booster for Item “B” from FIGPB Fast Cook-Off Test



The second item ("S”) reacted 12 minutes and 10 seconds after the fire started. The third item
("K") reacted 4 seconds later  Both items ruptured in response 1o the pressure build-up from reaction off-
gases. The cases were sphit and aft closures, charging wells and fuze "plumbing” fixtures were expelled.
ltem "ST was recoy ered approximaltely 43 feet from the test stand in the direction of the bomb noses
(Figure 77). ltem "K" was recovered approximately 115 feet from the test stand in the direction of the
bomb noscs at a heading of approximately 45 degrees from the original position (Figure 78).
Approximately 20 1b. of baseball-sized chunks of unreacied explosive were recovered from the area
surroundiny the test stand (Figure 79). The fuzes from hoth items “S” and “K" were recovered
approximately 200 foct from the test stand. They remained inside the fuzewell liners after being expelled
from the bombs with no evidence of reaction from either the PBXN-7 cr PBX-9502 boosters (Figure §0).
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Figure 77: Itema *S” from ~OfT Test
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Figure 78! Item “K” from FIGPB Fast Cook-OfY Test

as



. N " : _‘ . - -~
[ 3 -
v «
~a '
a\*' ., ’ e u I
Y
Vool '
ii ‘5 :;,
~ LN
N '~
- ¥ T ";.r‘
Figure 79: Raw AFX-644 High Explosive Recovered from FIGPB Fast Cook-Off Test
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Figure 80: *B",“K" and “S" Fuzes from FIGPB Fast Cook-Off Test

The United Nations criteria for assignment of articles to division 1.2 based upon bonfire testing

state "if explosion of the total contents does not occur practically instantaneously, but...any metallic
projection with mass excecding 150 g is thrown more than 15 m from the edge of the stack, then the
product, as packaged. i assigned 10 division 1.2." The results of this All-Up Round Mk-82 test met
these criteria. Haud all three bombs reacted as the first did, and had the explosive train in the fuzes

contained only' EIDS explosives, the results would meet the more stringent 1.6 hazard classification.
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The pressure ruptures obsen ed in this test uppeared to be more violent than the mild venting
observed for unfuzed Mh-82s containing baseline AFX-644, In the AUR configuration. one of the major
vent paths is occupied by a fuze. Milder resylts couid be obtained using an aft closure ring mechanism
for the bontb as developed by Koontz, et. al at NAWC', These closure devices had the ability to open
the bomb more completely to altow better warhead venting. This improvement is recommended for any

ALR bomb sysiem which would enter full-scaie production.

6.2 Insensitive Munition Fuze Technology Fast Cook-Off

The IMFT critical module had previousty undergone fast caok-off tests as a bare fuze. Thred of
these tests were successfully conducted. The baseline AFX-644 loaded MK-82 had also survived such a
test by venting and buming out of both fuzewells. The combination of fuze and bomb had the potential
10 exhibit worse reaction as the venting for both warhead and fuze was restricted by the presence of the
other. A single fuzed Mk-82 boinh was loosely strapped to a metal stand and surrounded by at least a
meter of kerosenc soaked wood (Figure 81). At seven minutes into the test, the bomb pressure ruptured.
This pressure rupture was a result of off-gassing of the 4% polvwax AFX-644 and was not a deflagration.
A large quantity of explosive was recovered from the test and one piece of casing was thrown more than
100 feet. At approximately 15 minutes into the burn the wood pile had burned low enough to see that the
most of the bomb remained on the stand (Figure 82) and was completely empty of explosive except for
the fuze. At 22 minutes the critical module could be seen to vent very mildly for approximately five
minutes with smoke and flame spouting from the bomb nose (Figure 83). Although the one fragment
thrown was outside the 15 meter criterion for 1.6 hazard classification, the test easily met the 1.2 hazard
classification criteria. Verting improvement to the warhead would surely allow the weapon to meet the
1.6 Jevel. This test proved that the fuze does degrade the bomb’s responsc to the fast ¢ook-off test and
that the fuze is less sensitive to this therma) stimuli than is the bomb.

Figure 81: IMFT Fuzed Mk-82 Containing 4% Wax AFX-644 Fast Cook-Off Test Set Up
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Figure 83: View of Burned out Critical Moedule from IMFT Fast Cook-Off Test

8.3 Insensitive Munition Fuze Technology Slow Cook-Off

As with the fast cook-off, both the fuze and the warhead had previousty passed the slow cook-off
test. By blocking the bomb’s favorite vent path, the fuze could exacerbate the response to the tost. A
single nose-fuzed item was placed inside an aluminum oven as was explained in section 2.1. In both the
previous tests the items vented from the nose fuzewell und burned in place, non-propulsively at an oven
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tempereture of approximately 163°C with internal temperatures of 190°C. In this test. the 1ail fuzewell
experienced a mild pressure rupture at 132°C which moved the bomb a few inches. At an oven
ternnerature of 1637°C the 4% polyvwax AFX-644 ignited and burned completely and non-propulsively out
the tail furewell. The oven temperatures reached a plateau of 1122°C during the combustion of the
AFX-644. Throughout this event the thermocouple inside the critical module peaked ar [135°C which is
well below the level a1 which reaction occurred in the slow cook-off tests of the fuze. The bomb case
was intact following the test (Figure 84) as was the critical modulc in the nose fuzewell (Figure 83).

W

Figure 84: IMFT Fuzed Mk-82 Slow Cook-off Result

Figure 85: Critical Module from IMFT Fuzed Mk-82 Slow Cook-off Test
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6.4 All-Up Ruund Sympatiietic Detonation Test

An all-live, fuzed, full-scale (Mk-82) sympathetic detonation tost of ATX-645 was conducted to
demonstraic the survivability of this system as a fully asserabled munition in a stend -rd storage
ranfiguration. In G test all of the bombs were filled with AFX-645 and placed in the new standard
metal pallet. All of the acceptor bombs conu.ined protatype fuzes and auxiliary hoosters. There was no
evidence of deionation from feur of the five acceptor bombs: however, the fitth item reacted violentls or
partialiy detonated after a substantial run-up.

The horizontal distance between the columis of bembs was approximately .88 inches. The
vertical distance between rov.s was approximaiely 2.75 fnches  The donor bomb was placed in the
botiom. center position of the patlet. It had a net explosive weight (NEW) of {858 tb.. resulting in a
charge density of 1.62 g/cc (92.7 % TMD). The donor bomb was lubeled as item 'Z.” The donor bomb
was placed next 10 a bomb with a NEW of 180.5 Ib. and a charge density of 1.61 gicc (92.5% TMD).
This adiaccnt bomb was fabeled as item “T and contained 3 moditied FMU-139 tail fuze with Mk-8
lead. PBXN-7 lead and PRX-9202 auxiliary boosier: the FIGPR il fuze. The acceptor bomb on the
other side of the donor bomh had a NEW of 184.2 b, with a charge density of 1.63 gicc (83.5% TMD).
This homb was labeled as item “A™ and contained the nose fuze developed during the Insensitive
slunitions Fuze Technolugy'” (IMFT) program. This fuze is ar intrinsically safe, in-linc, slapper
detonator svstem with an HINS 1V peller. PBXN-7 lead and a PBX-9502 booster. The acceptor bomb
above the donor bomb. in the top, center position of the pallet .iad an explosive weight of 168.5 lbs. The
charge density was 1.57 g/cc (90.2% TMD). This bomb was labeled as item “X” and contained the
FIGGPB taif fuze. The bomb above item “T” was {abeled as item “&.” It had an explosive weight of
180.5 Ib. with a charge density of 1.60 grce (92.0% TMID). It also contained an FIGPB tail tuze. The
bomb above item “A” was labeled as item “Q.” 1t had an explosive weight of 189.1 Ib. with a charge
density of 1.69 g/cc (96.9% TMD) and contained an kMFT nose fuze.

Figure 86: Nose View of All-up Round Sympathetic Detonation Test Set Up

The assembled pullet was positioned onn 6 ft X 6 ftx | in stee) armor plate to obtain signatures
from the donor fragments as wel! as any generated by the adjacent acceptor bombs: AGAXEN X075
in witness plate was placed above the pallet at a height of 6 feet. 1t was covered wm‘\ sandbags mq
supparted on & wooden siand. Armor plates (12 & x 12 & x 0.75 in) were placed uprigin on both sides of
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the pallet at a dis‘mnce of approximately 6 feet from the center of the pallet 1o obtain signatures from the
acceptor bombs in the event of a detonation (Figures 86.87). Only a single | inch thick plate was
available for use in this test. The donor bomb was initiated from the nose fuzewell using 2.3 |b. of C-4.

Figure 87: Tail View of All-up Round Sympathetic Dctonation Test Set Up

The bottom witness plate was heavily scarred and cracked from the detonation of the donor
bomb. The signature from the donor detonation was very symmetrical about the center point of the
armor plate. Besides this donor scarring, a few fragment markings were observed beyond the original
position of item “A” (Figure 88). They were isolated to the last 30-40 inches of plate in the region
originally covered by the tails of the bombs. Both vertical plates were bent severely by the impact of the
disgonally positioned acceptor bombs as they were accelernted by the detonation of the donor bomb.

The scarring on the side witness plate closest to items “T” and “&” was minimal except for “peppering”
from simall donor fragments along with a few minor perforations (Figure 89). The lower region was
coated with explosive residue. The plate was deformed (folded) with a crease at approximately 65 inches
from the bottom of the plate. The side witness plate closest 1o items O™ and “A" was cracked into two
pieces in the region corresponding to the crease on the other plate (Figure 90). The bottom section of the
plate was scarred heavify in the region of the plate corresponding 1o the original tail position of item “A.”
The top section of the plate was scarred near the crack, but unscathed in the uppermost regions. The top
witness plate was also fractured into two pieces due to the mechanica) impact of the top center bomb as it
was accelerated by the donor detonation (Figure @1). Also, these were a few impact markings and
perforations of the top plate originally positioned above the il region of items “O" and “A™. It should
be noted in these figures that substantially more witness plate damage than prior tests is evident because
these plates were 0.75 inch thick instead of the standerd 1.0 inch. Positively identifinble case remnants
were recovered from all of the ac¢eptor itemns. Specifically, the nose portion of item “A” was recovered
glong with another large, plate-like remnant (Figure 92). Also, 8 3 ft x 0.5 ft piece of itemn 0" was
recovered indicating no high order detonation of this item occurred (Figure 93). Large, plate-like picces
of all of the other items were recovered as well (Figures 94.96). None of the fuzes were recovered.
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Figure 89: FIGPB Fuzed Side Witness Plate from All-up Round Sympathetic Detonation
Test
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Figure 90: IMFT Fuzed Side Wiiness Plate from All-up Round Sympathetic Detonation
Test
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Figure 91: Top Witness Plate from All-up Round Sympathetic Detonation Test
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Figure 73: Tiem “O" Pieces from All-up Round Sympathetic Det.nation Test
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Figure 95: 1ter: “.u™ Pieces from All-up Riuzd Sympathetic Desonation Test
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Figure 96: Item “X” Pieces frota AV-up Round Sympathetic Detonation Test

The results of this test were essentially identical 1o thase reported for the unfuzed, all-live.
sympathetic detonation test of Mk-82s containing AFX-645, The evidence fzom this test reveals that
four of the five acceptors in this test did not propagats the detonation of the donor bomb. These included
both of the diagonaily positioned items. One of the items adjacern (o the donor bomb (“A”) did result in
a non-prompt. violent reaction or o partiel detonation  However. the energy emitted by this reaction was
not substantial enough (or prompt snough) to propagate a reaction in its nearest neighbor bomb, item
“0" (which was aiso originally pesitionnd diagonally with respect to the donor bomb). Most
significantly, the presence of the fuzes did not exacerbate the reaction of the acceptor bombs including
item “A" which, based on the case remnants, wvas not initiated by the IMFT fuze it contained. but in a
delaved response to the impact of the donor bomb.
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Seaction Seven: Conclusionse

General

The objectives of this technology demonstration program have been achieved. Full seale testing
results for AFX-644 und subsequently AFX-645 have demonstrated the feasibility of fielding a Mk-82
bomb with a hazard classification of 1.6 and a fully assembled Mk-82 bomb with a 1.2 hazard
classification. Minor modifications to existing fuzes can allow reliable initiation of insensitive bigh
explosives without degrading the response to hazardous stimuli. Alhough the blast/fragmentation
performance of the system is slightly less than that of tritonal filled bombs, the effectiveness in terms of
single shot probability of kill should be unchanged especially if use:d in a precision striks manner. The
operational and safety benefits of an all-up round system derived from larger quaniity per distance
allowances and minimal build-up activities will far out-weigh the small loss in performance. The
technologies developed in this program are ready for transition into the next generation of munition
systems.

insensitive High Explosive Development

AFX-645 is a melt castable formulation which could be easily processed in existing high-rate
loading facilities. It employs a well specified grade of nitrotriazolone (NTO), and other components for
which detailed maiterial specifications already exist. The AFX-645 wax/surfactant system ‘s suitable for
use in military environments. When compared with the conentional D2 wax system, the 1-800/Gaxex
mix in AFX-645 minimizes exudation and off-gassing and enhances the TNT/wax emulsion
characteristics. It also dramatically effects the shock sensitivity, critical diameter and energy of the
aluminized TNT/NTO formulation. AFX-645 was developed by balancing ¢nergy and sensitivity
requirements for sunviving sympathetic detonation in the new standard metal pallet. AFX-645 biast
performance measured in Mk-82s approaches that derived from tritonal filled Mk-82s.

The baseline formulation for AFX-644 achieved the UN criteria for extremely insensitive
detonating substances (EIDS) and insensitive article test requirements for fast cook-off, slow cook-off
and bullet impact testing. AFX-645 is less sensitive in shock and dozs not propagate the detonation of
nearcst neighbor douor bombs it a sympathetic detonation test. The new pailet for Mk-82 bombs
introduced to the USAF independently of this progsam has shifted the most vuinerable position for
sympathetic detonation from the diagonal acceptor to the adjacunt acceptor. The cook-off response of
baseline AFX-644 and low wax AFX-644 way mild. Based on this evidence and the similarity in
formulations, AFX-645 is very likely to mect E1DS and 1.6 hazard classification criteria.

Fuze Devslopment

The baseline AFX-644 formulation had a critical diumeter approaching 40mm and canno
initinted by the standard FMU. 139 fuze. A¥FX-644 Mod 0 has a critical diameter approaching 50
The critica! diameter of # FX-645 is cstimated to be 40mm and it is less sensitive than baseline * .-
644. A 2.44 inch diameter, 3.0 inch Jong booster of PBX.-9502 can detonate vaseline and AFX-» + Mod
0. AFX-645 is between these two in gap *ost resuls. Thus by interpolation, it too can be detonated by
this booster at se; vice conditions.

A cylinder of PBX-9502 was sclected ns the uuxiliary tooster configuration due to its easo of
fabricatic n. Hydrocode calculations show that a smatler booster is feasible if the shape is changed 1o a
hemisphere. A domed booster can be designed such that its cusvature approaches that of the advan:ing
detonation fron: for an cfficient transfer of energy. A domed fuzewell is also stronger then the



cylindrical fuzewell used in this program. The material savings with the domed design may b larger
than the extra fabrication cost.

The detonator and smail ie2 3 in the FMU-139 can be easily augmented with a PBXN-7 booster
to launch a small flver plate cag-2™w¢ of detonating the large PBX-9502 auxiliary booster. This concept is
tolerant to dimensional inaccuravy in assembly. The electrical connector for the FMU-139 can be
relocated to the fuze face-plate. This is required to employ a cylindrical (vs. toroidal) booster. The
relocated electrical connector allows the charging tube to be moved tc the aft closure of the bomb which
has several advantages: it simplifics explosive loading procedures as tie fuzewell can be inserted after
filling: the flat bottomed fuzewell provides for better shock matching between the booster and main
charge; and the blind cavity provided by the fuzewell could be used as the storage can for the fuze as it is

easily hermetically sealed. This last feature is a key element in achieving an all-up round general
purpose bomb.

All-up Round Demonstration

Alterations of the Mk-82 to accommodate AFX-645, 8 re-configured fuzeweit and moditied
FMU-139, are modest. The new design facilitates loading in high-rate production facilities. Hazards
testing of both fuzed and un-fuzed modified Mk-82s has heen accomplished. In an unfuzed state.
baseline AFX-644 bombs have met ali criteria for EIDS and 1.6 hazard classification except for the
sympathetic detonation tesi. AFX-645 was not put through the gauntlet of prior tests but does peass the
sympathetic detonation critcria. There is no reason to believe it would not pass the other insensitivity
tests equatlv well as the baseline formulation.

In a fuzed state, a 4% polvwax version of 2.7X-644 has passed the slow cook-ofT test to the 1.6
hazard classification criteria and the fast cook-off 10 the 1.2 hazard classification level. Fuzed Mk-82
bombs loaded with AFX-64S have passed fast cook-off 1o the 1.2 level and have passed the sympathetic
detonation test. Beiter bomb case venting would allow the fuzed bomb to meet the 1.6 hazand
classification criteria.

Final Summary

Baseline AFX-644, an insensitive high explosive for general purpose bombs, has been tailored to
provide s qualifisble explos.ve designated AFX-645. This new formulation eliminates the poor
processing characteristics of baseline AFX-644 and improves upon the performance of AFX-644 Mod 0.
AFX-645 provides the proper balance of insensitivity, performance and initiability required for saie
storage, safe handling, reliability and lethality in operational enviroaments.

AFX-645 has been successfully integrated with a Mk-82 bomb and a fuze system dgrivedl from
the I'MU-139. The fuzed insensitive general purpose bomb (FIGPB) system integrates an insensitive
booster. allowing fully assembk d munitions to be safely stored end transported.
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