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GLOSSARY

This list includes acronyms, chemical names and formulae, and code names and designations
for triaminotrinitrobenzene (TATB) and TATB formulations included in this compilation. For
formulations, the weight percent (wt%) is implied. The formulations are listed alphabetically in
decreasing order of wt% of TATB.

at ~o

ADNT

ADPA

AFM

AN

APS

ARc

ARDc

AWRE
BaC03

B~

BKW

BTF

Cgs

CEF

C-J
C1S03H

CompB-3

CRT

Cu

Cyclotol 75/25

DAGMAR

DATB
DATB/EstanelBaC03 3719.5/5310.5

DATB/Estane/oxamide 55.5/14.3/30.2

DATBIHMX/Viton 20/70/10

DATBflalc/Estane 42.8/46.2/1 1.0
DATBfTi021Estane 37.415319.6

DATBIViton 9515

DATB recycVDATB rawfViton A

63.33/31 .6715
DATBIViton AAaC03

DDT

DMF

DMSO

DNPA

DNT3CB, T3

DNT4CB, T4

DOP

DPE

DSC

DSD

atom percent

ammonium 3,5-dinitro- 1,2,4-triazolate

American Defense Preparedness Association

atomic force microscopy

ammonium nitrate

American Physical Society

ivxelerating-rate calorimetry

Army Research and Development Center/

Command, Dover, NJ

Atomic Weapon Research Establishment

barium car&mate

Brunauer-Emmett-Teller (ACS J. m,

309[1938] particle size distribution)

Becker-Kistiakowsky-Wilson (EOS)

benzotris[l ,2,5]oxadiazole, 1,4,7-rnoxide,

centimeter-gram-second system of measurement
tris-~-chloroethyl phosphate

Chapman-Jouguet

chlorosulfonic acid

RDXfITTf 60/40, Composition B-3

chemical reactivity test

Copper

RDX/TNT 75/25

Direct Analysis Generated Modified Arrhenius

Rate

1,3diamino-2,4,6-trinitrobenzene

X-0262

X-0263

LX-03-O

X-0299

X-0264

deflagration-to-detonation transition

dimethylformamide

dimethyl sulfoxide

dlnitropropylacrylate

1,3dhitro-2,4,6-trichlorobenzene

1,3-dinitro-2,4,5,6-tetrachlorobenzene

dioctylphthalate

diphenyl ether

differential scanning calorimetry

detonation shock dynamics

,..
Xlll



detonation shock dynamics

differential thermal analysis

ethylene diammonium diniwate/ammonium

nitrateJpotassium nitrate eutectic explosives

ethylenediamine dinitrate

equation of state

AN/ADNT 2/1 molar ratio

fluorosulfonic acid

trifluoromethylsulfonic acid

high explosive

1,3,5,7 -tetranitro- 1,3,5,7 -tetrazacyclooctane

hexanitrobenzene

2,2’,4,4’ ,5,5’-hexanitrostilbene

sulfuric acid

Institute for Chemical Technology,

Fraunhofer Institute, Karlsruhe, Germany

insensitive high explosive

infrared spectroscopy

Jones-Wilkins-Lee (EOS)

potassium perchlorate

Los Alamos National Laboratory

Lawrence Livermore National Laboratory

large-scale gap test

large-scale time-to-explosion test

DATB/HMX/Viton 20/70/10

HMX/Viton A 95/5

HMX/Viton A 94.5/5.5

TATB/Kel-F 800 92.5/7.5

TATB/Kel-F 800 92.5/7.5

RX-03-BB, made
with dry-aminated

TATB

made with wet-

aminated TATB

methyl ethyl ketone

Mason & Hanger, Silas Mason Co., Inc.,

Pantex Plant

Mound Laborato~

see TCNB

nitrocellulose

nitroguanidine

Naval Air Warfare Center

ammonium chloride

nuclear magnetic resonance

Naval Surface Warfare Center

oxygen balance

one-dimensional time-to-explosion test

lead

lead chromate

plastic-bonded explosive

HMX/NCfCEF 94/3/3

TATB/Kel-F 800 95/5 X-0290, RX-03-AR,

RX-03-AU

TATB/HMX/Kel-F 800 80/15/5

TATB/HMX/Kel-F 800/dye 79.8/15/5/0.2 X-0433



PBXW-7

PE

PETN

PNF

ppm

Ps

PTFE

PXGT

PVF

PYX

RDx

RT

RX-03-AB

RX-03-AE

RX-03-AF

RX-03-AH

RX-03-AI

RX-03-A.J

RX-03-AR

RX-03-AT

RX-03-AU

RX-03-BB

RX-03-BC

RX-03-CK

RX-03-DA

RX-03-DD

RX-03-DH

RX-03-DI

RX-03-DU

RX-03-DY

RX-03-EJ

RX-03-EK

RX-03-EL

RX-03-EM

RX-03-ER

RX-03-EY

RX-26-AF

RX-26-AX

Rx-34-AD

RX-34-AG

RX-36-AA

RX-36-AB

RX-36-AC

Rx-36-AD

RX-36-AF

RX-36-AG

Rx-36-AI

SDT

SEM

S1

SNL

SNLA

TATB/RDX/ITFE 60/35/5

polyethylene

pentaerythritol tetranitrate

synthetic rubber

parts per million

polystyrene

poly(tetrafluoroethylene)

Pantex gap text

poly(vinylidine fluoride)

2,6-bis(picrylamino) -3,5 -dinitropyridine

1,3,5-trinitro- 1,3,5-triazacyclohexane

room temperature, ambient

See X-0219

TATB/Estane 5702 F- 1 94/6

TATBfVitonA91/9

TATB/Kel-F 80091/9

TATB/Kel-F 800 90/10

TATB/Estane 5702 F-1 97/3

See RX-03-AU, X-0290, PBX 9502

TATBIViton A 95.514.5

See PBX 9502, X-0290

TATB/Kel-F 800 92.5/7.5

See LX- 17-0

TATBfPhenoxy 92.5/7.5

TATB/HMX/Kraton 48/48/4

TATB/HMXiKratonlVistanex 48148/212

TATBITTJT 9515

TATB/Phenoxy PKHJ 96.3/3.7

TATB/Kraton 70-3608 96.22/3.78

TATBIPhenoxy PKHJ 97.512.5

TATB/Kel-F 800/Al 7416120
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THE INSENSITIVE HIGH EXPLOSIVE

TRIAMINOTRINITROBENZENE (TATB): DEVELOPMENT

AND CHARACTERIZATION -1888 TO 1994

by

Brigitta M. Dobratz

ABSTRACT

Assembled in this report are data and references on TATB

and its formulations from its fmt synthesis in 1888 to 1994.

This compilation includes sections on synthesis and preparation,

analytical methods, properties, performance, aging and

compatibility, and on safety. The information is arranged in

chronological order within each section. A bibliography rounds

out the report.



INTRODUCTION

Many lives have been lost and much property has been damaged or destroyed in the past due

to accidental explosions during mixing, processing, transportation, and storage of high explosives.

During and after WWII, l,3,5,7-tetranitro- 1,3,5,7-tetrazacyclooctane (HMX, CdH8N808) ,2,4,6-

trinitrotoluene (TNT, CTH5N306), and l,3,5-trinitro- 1,3,5-triazacyclohexane (RDX, C3H6N606),

were used in nuclear weapons and in propellants. When these explosives are used in nuclear

weapons, the additional hazard of aerosolized-plutonium dispersal must be considered. Scattering

of this long-lived isotope poses a grave danger to human life and to the environment. Therefore,

the Department of Energy (DOE) and the Department of Defense (DoD) have incorporated

insensitive high explosive (II-IQ compositions in their nuclear arsenals.

Mixtures containing 1,3,5 -tnamino-2,4,6-trinitrobenzene (TATB, C6~N60G) are particularly

attractive for use in modem ordnance and space applications because they satisfy requirements for

high-temperature service and resistance to accidental initiation. Other insensitive explosives, for
example 2,4,6 -trinitro- 1,3-benzenediamine (DATB, C6H5N506), and nitrpguanidine (NQ,

CH4N40J, are used; but these materials lack the high density, favorable performance, or high-

temperature stability of TATB. TATB also was found to have a critical diameter smaller than TNT,

which means that it sustains a high-order, steady-state detonation more easily, but it does not have

a deflagration-to-detonation (DDT) response.

In the text below, developments after WWII will be described only for work done in the

United States of America (USA)--at the Los Alamos National Laboratory (LANL), formerly the

Los Alamos Scientific Laboratory (LASL), Los Alamos, New Mex.; Lawrence Livermore

National Laboratory (LLNL), formerly the Lawrence Livermore Laboratory, Livermore, Calif.;

Sandia National Laboratories (SNL), Albuquerque, New Mex. (SNLA) and Livermore, Calif.

(SNLL); Army Research and Development Center (ARDC), formerly Picatinny Arsenal, Dover,

N.J.; Naval Surface Warfare Center (NSWC), formerly Naval Ordnance Laboratory (NOL),

Silver Spring, Md.,; the Naval Air Weapons Center (NAWC), formerly Naval Weapons Center

(NWC), China Lake, Calif.; and Mound Laboratory (MLM), Miamisburg, Oh.; and at Mason &

Hanger, Silas Mason Co., Inc., Pantex Plant (MHSMP), Amarillo, Tex. The research is arranged

chronologically within sections and subsections. The tests used to characterize and evaluate TATB

and its mixtures are identified but not described in detail. As problems and questions arose during

the development processes of TATB and its mixtures, tests were used when available or new tests

were designed and conducted.

Additional information and data can be obtained from the references in each section and from

the bibliography at the end of this report. While extensive, this list of references is not complete.

This report is intended as a “roadmap” to the development and characterization of TATB and its

use in plastic-bonded explosive (PBX) formulations as insensitive high explosives (IHE).

Research and development continue even today into new applications for this safe energetic

material, identified as an IHE. To facilitate comparisons from different sources, units have been

converted to the centimeter-gram-second (cgs) system or. the International System (S1) of Units.
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I. SYNTHESIS, PREPARATION, AND SCALE-UP

A. TATB

1. Specifications. “Material Specification for TATB (Triaminotrinitrobenzene), Los Alarnos

Scientific Laboratory 13Y-188025.”

“Material Specification for Ultrafine TATB~’ Lawrence Livermore Laboratory RM 254959.

2. Laboratory-Scale Preparations. The fmt mention of TATB in the chemical literature

occurred in i 088, when Jackson and Wing obtained this compound by mixing 1,3,5-tribromo-

2,4,6-trinitrobenzene (TBTNB, CGBr3N~OG)with cold alcoholic ammonia.1-l The reaction was

carried to completion by refluxing the mixture in a flask for about 30 min and adding more

alcoholic ammonia as needed. The nearly insoluble TATB was filtered hot from the orange liquid,

then washed with water and alcohol to give a pale yellow solid.

Jackson and Wing determined that TATB decomposes without melting at about 360”C; is

nearly insoluble in water, alcohol, ether, benzene, chloroform, or glacial acetic acid; and dissolves

in aniline, strong sulfuric acid, or nitrobenzene. These researchers were unable to react TATB with

glacial acetic acid, acetylchloride, or acetic anhydride, even when they heated the mixtures to 150”C

in sealed ampoules. They did not recognize TATB as an explosive, but they considered it an

intermediary in the preparation of hexaminobenzene.

In 1887 Jackson and Wing had prepared 2,4,6-trichloro-l ,3,5 -trinitrobenzene (TCTNB,

CGC13N30b) in small yield, and had characterized it as nearly insoluble in water; less soluble in

alcohol than 2,4,6-tnchloro- 1,3-dinitrobenzene (TCDNB, C6C13HN204), and easily soluble in

ether, benzene, chloroform, acetone, glacial acetic acid, or carbon disulfide. However, alcohol was

the best solvent. [-z The melting point was given as 187°C.

Palmer continued this work.1-s He repeated the synthesis described in Ref. I-1 and also

attempted reduction of TATB with tin and hydrochloric acid to make hexarninobenzene. This

attempt failed, as had Jackson’s and Wing’s.

Fliirscheim and Holmes succeeded where earlier researchers had failed. They prepared TATB

by adding pentanitroaniline (CGH2NGOIO)to aqueous ammonia and then boiled the mixture. The

result was TATB, nearly insoluble but crystallizable from aniline and meltable above 300”C. Then

they prepared hexaminobenzene (CCHIZNG)by reducing TATB with phenylhydrazine.[~~r-s

In 1937 Backer and van der Baan prepared TATB from the readily available TCTNB by

reacting it with ammonia.[-G They obtained TATB as an orange powder in 80% yield.

After WWII and many problems with highly energetic materials, researchers in the United

States began looking for safer, more heat-resistant explosives, mainly for space applications. In

1956 Taylor of NOL reported on the preparation of TATB from TBTNB according to Reference

I-1, finding the product” ...much superior to our present service explosives, and also possesses a

higher crystal density, insensitivity to impact, and a higher detonation velocity than TNT...’’.1-T

Looking for commercially available starting materials, Hill and Taylor of NOL in 1960 compared

preparative procedures for TBTNB and TCTNB; and they selected TCTNB as the preferred

starting material for the preparation of TATB,l-B Kaplan and Taylor of NOL refined the early

procedure and patented the process in 1959.1-9

With guidance from the Navy, the Army also used this process. Blais, Wax-man, Siele, and

Matsuguma of Picatinny Arsenal modified Backer and van der Baan’s method to prepare TCTNB

(Ref. 1-6).1-10

Discussions between NOL and LANL in the late 1950s gave researchers at Los Alamos the

idea that the high-temperature-stable explosive TATB might be usable in nuclear devices for
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Plowshare applications. In 1960 researchers at the Kirov Institute in the USSR proposed the use of

“TATB as a thermostable high explosive for deep blasthole drilling.”1- 11

Density measurements and performance calculations for DATB and TATB indicated that

TATB would be the more powerful explosive. This led Schwartz at LANL, early in 1961, to

prepare a sufficient quantity of TATB for evaluation. Initial preparation by the NOL method of

ammonolysis of TCTNB in benzene produced an extremely fine powder (after a water wash) of

<0.7 ~ particle size containing about 1% chlorine. Batches prepared with more than 250 g of

TCTNB resulted in larger particle sizes, averaging 5 p, but these batches had a chlorine content of

5%. Improvements in the purification procedure produced TATB with chlorine content

comparable to NOL’S, 0.1 % to 3.79Z0,with higher amounts of chlorine in the larger batches.

Schwartz’s purification process for TATB, made by ammonolysis of TCTNB, involved the

following steps:

1. Reprecipitate TATB in 100% H2SOa (5 ml acid/g TATB) by slow addition, with rapid

agitation, of an equal volume of cold water;

2. Filter and wash the product with distilled water until the washings are neutral;

3. Wash the filter cake with warm water in a Soxhlet continuous extractor for one week.

The dried product, 200 g from two batches, had the composition in wt % of

C: 27.9, H: 2.33, N: 32.6, C l?-: O, SO;: O(theoretical),

C: 27.44, H: 2.62, N: 32.44, C /–: 0.01, SO;: 0.9 (found), and a density of 1.93 g/ems.

Later in 1961 Schwartz prepared TATB from l,3,5-trimethoxy-2,4,6-trinitrobenzene

(TMTNB); but he abandoned that approach because the yield was only 58%, carbon was 2% high

and nitrogen 1.1‘%olow.

Research on TATB synthesis and characterization resumed in 1964, when it was realized that

TATB possessed qualities that made it desirable for use in nuclear weapons. TATB proved very

insensitive in various tests, and safety of nuclear weapons had become a more important issue than

performance. DOE provided funding for comprehensive, detailed studies of preparation and

characterization, studies that continue into the present time. Many results from this effort have been

documented and are supplemented here with excerpts and data from LANL, LLNL, and MHSMP

internal and external reports.

Researchers at LANL recognized that starting materials and processing methods affected

particle size and purity of the product, and therefore its performance. The purity of TATB

improved as the starting materials and intermediate products were improved. Ungnade at LANL

stated in a 1964 internal report that TATB could be prepared from trichloroaniline (TCA) in good

yield, and be purified satisfactorily by using purified starting and intermediate materials. The

resultant purified TATB was recovered in 88–95!Z0yields with a crystal density of 1.926 g/ems

and 0.1390 chlorine.

George and Cobum at LANL continued to look for alternate routes to a lower-cost, pure TATB

product. In 1975 Cobum made chlorine-free TATB by treating TCTNB with sodium phenoxide

and ammonia. This material became a primary standard for later syntheses and specifications. In

1979, Bissell and Swansiger at LLNL prepared chlorine-free TATB by amination of TMTNB.

Yield was about 87%. They dissolved TMTNB in absolute methanol at 50 to 60”C, bubbled

anhydrous ammonia through this hot solution, and obtained yellow solid TATB after sonication

and filtering.

i
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At this time LANL’s Benziger began process-development work on the synthesis of TATB

and the development of a pilot-plant process for large-scale manufacture. This research is

described in Section 1.A.3.

Since samples of TATB were sent to LLNL for study in the mid- 1960s, scientists there

developed the wet-amination process to prepare TATB, and subsequently they compounded many

TATB-containing mixtures. They are presently working at LLNL on an extrusion-cast TATB

formulation.

Starting and intermediate materials in the synthesis and scaie-up to production of TATB were

reported in detail by O’Keefe and Gurule of SNLA during 1977 and 1978.1-12 Ease of

preparation, impurities, and toxicity are some of the concerns addressed.

Rocketdyne (Division of Rockwell Intemationai Corporation) and others were unsuccessful in

their attempts to scale up the nitration step in the production of TATB.1-13

Synthesis of TATB from a starting material other than the chlorine-containing 1,3,5-

trichlorobenzene (TCB, C6H3C13) was attempted by Ogimachi (Teledyne McCormick Selph for

LLL). He started with 5-nitroisophthalic acid, which was esterified in methanol to dimethyl-5-

nitroisophthalate, then converted to 5-nitroisophthalarnide. K. Burgdorf’s rearrangement resulted

in 1,3-diamino-5-nitrobenzene. Nitration attempts were unsuccessful.1-14 ●

Nielsen, Atkins, and Norns at Naval Air Weapons Center (NAWC) in 1979 described yet

another route to TATB.1-15 They reacted hexanitrobenzene (HNB) whh ammonia in benzene

solution and obtained TATB in 95% yield.

In the early 1980s Ott at LANL synthesized TATB by ammonolysis of 3,5-dichloro-2,4,6-

trinh.roanisole in toluene at room temperature. Yield of this high-purity (-0.8% chloride) product

was >95’ZO, but particle size was small. Attempts to run this reaction at temperatures of

approximately 150°C to obtain larger particle size TATB have been unsuccessful, because several

undesirable side reactions occurred. However, recrystallization of TATB from diphenyl ether

seemed to give a better product than that obtained from solvents such as dimethylsulfoxide

(DMSO) or dimethylformamide (DMF).1-16 This process is now being studied by Quinlan at

MHSMP.

3. Large-/Pilot Plant-Scale Preparations. The Navy decided to use the TCB process for

preparation of TATB, based on a comparison of the then-existing methods by Kaplan and Taylor

(NSWC) in 1958.[-17

Benziger’s efforts at LANL were based on this early NSWC work. Even after Benziger issued

his report on pilot-plant production of TATB in 1966,[-1s work continued on small-scale efforts to

improve the process, even to search for other starting materials and to better characterize the

products. Impurities in TATB were traced back mainly to TCTNB (See Analyses, Section II).

The pilot-plant production method for TATB, developed by Benziger, was carried out by

nitration of TCB to TCTNB, which was then aminated to TATB. This technology was transferred

to MHSMP, where the process was optimized, and it was found that recycling toluene resulted in

smaller TATB particles in subsequent runs.I-19 ‘O‘-23 TATB, recycled from machine scrap and

from PBXS in small batches exhibited satisfactory physical properties.1-24 Major concerns were

costs of starting materials, particle size of TATB, and purity of starting materials and product. In

1966 suppliers quoted prices of about $ 100/lb for 100-lb lots of TATB based on the following

manufacturing process:
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1, Chlorination of aniline to TCA;

2. Conversion of TCA to TCB by diazotization;

3. Nitration of TCB to TCTNB; and

4. Conversion of TCTNB to TATB by arnination.

Improving the nitration and arnination steps led to improved yields (95% in 6 hours vs. 72V0 in

24 hours), to reduced levels of NHAC1impurity, and to larger particle sizes (median size 40 ~

rather than 20 ~). The larger particle size permitted reduction to 5~0 from 109o of a binder used to

compound and press TATB mixtures. Nitration was improved by increasing the reaction

temperature to 150”C from 135°C and using NaN03 instead of KN03. However, glass-lined

reaction vessels had to be used to avoid degrading the product, because the reactants corroded

stainless steel containers. Amination was improved by using toluene at 150°C with an ammonia

pressure of 20 psig; this higher temperature led to production of large-particle-size TATB (245 ~).

Also the inorganic impurity NHdCl was reduced by using water with the toluene. The cost of

TATB had come down to about $30/lb by the mid- 1980s.

Specifications had to be written to allow purchase of material from commercial sources.

Characterization methods and tests had to be developed, and limits and tolerances had to be set for

acceptance of commercial, as well as in-house, lots. The first specification for TATB molding

powder was written in 1976 and revised when better test methods were developed. The Los

Alamos material specification for TATB is also used at LLNL and MHSMP (see LA. 1. above).

Limits on impurities, particle sizes, and analytical procedures were specified for:

10

2.

3.

4.

5.

6.

7.

Total chlorine;

DMSO-soluble content;

Ash content;

Volatiles;

Particle-size distribution;

Foreign particles/inclusions; and

Color.

4. Processing

a. Particle Size/Surface Area. Particle-size distributions for the various types of TATB are:

NH4C1 Sieve Openg. Weight %

Class (Wt%) (microns) passing

Regular (dry-

aminated)

Regular (wet-

aminated)

Regular (damp-

arninated, micronized)

Superfine (dry-

arninated)

Fine (emulsion-aminated)

Fine (wet-aminated)

Ultrafme

Crash-precipitated

20 15-35

1 45 60 median

20 15-50

0.1 45 75 maximum

-20

20 70 minimum

<45 95 minimum

0.5-5

20

<20

20 20-25
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Mortensen at LANL carried out routine determinations of the specific surface area of TATB

received from Pantex. Photelometer sedimentation results were in the range of 450-900 cmz/g.

Particle-size distributions were determined by Baytos at LANL. He reported in 1984 a typical

particle-size distribution curve, comparing photelometer and Microtrac results, shown in Fig. I-1.

In the mid- 1970s, Benziger patented his process to produce high-purity TATB.l-ZA He

reported continuous processing with quantitative yields (>90Yo) and larger particle size. He

presented summaries of LANL development, manufacture, and applications up to 1980 at

American Defense Preparedness Assoication (ADPA) meetings and at the 1981 Annual

Conference of the Fraunhofer Institute of Chemical Technology (ICT), July 1-3, 1981.1-25 to 1-28

Process development and improvement continued into the 1980s to achieve control of

impurities and particle sizes of TATB. As characterization and formulation efforts for TATB

progressed, the need to produce lots of varying particle sizes for different applications became

apparent. Coarse, regular, fine, superilne, and ultrafke lots were prepared by dry, wet, emulsion,

or damp amination processes and by air-jet micronizing. Benziger was issued a patent for fine

TATB in 1984.[-29

b. Puri@ation/Moisture. Purification, i. e., elimination of impurities, and particle-size

improvements were achi. .ed through recrystallization, washing, filtration, drying, sieving, and

grinding. In 1981, Kolb and Garza at LLNL explored the possibility of purifying TATB by

sublimation, because TATB has a relatively high vapor pressure at2100”C (see Section

111.B.1.i.).1-sO They determined by high-performance liquid chromatography (HPLC), electron

spectroscopy for chemical analysis (ESCA), and scanning electron microscopy (SEM) that most

of the impurities were carried along and redeposited. Firsich of Mound Laboratory (MLM) also

reported successful purification of TATB by sublimation at an ADPA meeting in 1983.1-31

1ee

86

ee

40

2a

a

Fig. I-1. Cumulative plot of particle-size distribution of superllne TATB. The

solid line represents the photelometer data; the dashed line, the

Microtrac data. Error bars are shown at comparable diameters, one

standard deviation from four trials.
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In 1988, MLM’s Thorpe and Fairheller reported that they obtained detonator-grade TATB with

25-30 ins/g surface area by using fluid energy milling.1-sz In 1990, Firsich, Thorpe, and Cox at

MLM, in a study on processing methods, determined that ...” there is no single-step process that

will produce the purity and surface area needed to qurdi~ TATB as detonator-grade” explosive.[-ss

They recommended a three-step method:I-sG

1.

2.

3.

Crash precipitation in water of TATB dissolved in H.#04; this gives fine-particle-size

(25 m2/g) TATB;

High-temperature recrystallization in DMSO from a temperature above 125°C, minimizing

the occluded solvent; or using a different solvent to accomplish the same purpose; and

Use milling or another suitable method to obtain maximum surface area.

A study of the effect of oven-drying on the moisture content of water-aminated, dry aminated,

and emulsion-aminated TATB was done by Copeland at MHSMP.1-SQ The results are

summarized in Table I- 1.

Coating TATB pellets with Parylene proved of some value in slightly reducing moisture

take-up.l-ss

TABLE I-1. Average % Moisture Content of TATB After Drying at 100”C

Process Drying time (h)

o 24 48 72

Water-aminated 3 0.12 0.09 0.06

Dry-arninated 2.9 0.12 0.09 0.06

Emulsion-aminated 0.16 0.10 0.09 0.09

In 1992, Cady at LANL summarized his experiences with growing TATB crystals by

arninat ion of TCTNB in dry toluene (the dry-arnination process). After washing with water, the

resultant crystal shows a swiss-cheese pattern in SEM photographs. Cady concludes that the

collapse of these voids inside the crystal will produce hot spots, which will provide a mechanism

for initiation (see also Section IV.D. lb). This effect might help explain TATB’s unusually small

failure diameter.1-sG

B. TATB Formulations

Many mixtures of TATB were compounded with other explosives, metals, binders,

sensitizers, wetting/surface-active agents, and other materials during the course of these studies.

Only the formulations characterized in detail and tested extensively for specific applications are

listed in the subsequent sections. Livermore experimental formulations _~e designated RX-xx-XX,

and LX-xx-x after they have been qualified for use. Los Alarnos experimental formulations are

designated X-xxxx, and PBX XXXX-Xafter qualification.

1. Specifications. “Material Specification for PBX 9502 Molding Powder:’ Los Alamos

Scientific Laboratory 13Y-188727;

“Material Specification for PBX 9503 Molding Powder,” Los Alarnos National Laboratory

13Y190273; and

1

i

i

1

I

I

I

I

I

1

[

I

1

I

I

I

I

I

I
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“Material Specification for LX- 17 Molding Powder,” Lawrence Livermore Laboratory

RM255117.

2. Large-/Pilot Plant-Scale Preparations. Researchers at NAWC were also involved in the

Navy’s efforts to develop explosive compositions stable at temperatures above 500°C. Stott at the

NAWC patented the preparation of one of the earliest high-temperature-stable formulations made

with DATB, a 95/5 DATB/Viton-Chemlock forrnulation.l-sT

The early (196 1-1963) studies at LANL to develop a safe IHE formulation were concentrated

on mixtures of DATB or TATB with HMX or RDX and Kel-F 820. By 1965, Benziger at LANL

had made a DATB/Kel-F 827/Kel-F 800 85.4/7 .3!7.3 formulation, pressed at 120°C and

0.69 GPa, and had compared slurry, Baker-Perkins, and roll-mill processes. This formulation was

soon followed by an equivalent mixture made with TATB. The use of DATB was discontinued

because the TATB-containing formulations could be pressed to higher densities, which could

deliver better performance.

Some experimentation with processing equipment and methods led to formulation of

TATB/Kel-F 827/Kel-F 800 90/5/5, prepared by the slurry method and pressed at 150°C and

138 MPa to a density of 1.915 g/ems (98.5% of theoretical maximum density ~MD]). HMX

was added to this composition, and the following formulations were produced and pressed for

performance evaluations (see Section IV): TATB/HMX/Kel-F 63/27/10, 0/90/10, 18/72/10,

36/54/10, and 90/0/10. Sensitivity and explosive power of the PBXS could be varied over a

considerable range by varying the HMX/TATB ratio.

In the meantime, formulation studies continued on TATB/binder compositions. In 1976,

Benziger obtained a patent on an “Insensitive Explosive Composition of Halogenated Copolymer

and Triaminotrinitrobenzene,” a molding powder of TATB and Kel-F, in which the binder can

vary from 5 to 10%.1-s8 The 95/5 TATB/binder formulation (X-0290) was chosen for production,

based on exhaustive testing (see below) and on the fact that earlier studies had indicated that less

binder could be used successfully. This formulation became PBX 9502. Benzinger found that

good-quality molding powder (-1 -mm size dense, uniform granules) can be produced at low

solvent levels. The solvent-extraction slurry method produces such a powder. In 1977, Cady and

Caley at LLL issued a report detailing the properties of Kel-F 800.1-s9

From the many TATB-containing formulations developed in the 1960s, LANL’s B. Craig

selected the following for characterization studies:

Formulation Wt70

TATB/Kel-F 800 85/15

TATB/Kel-F 800 90/10

TATB/Elwax 460/Bz- 170 wax 90/5/5

TATB/Elwax 460/Bz- 170 Wax 941313

TATB/PS/DOP 94/4.5/1.5

TATB/PS/DOP 92/612

TATB/Estane 90/10

TATB/Estane 94/6

TATB/Estane (bimodal TATB) 94/6

In 1970, a TATB-containing propellant formulation, TKA- 1, was developed for use in

Plowshare-type devices (TKA- 1- TATB/KCIOa/Astrel 360 48/42/10). Burning-rate modifiers

were needed to improve the burning rate of this formulation. The explosive 2,6-bis(picrylarnino)-

3,5-dinitropyridine (PYX), developed by Cobum at LANL, was tried in the composition
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PYX/KCIOa, but it proved to be too sensitive for the intended application. In 1973, Urizar, also at

LANL, formulated a 50/50 mixture of TATB/PYX, density (p )= 1.760 g/ems (4.9% voids); and

he found that this mixture was pressable (PYX alone cannot be pressed) and had better

performance than TATB alone. He carried out other studies to sensitize TATB-containing

formulations without plasticizers, such as TATEVKC104, TATB~T for casting, and

TATB/HMX/Estane.

Unzar’s study of castable compositions was expanded to include TATB/RDX formulations.

Binder content was reduced substantially by decreasing the particle size of the RDX component,

thus making the formulations easier to initiate.

In 1974, Quong at LLNL demonstrated the feasibility of a TATB/oxidizer system, in which the

individual components are separately insensitive to impact. He incorporated an energetic oxidizer

into the insensitive TATB matrix.[~

The Livermore TATB/HMX/binder formulations, designated RX-26-xx, were developed to

give an energy near that of Composition B.[-41 They were produced and characterized at -

MHSMP.1-4Z TATB/HMX/binder formulations, using high density fluoropolymer and

fluoroplasticizer, were more recently reported to have -30% higher energy by von Holtz, Scribner,

Moody, and McGuire at LLNL in 1990.1<3

Humphrey, Rizzo, and Hallam at LLNL developed the formulations TATB/Kel-F 800 92.5/7.5

(RX-03-BB, now LX-17) and TATB/phenoxy 92.5/7.5 (RX-03-CK) in th late 1970s. Their efforts

included development of a low- or no-growth TATB-containing forrnulation.t~ By 1980, Hornig

and McGuire at LLL had developed three TATB/HMX/binder compositions in an effort to balance

sensitivity and safety. [45 Their test results are described hereafter in the appropriate sections.

About 1980, Rivera at LANL began a study to develop a booster formulation from

TATB/HMX/binder mixtures. This study led to the production of PBX 9503, an 80/15/5 wt%

mixture of TATB/HMX/Kel-F by Torres and Sanchez, also at LANL. Another formulation, X-

0450, TATB/HMX/Estane 60.9/35.0/4. 1, was developed because it showed similar comer-turning

performance at cold (-54”C) and at ambient temperatures (See Section IV).

In 1980, Urizar at LANL developed X-0407, TATB/PETN/Kel-F 800/Dye 69.8/25.0/5.0/0.2,

for use as a booster explosive that would closely match the output energy of PBX 9502. Anderson

and Ringbloom of NSWC formulated a cook-off-resistant booster explosive for use in munitions

aboard Navy vessels and aircraft; the TATB/RDWbinder composition selected for additional

development was PBXW-7, TATB/RDX/polytetrafluoroethylene (PTFE) 60/35/5 .14

It became evident during attempts to fabricate components with TATB-containing explosives

that the explosive part expanded on heating. The problem was traced to crystal properties and the

coefficient of thermal expansion of TATB (See Section III). By the late 1980s, both LANL and

LLNL were pursuing routes they hoped would reduce “growth”: LANL by compounding

formulations with different binders and different ratios of TATB/binde~ LLNL by annealing

TATB to change its “crystallinity.”

Other temperature-dependent properties, such as density, mechanical initiation, and

compatibility, to name a few, were also studied in depth.

3. Processing. Formulating explosive mixtures into homogeneous lots required control of

numerous variables, such as particle size/surface area, moisture contentidrying temperature, and

impurities. Even the use of scrap and machining wastes from earlier PBX productions was studied

in detail. Specification 13Y-1 88727 allows the use of a maximum of 50% recycled scrap. Control

measures are applied to the same processing methods used to obtain TATB, but additional

problems arise from the use of PBXing additives, such as binders, and surfactants. Especially
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difficult is pressing PBXS to shape. Larger-particle size, that is larger-crystal size, TATB is easier

to press. The slurry process now used to produce PBX 9502 was developed cooperatively by

Rivera at LANL, Osbom at MHSMP, and Brumley at Holston.

These controls are essential to obtain structurally, that is, mechanically stable materials and

components. Surface-active agents were incorporated because they were thought to improve

physical properties. The moisture content was of some concern because of possible compatibility

problems during storage of fabricated parts.

MHSMP personnel studied processing of Liverrnore explosives by aqueous and nonaqueous

direct and reverse slurry methods with and without wetting agents (pretreatment). Osbom and

others concluded that the direct slurry method was preferable for large-scale production; addition

of wetting agents in the aqueous reverse-slurry process had less effect on properties than did the

water temperature. Scale-up of RX-03-AU/X-0290 from 30-/ to 100-gal lots for 1.8-kg batches

was difficult when using fine, wet-aminated TATB. Only one batch, made by a nonaqueous

process that uses heptane/methyl ethyl ketone (MEK) solvent and untreated TATB achieved the

required physical properties. [47 to I-so Pruneda, McGuire, and Clements in 1990 at LANL

reported on effects of processing parameters on mechanical properties of TATB/Kraton G- 1650

formulations.1-sl Duncan at MHSMP states that formulating decreases the mean particle size and

chloride content of TATB and increases re-entrant pore volume and specific surface area. Pressing

and compacting reduce particle size, thus increasing pore volume and surface area.i-sz

a. Particle Size/Surface Area. The specifications require particle-size limits for molding

powders and lots for specific applications of explosives; surface area is inversely proportional to

particle size. A particle-size specification was developed at LANL in 1977, after much

experimentation and testing. Specific particle sizes can be achieved by varying the processing

method and by sieving. Duncan at MHSMP carried out several sieving studies on TATB and

TATB-containing m.ixtures.1-ss He investigated particle characteristics for TATB before and after

formulating and after pressing into PBX 9502.

b. Drying/Moisture. In 1976, Colmenares and McDavid at LLL measured total moisture

content and water vapor pressure for TATB/Kel-F 90/10, TATB/Estane 94/6, and TATB/Viton A

91/9. The total moisture content of the samples was <0.0021,0.0102, and 0.0165 wt%,

respectively .1-sA

Studies were carried out by Stun and Ashcraft at MHSMP on the effect of drying temperature

on moisture content in LX-17 and PBX 9502.1-5511-56Results are listed in Table I-2.

In 1983 Ward, Felver, and Pyper at LLNL reported on a proton nuclear magnetic resonance

(NMR) method to determine moisture in TATB, LX-17, and PBX 9502.1-s7 Their results are

included in Table I-2.
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TABLE I-2. Average % Moisture Content of IHEs at Various Drying Temperatures

Drying time (h)

Formulation and Process Tem~o (“C) O 24 48 72 96 108

LX- 17-1 90

100

120

LX- 17 90

100

120

PBX 9502 70

NMR average

NMR tablet

NMR tablet 70/168 h

TATB NMR

0.077

0.68

0.090

0.066

0.096

0.084

0.32

0.35

0.04

0.037 0.032 0.0250 0.008 --

0.031 0.043 0.016 0.008 --

0.008 0.004 <0.004 CO.004 --

0.028 0.020 0.018 0.012 --

0.029 0.042 0.020 0.011 --

0.011 0.006 <0.004 <0.004 --

0.05 0.03 -- -- 0.02

0.19

0.37

c. Pressing and Machining. Effective pressing conditions depend on the constituents, for

example, the softening temperature or melting point of the binder. The final density, palicle size,

and particle-size distribution depend also on the number of pressing cycles. Results of early LANL

pressing studies with 41.28-mm (l-5/8 -in.) pellets are listed in Table I-3:

TABLE I-3. Pressing Conditions for TATB Formulations

Pressure Temperature Final

Formulation (MPa) {“C) Density (g/ems) %TMD

TATB/Kel-F 69 100 1.866

110

TATB/HMX/Kel-F 110

TATB/ElwaxAVax 13.8

X-0272 138

207

X-0272 138

X-0407 200

120

150

100

120

150

one 5-rein cycle

120

100

90

100

120

90

100

120

effect of number of ‘cycles

100 1

2

3
5

two l-tin cycles

84 2

1.863

1.873

1.877

1.890

1.893

96-97

1.843

1.843

1.840

1.846

1.847

1.845

1.833

1.838
1.843

1.844

1.870

98.7

98.7

98.5

98.8

98.9

98.8

98.1

98.4
98.7
98.7

98.6

1

I

I

I

I

I

1

I

I

1

[

I

1

1

I

I

I

1

I
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Comparison of isostatic and mechanical pressing methods showed that less fracturing of

TATB particles occurred during isostatic pressing.I-58 Pressing studies and production work were

carried out at MHSMP, mainly by Crutchmer and Harrell.l-SgJ-GO The effects of pressing on

mechanical properties of TATB and its mixtures are described in Section III.

Hatler at LANL did pressing and growth studies on PBX 9502 (p = 1.899 g/ems). He found

that the PBX 9502 needed to be cycled over the full temperature range of -54 to +60”C before

significant irreversible growth occurs.

Machining is the final step in the production process for IHE components. High-speed

machining tests were performed routinely. For example, no hazards were found on X-0407, a

formulation containing 25% PETN.
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II. ANALYSES

A. Introduction

The development of analytical and assay methods for TATB-its starting materials, impurities,

and admixtures-proved difficult because of sample insolubility. As synthesis and scale-up efforts

were carried out, analytical methods were developed for chlorine-containing and organic soluble

impurities. About 1970, Benziger found that the most convenient measure of the impurities in

TATB production was chlorine content from NHdCl and l-ehloro-3,5-dinitro-2,4,6-

triarninobenzene, and the amination byproducts. He measured total chlorine present after

combustion of the sample. Inorganic chlorine was determined separately by heating (to sublime

the NH4CI), then washing with HN03 dilute (dil.), and analyzing for Cl-. The NHdCl level in

TATB (as% Cl) was -0.3%.

B. Analytical Methods

Schwartz at LANL concentrated early analytical work on isolation of 12 possible chlorine-

containing aromatic impurities from TATB’s starting materials. He used thin-layer

chromatography (TLC), liquid chromatography, and infrared (II?) spectroscopy to identify and

quantify these and other impurities.ll-l He also developed a wet gravimetric pmeedure to analyze

X-0219. Butyl acetate was saturated with HMX and TATB, then this mixture was filtered and

used to dissolve Kel-F in a weighed sample. The weight loss represented the Kel-F content.

DMSO was added to the residue to dissolve the HMX, leaving only TATB to be weighed.

New and novel analysis methods for TATB and TATB-containing mixtures were developed as

suppliers of starting materials, production processes, and admixtures changed. In 1962, Glover of

the NOL used a spectrophotometric method, with concentrated H#Od as solvent for TATB, to

identi@ four impurities, NH4C1, TCTNB, and the mono- and diarnino derivatives of TCTNB .11-2

Over the next several years, Yasuda at LANL developed a two-dimensional TLC method to

identify 12 chloro-aromatic impurities in TATB.ll-S He determined that DMSO dissolved 70 ppm

TATB at ambient temperature and used an H2S04/DMS0 mixture as solvent to purify TATB.

Yasuda found that methanesulfonic acid could solubilize 800 ppm of TATB, so he tried the

H2SOd/methanesulfonic acid system. Impurities in TCTNB were determined by Yasuda by gas

chromatography (GC).ll-Q~I1-S

Also in 1973, Schwartz and Mortensen of LANL developed a methcid for analysis of TCTNB

by using the Parr bomb to decompose the compound, washing the sample and performing

titrimetric and atomic absorption spectroscopic analyses. The main impurities found from TCTNB

amination were dinitrotrichlorobenzene (DNT3CB) and dinitrotetrachlorobenzene (DNT4CB).

Recrystallization of TCTNB removed the DNT3CB impurity only. They were able to isolate and

purify six chloro-aromatic impurities of TATB. The compounds were:

1. l-Amino-3,4,5 -trichloro-2,6-dinitrobenzene;

2. l-Amino-2,4,6-trichloro-3,5-dinitrobenzene;

3. l-Arnino-2,3,5-trichloro-4,6-dinitrobenzene;

4. 1,3-Diamino-5,6-dichloro-2,4-dinitrobenzene;

5. 1,3-Diamino-5-chloro4,6-dinitmbenzene; and

6. l,3,5-Triamino-2,4-dinitmbenzene.
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These and other impurities were isolated and purified by TLC in order to investigate their

properties, so a way might be found for a suitable assay method. Other purification methods were

discussed in Section I.

Impurities resulting from Benziger’s nitration step at LANL were:

1. Mononitrotrichlorobenzene (MNTCB);

2. Trichlorodinitrobenzene (T3);

3. TCTNB; and

4. Tetrachlorotrinitrobenzene (T4).

The samples were dissolved in chloroform and analyzed by GC.

Inorganic impurities, including metals, were isolated by ashing the sample in a muffle furnace

and analyzing the residue by emission spectrography. For example, Mortensen’s analyses of

TATB and X-0290 in 1976 identified the inorganic elements listed in Table II-1 as impurities.

TABLE II-1. Inorganic Impurities in TATB and X-0290

TATB

Element ppm

Fe, Si >1

Na, Cr, Ni 1.0

Mg, Al, Ca 0.5

Cu, Zn, Mo 0.5

B, Ti, Mn, Pb 0.1

V, Co, Sr <0.1

Ag, Sn, Ba <0.1

X-0290

Element ppm

Fe 50

Al, Si, Ca

Cr

Na, Mg, Zn

w

Ni, Cu, Pb, B

Ba, Be, Ti, V

Mn, Co, Sr, Mo

Ag, Sn

>10

10

5

2

1

<1

<1

<1

The analytical technology was transferred to Pantex in mid-1970. As a means for analysis of

residual chloride, Faubion of MHSMP employed base hydrolysis to digest TATB.11-6 He

determined the hydrolysis constants at 50,75, and 96°C as 3.24 X 10-%, 2.22x 10-s/h, and 2.05

x 10-Vh, respectively. Kohn at MHSMP used a wet-analytical method to determine inorganic

chlorides in TATB ;11-7he found inorganic chloride content to be high in proportion to aromatic

chlorine content. McDougall and Jacobs, both of MHSMP, produced and identified TATB-related

species, attempting assay and determination of chloride content by IR spectroscopy and TLC.n-s

They gave total chlorine content for triaminodinitrochiorobenzene as 14.6490, and for

triarninodinitrobenzene as 0.2770.

Selig and others at LLL reported on a variety of analytical methods developed for TATB-

containing formulations, for example NMR and spectrophotometric methods.11-QtO11-15Rigdon,

Stephens, and Harrar, also at LLNL, used a Kjeldahl-type apparatus, in 1980, to determine 0.1 mg

to 2.0 mg of TATB with precision and an accuracy of 0.25 to 0.5%. The sample was dissolved in
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a DMSO/NaOH mixture, then amino or nitro groups were measured by controlled-potential

coulometry.ll-lG

In 1983, Kayser at NSWC published results from their high-performance liquid

chromatography (HPLC) method for polynitro compounds. NMR, TLC, and melting-point data

are also compiled in this document.ll-lT

In the mid- 1980s, Harris at LANL developed and patented a spot test for TATB suitable as a

routine qualitative field test.[[-18 Baytos, also at LANL, adapted Harris’ procedure for use in a

portable testing kit.ll-lg

Most of the analytical work was transferred from LANL and LLNL to MHSMP by the late

1970s. Save for a few exceptions, the pertinent MHSMP reports are listed in the Bibliography. In

the early 1980s, Sandoval proved a titrimetric moisture determination in TATB1-QO;Worley used

x-ray fluorescence spectrometry to determine the existence of elements with atomic numbers 9 to

30 in TATB11-21;and in 1984, Teter synthesized and identified the major impurities in TATB -

TCTNB, T3, TA, and 1,3,4,5 -tetrachloro-2-nitroaniline.11-22 In 1992 Schaffer developed an HPLC

method with a 2-ppm limit for detecting TATB in soil and water. [1-23

A listing of the organic impurities identified appears as Appendix A.
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III. PROPERTIES

A. Introduction

As mentioned previously, properties were measured as they were needed to handle the II-Es

safely and to characterize their performance. Sometimes new test methods had to be developed or

new instruments and equipment came on the market. Results from characterization and

performance tests of TATB and its mixtures were found to vary with TATB particle size, pressing

conditions, impurity content, and initial test temperatures; that is, lot-to-lot variations happen within

the specifications. Here only representative data are given, so no lot or batch numbers are listed.

B. Chemical and Physical Properties

1. TATB

a. Crystul and Molecular Structure. TATB crystal structure, as determined by Cady and

Larson at LANL in 1962, is triclinic, space group PI or Pi, cell dimensions are:

a = 9.010 ~, b = 9.028 ~, c = 6.812 ~, and

a= 108.59°, ~ = 91.82°, y= 119.970 .111-1

Strong hydrogen bonding is indicated by the lack of a distinct melting point and by the almost

total insolubility of TATB in common solvents. The only suitable solvent seems to be concentrated

sulfuric acid (H2S04). The inorganic impurity NH4CI is trapped within the TATB crystal as

discrete crystals (Refs. I-36, III-l).

This structure is similar to that of graphite, which indicates anisotropy for all directionally

dependent properties. This effect is particularly obvious in thermal expansion and thermal cycling.

Kolb and Rizzo at LLNL verified the results of Cady and Larson and determined additional

crystalline forms of TATB; the monoclinic and triclinic2.111-zThese unit-cell dimensions are:

Monoclinic: a = 13.386 ~, b = 9.039 ~, c = 8.388 ~, and tx = 90°, ~ = 118.75°, y= 90°; and

Triclinicz: a = 4.599 ~, b = 6.541 ~, c = 7.983 ~, and ot = 103.81°, ~ = 92.87°, y = 106.95°.

They compared TATB’s crystal structure to those of graphite and boron nitride, and they

measured all linear and volume thermal expansion coefficients at various temperatures (See

Section III.D. 1b.).

Cady also studied the effect of manufacturing processes on the microstructure of TATB. Wet-

aminated TATB (using a toluene and water mixture before adding ammonia) has lower chlorine

content and forms smaller, more perfect crystals than does TATB produced by the dry arnination

method (dry toluene and anhydrous ammonia). Very small TATB particles (crystallite) of 0.2

microns can be produced by crash precipitation.111-s The preferred orientation in pressing is related

to the anisotropy of the TATB crystal and carries over into pressing of TATB mixtures, such as

X-0219.

Surface and morphological studies on single TATB crystals were reported by Land, Foltz, and

Siekhaus at LLNL at the Tenth International Detonation Symposium in 1993.~1-4 They verified

the lattice spacings using atomic force microscopy (AFM), which provided better resolution than

SEM. AFM provides direct real-space images of most samples without modification.

Molecular structure as expressed by electronic levels and the length and strength of the bonds

is another characteristic that defines TATB’s extraordinruy stability. Therefore, in the early 1980s,
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Sharma, Garrett, Owens, and Vogel of ARDC; Towns of LLNL; and Rogers, Peebles, Rye,

Houston, and Binkley of SNLA used different, and sometimes newly developed, spectral methods

to determine these fundamental pararneters.~1-s to lll-T Surface studies using x-ray photoelectron

spectroscopy (XPS) and other modern tools were reported by Pu and Wittberg of MLM in 1989,

and by Beard and Sharma of NSWC in 1993.111-87111-9Effects of impact, heat, and radiation on the

stability of TATB and its mixtures will be discussed in Section IV.

b. Density (g/cm3).

1.915 (pressed, 22°C)

1.915 HMI06 by flotation with Ba(C104)z (Cady, LANL, 1973)

1.925 (99.4% of TMD) by He gas pycnometry (Cady, LANL, 1980)

1.935 by He gas pycnometer (Ref. III-3)

1.937 MM304 by x-ray crystallography (Cady, LANL, 198 1)

c. Heat of Sublimation (kcallmol).
40.21111-10

43.1111-11

d Melting Point(V). In 1961, studies by Urizar at LANL indicated that TATB sublimed at

2300°C and decomposed without melting at 325 to 350”C, leaving a solid residue; TATB was not

fusible. Others determined melting points at:

330 (Ref. 1-12)

360, p = 1.934 g/ems, (Ref. I-7)

>370 by Thomas Hoover Capillary Melting Point Apparatus with 20/rein heating rate

(Ref. II-17)

e. Optt”cal Effects. TATB is yellow and turns to shades of green when exposed to radiation

from visible, ultraviolet (W), electromagnetic, gamma, or ‘Co sources. Cady studied this

phenomenon in 1961 at Los Alarnos and concluded that the green color of TATB was caused by

formation of an electronically excited state rather than by a new chemical species. The color varied

from yellow-green to deep green to nearly black or brown-green. TATB turned dark yellow-brown

on exposure to elevated temperatures.

The refractive indices were measured by immersion as X = 1.45, Y and Z >2.11.

f Phase Diagrams. Faubion and Quinlin studied the phase diagrams of TCTNB and

DNTCB; these two compounds seem to form a eutectic with a melting point of 110°C (Fig. Il_l-
1).111-12

Cady, in 1979, at LASL, developed phase diagrams for the systems T3/T4 and T3/TCTNB,

knowing the phase transition data would help Benziger improve the arnination of TCTNB to

TATB (Figs. III-2 and III-3).
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The phase diagrams show two stable polymorphs for TCT.NB and T4. The second polymorph

for T3 is not shown in Figures III-2 and III-3, because it is apparently metastable at all

temperatures, and it forms solid solutions with T4 on recrystallization from the melt. These solid

solutions transform slowly to the stable form.

g. Volubility. Jackson and Wing recognized TATB’s peculiar volubility characteristics (Ref. I-

1). Selig at LLL established volubility parameters for TATB in the 1970s. He found an almost

exponential volubility increase for TATB in H2S04:H20 mixtures with increasing H2S04 content,

shown in Table HI-1.111-13

TABLE III-1. Volubility of TATB in Sulfuric Acid: Water Mixtures

Maximum amount dissolved

HJ30d:Hz0 Acid (vol %) (g TATIY1OO ml)

2:1 66.7 <0.02

4:1 80 -0.24

5.67:1 85 -0.32

7:1 87.5 >1.28

9:1 90 -3.84

concentrated 100 >24.0

26



Selig also developed a method to estimate low levels of volubility of TATB in various solvents

by measuring absorbance of the solution with a Beckman spectrophotometer.111-lQ Solubilities

>20’% wtivol were found for concentrated H2S04, chlorosulfonic acid (CIS03H), fluorosulfonic

acid (FS03H), and trifluoromethylsulfonic acid (F3CS03H). Solubilities in ppm ranged from 1

for acetic acid to 820 for methanesulfonic acid.

h. Sound Vehcity. In the early 1970s, Marsh at LASL and Nidick at LLL reported measured

sound velocities for pressed DATB (p = 1.78 g/ems) and pressed TATB (p = 1.87 g/ems). The

data are included in Table III-2. Olinger and Cady of LASL reported on hydrostatic compression

to 10 GPa, unreacted Hugoniot and thermodynamic properties of TATB at the Sixth Symposium

on Detonation in 1976.1~-ls The pressing method has a pronounced effect on sound speed. These

sound speed measurements and those of other researchers are listed in Table III-2.

TABLE III-2. Sound Velocities of DATB and TATB (km/s)

Bulk DATB -

TATB –

Longitudinal: DATB –

TATB -

Shear: DATB –

TATB –

2.4053.06

1.46 M105; 1.43 (Ref. III-1)

2.99 M3.05

1.98 +0.03; 2.00 parallel to pressing direction

2.55 perpendicular to pressing direction (Ref. III-15)

1.91, 1.83

2.050111-16

1.55 M.02

1.16 ML02

1.18 parallel to pressing direction (Ref. III-15)

1.08.1.10

i. Vapor Pressure vP (x 107torr at ‘C).

0.733,0.746 at 129.3 (LANL)

1.83, 1.93 at 136.2 (LANL)

10.3,9.42,9.73 at 150 (LANL)

32.2,32.3 at 161.4 (LANL)

45.8 at 166.4 (LANL)

167.0 at 177.3 by the Langrnuir method (Ref. III-8)

10 MI.2 at 150 by the Knudsen method (Ref. III-9)

240 H.2 at 175 by the Knudsen method (Ref. III-9)

2100 H. 1 at 200 by the Knudsen method (Ref. III-9)

2. TATB Formuhztions.

a. Density. In the late 1970s, Cady and Mortensen at LANL studied the pressed densities of

TATB mixtures at different temperatures, because density affects mechanical and initiation

properties. Results of density changes are listed in Table III-3, and other temperature effects are

presented later in this report.
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TABLE III-3. Density Changes of TATB Formulations as Function of Treatment

Density (g/ems) and Temp. (“C) Density

HE and treatment T1 P T2 P Meas. Method

X-02 19 messed/machined 18.5 1.910 68.2 1,890 flotation

X-0290 ~ressed/machined 21.8 1.880 69.4

X-029 1 pressed/machined 18.9 1.884 69.3

X-029 1 after CTE measurements 21 1.911 –54

from -54 to +70”C 70

PBX 9502 T cycl 20 times for 24 h 21 1.883 -54

70

After CTE measurements from 21 1.891 -54

–54 to 70”C 70

Molding powder 22 1.930

Pressed 22 1.888

1.863

1.871

1.929

1.888

1.901

1.868

1.907

1.871

flotation

flotation

flotation

flotation

flotation

flotation

flotation

flotation

gas pycnometry

gas pycnometry

Improvements in computer technology led to development of a nondestructive method to

determine densities of high explosives (HEs). Computer tomography was used by Fugelso at

LANL in 1981, at LLNL and MHSMP a few years later by Martz, Schneberk, Roberson,

Azevedo, and Lynch, respectively.lll-lT*lll-ls

b. Heat of Sublimation (kcaUmol). RX-03-BB 41.1 (Ref. III-11)

c. Heat of Vapon”zation. Colmenares and McDavid (LLNL) measured moisture content,

heats of vaporization, permeability, solubilities, and volumetric changes of three TATB/binder

formulations from 23 to 92°C (Ref. I-54). They found that water transport in the samples was

controlled by the permeation characteristics of the binder and that the Clausius-Clapeyron equation

was applicable below 60”C.

Heat of Vaporization H (kcaUmol).

TATB/Kel-F 90/10 4.0* 0.9

TATB/Estane 94/6 6.7* 0.7

TATB/Viton 9 1/9 5.6A 1.2

d. Sound Velocity. Sutherland and Kennedy at SNLA reported on measured acoustic phase

velocity and acoustic attenuation of X-0219 as a function of temperature at 0.5 and 1.0 MHz in

1975.111-19Nidick’s previously unpublished values from LLL are listed in Table III-4 with those

of other researchers.

TABLE III-4. Measured Sound Velocities of TATB Formulations (km/s)

PBX 9502 – longitudinal: 2.74111-20

shear: 1.38 (Ref. IH-20)

bulk: 2.20 (value suspect because of TATB anisotropy (Ref. 111-20)

RX-03-AU – longitudinal: 2.73,2.06 (LLNL)

sherm 1.22, 115 (LLNL)

RX-03-BB – longitudinal: 2.81111-21

shear: 1.37 (Ref. III-2 1)

X-0219 – longitudinal: 2.57 (LLNL)
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e. Surface properties. Surface-active agents, also called coupling or wetting agents, were tried

in order to improve physical and mechanical properties of TATB formulations, HE/filler bonding,

and the particle size of shn-ried TATB. In 1976, Benziger at LASL found that DAPON-M

prepolymer in small amounts (O.15%) acted as a satisfactory wetting agent with X-0290. He

determined critical surface tension, using the American Society for Testing & Materials (ASTM)

D-2578-67 method, as 45 dyn/cm for TATB and 27 dyn/cm for Kel-F 800.

Later surface studies established the critical surface tension of TATB and various binders.

Results compare well with Benziger’s data. In 1983, Rivera and Matuszak, also at LANL

established experimentally the surface tension/dewetting of TATB and various solid binders by

measuring the force of dewetting; a critical surface tension ~sL was then calculated.111-zz These

results agree well with those reported by Bower, Kolb, and Pruneda of LLNL in 1980.m-zs The

data are summarized in Table III-5.

TABLE III-5. Surface Properties of Selected Explosives and Binders

Material Force of Dewetting Surface Tension y
(dyn/cm) (dyn/cm) -

TATB 36.5,36.1 --

Kraton G

Estane 5703

Kel-F 800
Viton A

Polystyrene

Phenoxy PKHJ

P-DNPA

Nitroeellulose (NC)

RX-03-BB

RX-03-DI

23.3,25.7

30.1

32.0,32.7
29.7

32.0

30.5

25.9

29.1

34.5

36.2

1.9

0.5

1.4

0.4

0.3

0.6

1.2

0.8

C. Mechanical Properties of TATB and Its Formulations

Mechanical properties are important for fabrication, machining, and pressing operations; they

also affect safety and sensitivity (See Section IV). The properties of concern here—tensile and

compressive - stress, strain, creep, strength, and failure-were evaluated for TATB and many of

its formulations. Properties of the binder have considerable effect too.

Also discussed here is the “growth” effect of TATB. Volume expansion of TATB on heating

or thermal cycling (“growth”) affects mechanical properties (Ref. III-2). Such growth of TATB

causes problems that must be addressed in the design of components that incorporate TATB, to

withstand extreme environments.

1. Compressive and Tensile Properties and Growth Effects. Tests were conducted before

and after thermal cycling, which caused measurable growth, to establish the maximum service

temperature for TATB and its formulations. Strength measurements were carried out on the

following explosives: TATB, LX-17, LX-17-1, PBX 9502, RX-03-AU, RX-03-BB, RX-03-DI,

RX-03-DU, RX-03-DY, RX-03-EY, RX-26-AF, TATB/HMX/E stane mixtures, TATB/HMX/

Kel-F mixtures, TATBm/Al mixtures, X-0219, X-0253, X-0272, X-0407, X-0433, and X-0450

at temperatures from -54 to 110°C (Refs. I-47 to 1-53).111-24to 111-38As expected, strength decreases

with increasing temperature. The data are tabulated in Appendix B, Table B-1.
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In 1973, measurements were taken by Urizar at LASL on the effects of temperature cycling

from –54 to+74°CongrowthofX-0219. The cycles were programmed at temperature rate

changes of 1I“C/h from -4.5 hat ambient temperature to 74°C for -11.5 h to -54°C for -7 h and

at return to ambient temperature. The results are summarized in Table III-6.

TABLE III-6. Growth Of X-0219 After Thermal Cycling at -54 to +74°C

Number of Cycles Density Length Cumulative Growth
(24 h) (g/ems) (mm) (mm)

o 1.921 72.66 --

1 72.75 0.0978

5 72.90 0.127

8 72.94 0.287

14 1.903 72.98 0.323

Urizar, Schwartz, and DuBois at LASL concluded from these and from earlier data:

1.

2.

3.
4.

5.

Growth appears to be anisotropic, because it is three to seven times greater in the axial

direction of a cylindrical charge than in the transverse direction;

TATB alone has about the same growth characteristics as X-0219, which indicates that the

binder is not responsible for the irreversible growth;

Growth was independent of density of X-0219 over the density range 1.90 to 1.92 g/ems;

X-02 19 charges pressed at 150”C seemed to grow slightly less than those pressed at

120°C; and

Charges pressed to densities above 1.925 g/cm3 grew more than those pressed to lower

dens~iesj and the greatest growth in hydrostatically pressed charges occurred in areas of

greatest material motion during pressing.

Growth (from thermal cycling) and particle sizes of the pressed and machined explosives had

some effects on mechanical properties and sensitivity. Thermal cycling of parts made from TATB-

containing formulations resulted in dimensional growth of these parts, more so for units made

from PBXS containing wet-aminated TATB than for those with dry-aminated material. Some

growth can be compensated for by making allowances or adjustments in the design. Both LANL

and LLNL undertook extensive studies to ameliorate the growth problem by modifying

production, processing, and pressing parameters and by changing the amount and kind of binder.

In 1979, Rizzo, Humphrey, and Kolb at LLL determined that repeated thermal cycling causes

permanent volume expansion of the PBX with resultant debonding of the Kel-F binder. Binders

with high glass transition temperatures (Tg) reduced growth dramatically .lu-39

Johnson at MHSMP studied the effect of thermal cycling (–54 to +74”C) on dimensional

changes in LX-17- 1.11[~s11141The measurements, taken after 30 cycles, are listed in Table UI-7.

In 1987, Freer at LANL noted significant growth when PBX 9502 was cycled through the Tg

of the binder. He developed X-0500, a mixture of 95,4 wt% TATB with 4.6 wt% polyvinylidene

fluoride (PVF), coated and agglomerated to -2- to 3-mm in diameter. The resultant particles were

quite fragile. Other binders with T~ in the temperature range -54 to 74°C are being investigated.

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I30



TABLE III-7. Density and Dimensional Changes on LX-17-1 After Thermal
Cycling at -54 to +74°C—

Sample Density (g/ems) Relative Dimensional Change (mm/m)

Number Initial Final Height Diameter Average

1 cycle/day

1 1.906 1.870 6.2 6.8 6.5

2 1.907 1.880 5.2 4.8 5.0

3 1.907 1.869 6.9 7.2 7.1

3 cycledday

1 1.909 1.867 7.2 7.3 7.3

2 1.915 1.878 6.3 6.2 6.3

3 1.910 1.872 6.5 6.5 6.5

5 cycles/day

.1 1.909 1.871 6.5 6.7 6.6

2 1.913 1.880 5.6 5.8 5.7

3 1.909 1.875 6.1 6.3 6.2

Similar studies have been reported by LLNL researchers Rizzo, Humphrey, and Kolb in 1979

(Ref. III-39) and by Pruneda, McGuire, and Clements in 1990 (Ref. 1-51).

Flowers and Colville at MHSMP are presently studying the possibility of reducing irreversible

growth in LX-17 through annealing by isothermal aging.

Generally, formulations made with dry-aminated TATB showed less gTowth after thermal

cycling than did the wet-aminated mixtures. Locke at MHSMP determined that reducing the

amount of water used in the amination process of LX-17 did not lessen the problem of irreversible

growth.111-’$z

2. Coefllcient of Static Friction. The coefficient of static friction p between explosive and

machined surfaces is important for establishing safe handling procedures and for obtaining well-

machined assemblies. The average p, as determined by Anthony and Ashcraft at MHSMP in

1979, are listed below for PBX 9502 and RX-03-BB, sliding on dry and wet surfaces:lll-’$s

Dry Wet

Aluminum Plexiglas steel Aluminum Plexiglas steel

PBX 9502 0.237 0.246 0.165 0.642 0.827 0.238

RX-03-BB 0.253 0.206 0.156 0.534 0.513 0.21

During the 1980s, Stallings, Osbom, Schaffer, and Crutchmer at MHSMP tested various

formulations to establish a relative friction threshold by determining the force needed for reaction to

occur.111~ The maximum weight used was 5000 lbs. TATB, LX-17, PBX 9202, and PBX 9503

did not react at 5000 Ib-fl thresholds for RX-26-AF ranged from 907 to 1867 lb-fi RX-26-AY 4000

lb-fi TATB/HMX/K cl-F 800 mixtures gave reactions in the range of 1966 to 2698 lb-c X-0450

reacted at 5000 lb-fi X-0407 threshold force ranged from 846 to 4694 lb-f, depending on the
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manufacturing process. After aging for 18 months at 70”C, RX-26-AF required 1380 * 163 lb-f to

react. In this test PBXW-7 had a 50% point of 980 lb-f.

D. Thermal Properties

1. TATB.
a. Burning Rate. TATB would not sustain self-deflagration at pressures of< 10.34 MPa in a

test carried out by Boggs, Price, Zum, Atwood, and Eisel at NSWC.lll~s At pressures of 13.8 to

103 MPa, the selfdeflagration rate is an order of magnitude lower than that for HMX.

b. Coefficient of Thermul Expansion (CTE) (Z&6mm/mm- V). The anisotropic, linear

thermal expansion of TATB, mostly along the c-axis of the crystal, causes irreversible growth in

pressed TATB and its mixtures (References III-2 and III-39). The relative expansion along the c

axis was found to be about 40 times that along the a axis and 12 times that along the b axis. The

volumetric expansion is approximately three times that of the linear expansion.

Crystal Form Measurement Temperature Range Linear Expansion

Triclinic x-ray diffraction 214 to 377 101

Monoclinic x-ray diffraction 216 to 380 95

Powdered compact, d.ilatometer 223 to 343 50
p = 1.866 g/ems

Single crystal o to –lo 66

40 to 70 125

Micronized –50 to –lo 110

40 to 70 142

c. Differential Thermal Analysis (DTA) and Pyrolysis. In the 1960s, thenmd response of

TATB was determined by Rogers at LASL through DTA and pyrolysis measurements. The DTA

exotherm starts at310”C and onset of decomposition is shown in Fig. III-4.
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Fig. III-4. DTA and pyrolysis curves for TATB.

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
32



d,

e.

J

g“

h.

Heat Capacity/Speci@ Heat CP (caVg- K’).

0.215 + 1,32X 1O-ST-2.0X 1O-GTZ(LANL)

0.243 + 0.00063T (37- 137”C) 1114

0.26 (20”C)111-47

0.293 (50”C) (LLNL)

0.336 (1OO”C) (LLNL)

0.402 (200”C) (LLNL)

0.429 (275”C) (LLNL)

0.43 (350”C) (Ref. III-47)

Heat of Detonation H~ (caUg)

1018 * 10111-’$S
1076t11-4!l

Ueat of Formation H~ (kcallmol)

_33.4111-50

Thermal Conductivity (l&4 caUs-cm- ‘C)

10.55, p = 1.8268 g/ems (Ref. III-48)

11.1, p = 1.849 g/ems (Ref. III-48)

13.0, p = 1.892 g/ems (LANL)

19.1 (20”c)m-51

12.4 (1OO”C) (LLNL)

9.12 (1OO”C) (LLNL)

6.09 (150°C) (LLNL)

14.2 (160”C) (Ref. III-51)

pressed into cylinder: 12.80, p = 1.891 g/ems at 38°C (Ref. III-46)

Thermul Stability/Decomposition. Rice and Simpson (LLNL) in 1990 compiled a detailed,

annotated bibliography on the unusual thermal stability o~ TATB; the topics include-structure and

physical properties, DTA, time to explosion, shock response, and theoretical aspects.~r-sz

In 1983, Catalano, Crawford, and Rolon at LLNL published studies of confined and

unconfined thermal decomposition of TATB.~-5s ‘om-ss They obtained an overall equation for

thermal decomposition of a TATB sample explodingat312°C as:

C6H6N606 + 0.94 Nz + 0.01 HQO + 0.59 C02 + 1.29 CO

+ 0.17 Hz +0.18 CZN2 + 0.83 HCN + 0.37 NO

+ solid containing C, H, N, and O.

In the mid- 1970s, Bailey at SNLA and Rogers and Janney at LASL established the Arrhenius

kinetic parameters for thermal decomposition.111-sGtO111-58Dubois at LASL noted in 1980 that the

induction time to thermal decomposition is very long for pure TATB, as it is for all pure

explosives:

log induction time (h) = 18.562+ 1045X l/T (K).

In 1982, Rogers, Janney, and Ebinger studied thermal decomposition by the kinetic isotope

effect. nl-sg The Arrhenius kinetics constants for several types of TATB are summarized in

Table III-8.
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TABLE III-8. Arrhenius Kinetic Constants for TATB

Type of TATB E (kcal/mole) z (s-1)

by the ASTM E698 method

ultrafine 48.6 1.68 x 1014
46.9 4.10 x 1013

by isothermal DSC

unconfined 50 to 79 (305 to 357”C)

ultra.tine 59.4 3.79 x 1018

56.6 4.87 X 1018

in Al cell

deuterated 59.9 3.18 X 1019

Holston 49.3 4.9 x 1015

54.9 6.08 x 1017

L Cn”tical temperature T= The critical temperature of TATB was determined by several

different methods.

Faubion at MHSMP reported on thermal stability of TATB and its formulations through one-

dimensional time-to-explosion (ODTX), Henkin, and DSC tests, and kinetic effects.~l-@ His

results are included in Tables III-9 arid III-10.

TABLE III-9. Critical Temperature of TATB Measured by Various Methods

Pressed
Type of TATB thickness (mm) TC(“C) Test and Reference

Recrystallized from DPE 0.65 354 Henkin (LANL)

Cordova 0.67 355 Henkin (LANL)

Hercules 0.63 358 Henkin (LANL)

Recrystallized from DMSO 0.68 345 Henkin (LANL)

Rocketdyne 0.55 357 Henlcin (LANL)

Recrystallized from H#04 0.61 354 Henkin (LANL)

TATB 352 Henkin (LANL)

TATB-dG 0.61 366 Henkin (LANL)

TATB 312 (Gilding metal) (Ref. III-56)

TATB 0.66 331 to 332 (Al cell) (Refs. III-56 to IH-58)

Recrystallized from DMSO -0.8 345 to 355 (Al cell) (Ref. III-58)

Cordova -0.8 345 to 355 (Al cell) (Ref. III-58)

TATB 256 (ODTX, p = 0.284 cm) ,

(Ref. ILI-47)111-C1

TATB 230 (ODTX, p = 0.635 cm) (Ref. III-47)
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TABLE III-10. Temperature (“C) and Time (s) to Explosion (ODTX).

Temwrature Time Tester

215 22,680 (MHSMP)

216 21,744 (MHSMP)

215 24,624 (MHSMP)

ii Temperature and time to expibswn. A heavily confined heating test, called the One-

Dimensional Time to Explosion (ODTX) test, was developed by McGuire at LLL. This test

permitted determination of thermal decomposition rates and times to explosion. Description of the

test and results were presented at the Sixth Detonation Symposium in 1976. Predictive and

theoretical models were also developed (Refs. 111-47,111-61).m-bz At LANL accelerating-rate

calorimeby (ARC) was used to determine thermal stability of TATB. The capabilities were

transferred to MHSMP.

Myers at MHSMP obtained reproduceable Henkin times to explosion for various lots of

TATB at 368”C. He used aluminum blasting caps and Lee plugs in these tests, and sample size

was 80 mg.111-Gs

Type of Particle Size Total Cl Time to Averages From Number

TATB %<20 ~m %44 ~m (%) explosion(s) of Samples of Tests

Pantex 13 43 0.68 149 3 4

Cordova 19 39 0.63 133 2 4

Teledyne 94 16 3.45 39 1 4

iii. Vacuum thernud stubility (l’TS)/chemical reactivity test (CRT). The thermal stability and

decomposition products of TATB are determined in two tests. The CRT is used predominantly at

LLNL. It identifies certain specillc gases evolved (N2, NO, CO, NZO, C02), and results are

generally reported as the sum of these individual volumes. The VTS test is used mainly at LANL

and determines only total gases evolved. Results are reported as ems/g of gas per unit time at ‘C;

only total gases evolved are listed here.m-ti tonl-GGResults of both the CRT and the VTS tests for

TATB are listed in Table III-11.
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TABLE III-Il. VTS/CRT Results for TATB

Gas Evolution (ems/g/h/”C) Test Used

0.36/48 h/lOO°C CRT

6.0/2 h/260°C CRT (p =1.934)

11.5/0.5 h/300°c CRT

0.0-0.5/48 h/120°C VTS

0.2/48 h/150°C VTS

0.3/168 h/150°C VTS

0.3/48 h/175°C VTS

0.4/168 h/175°C VTS

0.3/48 h/200°C VTS

0.9/168 h/200°C VTS

1.0/48 h/200°C VTS DMSO Recrystallized

4.7/168 h/200°C VTS DMSO Recrystallized

0.5/48 h/200°C VTS

2.3/48 h/220°C VTS

18.9/34 h/240°C VTS

0.0/2 h/200°c VTS Fine

0.2/2 h/225°C VTS

1.1/2 h/250°C VTs

1.8/2 h1275°C VTS

19.8/2 h/300°C VTS

92.8/1 h/320°C VTS
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In a 200”C VTS test at LASL in 1975, Benziger noted that water-aminated TATB evolved 1.5

cmVg of gas in21 days whereas production-grade (in this case, dry-arninated) TATB evolved 4.1

ems/g during the same time period. Apparently, the occluded NH4C1 in dry-aminated TATB was

the culprit.

2. TATB Formulations

a. Coefficient of Thernud Expansion CTE. Stun and Ashcraft at MHSMP determined the

CTE in cores from pressed and machined, temperature-cycled LX- 17-1 parts.lll-Gv The CTE

decreased as parts were thermally aged and/or cycled and increased with increasing temperature.

Lot number and sample orientation had no significant effect on the CTE. These and other

measurements are summarized as Table III-12.



TABLE 111-12. Coefilcients of Linear and Volume Thermal Expansion for TATB
Formulations (lOb/°C)

Linear

LX- 17-1 (temperature cycled, averages of several measurements)

TATB/Kel-F 92.5/7.5

TATB/TNT/Al 40/40/20

X-0219

X-0407

X-0219

X-0407

53.4 (no cycling)

53.8 (horizontal orientation)

52.4 (vertical orientation)

38.5 (-SO”C)

45.8 (15”C)

58.5 (35”C)

70.9 (70”C)

50-65 (-50 to +75”C) (Ref. III-2)

44 (LANL)

75 (LANL)

53.8 (-54 to +24”C, p = 1.852 gkm~) (JANL)

61.6 (-54 to +24”C, p = 1.857 gh$) (IANL)

94.3 (24 to 74 “C, p = 1.852 g/ems) (LANL)

108.3 (24 to 74 “C, p = 1.857 gh-is) (JAM)

Volume

185 (Oto 65”C) (LANL)

quadratic fit

(57.2 + 0.0191T) (p= 1.852)

(65.3 + 0.0202T) (p= 1.857)

b. Differential Thermal Analysis (DTA) and Pyrolysis. Janney and Rogers (LANL) also

carried out numerous DTA and pyrolysis tests. A representative pyrolysis curve is shown for

PBX 9502 in Figure III-5, which demonstrated graphically the effects of heating. Results of DTAs

are listed in Table III-13.
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Fig. III-5. Pyrogra.m of PBX 9502 before and after heating.
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TABLE III-13. Onset of Exothermic Decomposition of TATB
Formulations from DTA I
Exdosive Onset of Exotherm (“C)

TATB/Kel-F 800 90/10 -310

TATB/HMX/Kel-F 80040/50/10 280

TATB/TNT/Al 40/40/20 270

X-02 19 330

TATWAN 1/9 molar ratio 275, maximum 310

370, maximum 395

TATB/AN 1/3 molar ratio 260, maximum 295

370, maximum 395

c. Heat Capacity/Specijic Heat CP (caUg- “C)

PBX 9502 0.239 (2”C)111-G8

0.287 (100°C)(Ref.IiI-68)

RX-03-BB 0.272 (50”C) (LLNL)

0.306 ( 100”C) (LLNL) .

0.366 (200”C) (LLNL)

0.404 (275°C) (LLNL)

X-02 19 0.222 + 0.00070T, p = 1.907 at +50 to 275°C (Ref. III-46)

X-0290 0.249 + 0.00059T, p = 1.900 at +37 to 177°C (Ref. 11146)
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d.

e.

J

l?”

h.

Heat of Detonation H~ (caVg)

RX-36-AA 1291 & 13 (Ref. III-48)

RX-36-AF 1267 A 13 (Ref. III-48)

X-0407 -1200 Calc. (LANL)

Heat of Fusion (caUg)

PBX 9502 50 (420”C) (Ref. III-68)

WOWCook-Off Test at MHSMP

Reaction
Booster/HE Conilnement Time to Reaction(s) Temperature (“C)

LX- 10/LX- 17-0 Confined 10,320 362*

LX- 10/LX- 17-0 Unconfined 9,420 348*

LX-07/PBX 9502 Confined 9,660 365*

*No detonation

Thermal Conductivity (1W calls-cm- ‘C)

PBX 9502 13.20, p = 1.893 g/ems at 38°C (Ref. HI-46)

RX-03-AU 12.3, p = 1.89 g/cm3 (MHSMP)

RX-03-BB 12.05, p = 1.893 g/cm3 (MHSMP)

18.0, p = 1.88 g/cm3 at 40°Cn1-G9.

12.5 (50”C) (LLNL)

11.5, p = 1.88 g/cm3 at 100”C (Ref. III-69)

9.53 (1OO”C) (LLNL).

15.0, p = 1.88 g/cm3 at 140”C (Ref. III-69)

5.86 (150”C) (LLNL).

14.2, p = 1.88 g/ems at 160”C (Ref. III-69)

TATB/Kel-F 800 90/10 13, p = 1.92 g/cm3 (LANL)

X-02 19 13.23, p = 1.907 g/cm3 at 45°C (Ref. III-46)

X-0290 13.2, p = 1.893 g/cm3 (LANL)

X-0329 14.0, p = 1.876 g/cm3 (LANL)

X-0407 12.0, p = 1.85 g/ems (LANL)

Thermal Dif@sivity (cmZ/s). Thermal diffusivities of RX-03-BB, p = 1.88 g/ems, ranged

from 0.00406 at 20”C to 0.00215 at 160”C (Ref. III-69).

i. Thermal StabilitylDecomposition. In the mid- 1970s, Selig at LLL used electron

spectroscopy for chemical analysis (ESCA) to examine surface and bulk decomposition due to

aging of TATB-containing formulations (Ref. II-9). He determined the intensity ratio of the lines

resulting from the amino nitrogen and the nitro nitrogen at the surface and at - l-mm depth. There

was no significant difference between bulk and surface samples, indicating that initially no

decomposition had occurred. After four months of aging, the surfaces of the samples showed
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considerable decomposition that was limited to a depth of <1 mm. Depletion of nitrogen indicated

formation of decomposition products.

In 1980, Jaeger at LASL used the EXPLO computer code to predict the critical temperature of

PBX 9502, using the Arrhenius kinetics model (Ref. III-68). He conducted one-dimensional

heating experiments to establish critical thermal parameters and noticed a memory effect on

reheated samples.

Scocypec and Erickson at SNLA reported at the Ninth Detonation Symposium in 1989 on

developing a method to use thin-film samples with time-of-flight mass spectrometry (TOFMS)

and time-resolved infrared spectral photography (TIUSP).nl-TO These experiments, to study slow

and rapid thermal and isothermal decomposition as well as isothermal aging, were continued by

Erickson, Scocypec, Trott, and Renlund at SNLA.111-Tl~lll-TQUsing thin-film samples and

multiple diagnostics, explosives were heated in partial confinement by 5 to 10°C/s, and gas

evolution was monitored with TRISP. Unconfined samples were heated to 500°C within 40 w

and gas evolution was monitored with TOFMS. Spectra from TRISP indicated that hydrogen

cyanide may be a major decomposition product of TATB. Spectra from both experiments showed

that very little water was evolved. Unconfined TATB gave primarily low-molecular decomposition

within 20 p.s of heating to 500°C.

Propagation of decomposition reactions and transition to ignition, initiation, and detonation will

be discussed in Section IV.

Arrhenius kinetic constants for TATB formulations are listed in Table III-14.

TABLE 111-14. Arrhenius Kinetic Constants for TATB Formulations

Explosive E (kid/mole) z (s-1) Reference

For Liquid-Phase Decomposition

RX-26-AF 54.2 9.2 X 1018

By ASTM E698 Method

PBX 9502

RX-03-EX

RX-03-EY

RX-26-AF

LX- 17-0

LX- 17-1

PBX 9502

RX-03-EY, f~st exotherm

second exotherm

X-0407

51.3

47.7

50.0

52.2

By DSC

56.4

50.9

56.1

59.9

51.1

49.5

35

1.02 x 1015

5.35 x 1013

3.39 x 101’$

2.35 X 1015

3.79 x 1017

4.22 X 1015

2.96 X 1017

3.18 X 1019

3.59 x 1016

1.39 x 1015

4.407 x 1014

111-60

III-56

III-73

III-73

III-56

III-59

III-59

III-59

rrI-68

III-73

III-73

LANL
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i. Cn”tical temperatures T& Critical temperatures for TATB formulations have been

determined with the Henkin test. Results are listed in Table III-15.

TABLE HI-15. Critical Temperatures of TATB Formulations

Explosive Henkin Critical Temperature (“C) Reference

PBX 9502

PBX 9502 B180-02

PBX 9502-13 Holston (0.65-mm thick)

RX-26-AF

TATB/HMX/Kel-F 70/25/5

TATB/AN 1/9 molar ratio

TATIYAN 1/3 molar ratio

X-0407 B1 84-08 (0.635-mm thick)

349

344.3

349

356

223.6

253

314

302

178

LANL

III-74

LANL

LANL

III-44

III-44

LANL

LANL

LANL

ii. Temperature and time to explosion. Janney at LANL developed a large-scale time-to-

explosion (LSTX) apparatus using a 6.5-cm-radius hemisphere contained in a mantle for heating.

All samples burned and left residues. Results horn thermocouple readings are included in the

listing in Appendix B, Table B-2 along with ARC and ODTX measurements by Rodin from

MHSMP.111-TS The time to explosion is shorter at higher temperatures and longer aging times.

iii Vacuum thermal stability (VTS)/Chemical reactivity test (CRT). Another means for

determining thermal stability is to measure gas evolution at set temperatures for a certain time

period. Such data reflect stability and compatibility during aging of materials in close contact with

one another. The CRT, which is run mainly at LLNL and MHSMP, can measure the amounts of

individual gases evolved. The VTS, which is run at LANL, gives only total gas. Only the amounts

of total gases evolved are listed here. Chemical reactivity and explosivity tend to increase with

increasing temperature.

Loughran, Wewerka, Rogers, and Berlin at LASL conducted such experiments with TATB

and selected metals.in-TG Aluminum had little effect; but copper, iron, and brass increased the gas

evolution substantially.

Pane, Seaton, and Hornig at LLNL investigated the thermal decomposition behavior of three

TATB/HMX/binder formulations by determining gas evolution using CRT and dimensional and

weight changes (Ref. III-66). Results on other formulations were reported from MHSMP

(Ref. III-73). All these results are listed in Appendix B, Table B-3.

The VTS results for X-0219 were reported by Baytos at LANL in 1991 (Ref. III-64), and are

reported in Table III-16 with other LANL results.
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TABLE III-16. VTS Results for LANL TATB Formulations

Formulation Time (h) Temperature (“C) Total gases (ml/g)

TATB/Kel-F 800 90/10 48 150 0.05

TATB/HMX/Kel-F 800 70/20/10 48 150 0.14

TATB/HMX/Estane 2/95/3 48 120 0.2

40/50/10 48 120 0.1

. 48 150 0.2

X-02 19 48 200 0.4

48 220 2.9

24 240 18.8

X-0407 48 100 0.2

48 120 13.1

X-0433 22 120 ~ 0.013

X-0458 48 120 0.3
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IV. PERFORMANCE

A. Introduction
TATB and mixtures containing TATB behave like other HEs in performance, safety, and

sensitivity tests, but to a much lesser extent. Many types of tests were conducted to quantify both

performance and sensitivity or insensitivity of TATB-containing HE formulations. These tests

were designed to also provide safety and lot-qualification information. For example, by 1986 the

Air Force had developed a testing program specifically for full-scale systems containing IHEs.1v-1

Initial, small-scale tests of an DIE are conducted for thermal stability, shock sensitivity, and

initiability; then the following thll-scale tests are done:

1.

2.

3.

4.

5.

6.

7.

Sympathetic detonation;

Fast cook-off (bonfue);

slow cook-offi

Sled impact;

Bullet impact;

Fuel f~e; and

Arena performance.

Again, we assume that the user of this compilation is familiar with the test methods

mentioned. Most of the sensitivity tests used for TATB were described in 1976 by Dobratz,

Finger, Green, Humphrey, McGuire, and Rizzo at LLL.lv-z In 1992, Colville at MHSMP

compiled the raw data for PBX 9501 and PBX 9502, LX-10 and LX-17 from detonation velocity,

comer turning, onionskin, and gap tests .fv-q

Early (196 1) Becker-Kistiakowski-Wilson EOS (BKW) calculations by Mader at LASL on

formulations of HMX with DATB or TATB at 98% TMD gave the following C-J pressures:

Composition C-J Pressure
(Wt%) (kbar)

DATB/HMX 10/90

20/80

25175

40/60

TATB/HMX 10/90

20/80

25/75

40/60

357

345

340

326

359

352

352

340

The higher C-J pressures calculated and higher pressing densities achieved (see

Section 1.B.3.c.) caused researchers at Los Alamos to concentrate their efforts on TATB-

containing formulations for use as insensitive production explosives.

In 1977, Davis at LASL summarized the sensitivity characteristics of TATB-containing

HEs.lv~ A variety of safety tests is required to establish the relative sensitivity of an explosive,

and results from any single test can be misleading. At that time at LASL the tests deemed
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sufficient to define safety and sensitivity were DTA, pyrolysis, drop-weight impact, gap, Susan,

and skid. The safety tests required in the DOE Safety Manual to qualifj HEs as IHEs and HE

subassemblies as IHE assemblies are (as of 1991) drop-weight impact, friction, spark, ignition

and unconfined burning, card gap, detonation (cap), cook-off, spigot, skid, Susan, bonfire, and

bullet impact.lv-s Other tests, such as booster and thermal ignition tests, have been done since the

early 1970s to establish initiability and initiation processes of TATB and its mixtures.

The safety and performance studies use booster, detonator, and electrically or explosively

tilven flyer plate, or wedge experiments in various geometries with differing materials.

Measurements were done with Fabry-P&ot interferometg, Lagrange gauges, manganin gauges,

particle-velocity gauges, and/or streak cameras, as appropriate. Manufacturing and fabrication

methods, test temperatures, input pressures, and pulse lengths generated by the type of shock—

prompt, short, sustained, to name the most common —affect the ease of initiation. Data are

provided by the following tests:

aquarium -

booster -

corner turning/divergence -

failure diameter -

minimum priming -

plate dent -

fryer plate@n/wedge -

gap -

determine shock pressure and time to onset of

decomposition, and detonation velocity;

determine amount and kind of donor HE and

configuration needed for initiation of main-

charge HE;

determine material variable (density or percent

voids) and test variable (pressure-pulse

intensity and duration) to measure distance

from entrance surface to perpendicular

emergence of the detonation wave;

establish safe operating and performance limits;

establish safe operating limits;

establish safe operating and performance limits;

provide quantitative data on the relationship

between shock pressure and duration on the

time and distance to detonation, leading to

Hugoniot and pz ~ parameters for initiation,

decomposition kinetics and rates; and

determine critical card gap or pressure for

initiation of detonation.

B. Shock Initiation and Detonation

In 1976, Walker and Wasley at LLL developed a model for shock initiation of chemical

explosives based on decomposition kinetics of free radicals and initiation of chain reactions.lv-G

Shock initiation events of TATB formulations have been modeled successfully since then by

several researchers at DOE Laboratories.lv-T tOIv-1G

Shock initiation of TATB formulations presents special problems because of TATB’s stability,

that is, lack of response to external stimuli. Numerous tests and theories have been advanced to

help researchers understand and interpret the processes involved in shock initiation of explosives.

The threat of accidental or sympathetic detonation is always a safety concern when working

with HEs, even IHEs. TNT is considered the standard for establishing safety parameters for

building design and distances in case of accidental detonations of HEs. Demerson and Ashcraft at

MHSMP used air-blast data to determine the TNT equivalency for PBX 9502.1V-lT They
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determined that the TNT equivalency of PBX 9502 is not constant, but is a function of scaled

distance, and that the equivalency numbers of PBX 9502 are, based on impulse, c1OO% of TNT

over the given range; that is, PBX 9502 generally yielded slightly less output than did TNT over

the scaled distance of O to 20 ft.

Recent breakthroughs have shown how TATB formulations can be accidentally initiated. For

example, at LANL in 1993, Ferm and Hull designed an experiment to detect shock-to-detonation

transition (SDT) in PBX 9502.1v-18Jv-lg They observed the transition of a Mach reflection into a

detonation, because a high-pressure Mach stem propagated into unshocked explosive and caused

initiation. Such an initiation mechanism can reduce the distance to detonation drastically for HE

charges with high-impedance boundaries. These researchers supported their experiments with

calculational models.

This effect was also reported by Tarver, Cook, Urtiew, and Tao of LLNL at the Tenth

Detonation Symposium in 1993. They observed effects of diverging, multiple shocks and Mach-

stem interactions on reaction rates in LX- 17.1V-Z0They also concluded that two (or perhaps more)

colliding shocks in reacting LX-17 can accelerate the local reaction rate and result in formation of a

detonation wave.

As a safety measure, explosives can be desensitized by preshocking them. Mulford, Sheflleld,

and Alcon at LANL reported the results of light gas-gun experiments at pressures to 10.5 GPa in

1993.lv-zl They used magnetic impulse and velocity gauges in their experiments to measure

particle velocity in the Lagrangian frame. Figure IV-1 shows gauge records for TATB of a

3.7 GPa precursor shock followed by a 7.95-GPa second shock. The Hugoniot of PBX 9502

seems to show a discontinuity at -7.5 GPa.

Campbell, Flaugh, Popolato, and RamSay at LANL summarized preparative methods and

safety test results of PBX 9502 and of other TATB formulations containing various amounts of

HMX in 198 1; and in 1989 Akst also at LANL, summarized cylinder and detonation data from

LLNL, MHSMP, and LANL.lv-zzJv-zs
.

1“2~
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Fig. IV-1. Material velocity gauge records for doubly shocked PBX 9502, a

3.7 GPa preshock followed by a second shock at 7.95 GPa.
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1. Summary of Detonation Properties. A summary of detonation properties is provided in
Table IV- 1. Campbell at LANL presented detonation velocities for TATB/H.MX/Kel- F 800

formulations as percent TATB content in Fig. IV-2 and diameter effects in Fig. IV-3 for various

formulations.

TABLE IV-1. Summary of Detonation Properties

Detonation
Density p pc.J Velocity TC.J

Explosive (@m3) %TMD (kbar) D (kX1l/S) Y f’c) Ref.

LX-17 1.903 275

1.903

1.90

PBX 9502 1.895

1.894

1.892

1.89

PBX 9503 1.875

RX-26-AF 1.836

RX-36-AA 1.843

RX-36-AB 1.855

RX-36-AC 1.817

RX-36-AD 1.829

RX-36-AF 1.840

RX-36-AG 1.838

TATB 1.88

1.876

1.854

1.847

1.800

1.80
we& 1.84

TATB/Kel-F 800/827 90/5/5

1.916

TATB/Kel-F 95/5 and BKW

1.917

TATB/Al/Kel-F 77/18/5

2.016

X-0219 1.915

X-0272 1.845

1.844

1.840

X-0407 1.866

1.858

250

290

285

289

325

96.4

96.6

95.3

95.2

95.9

96.3

291

259

265

270

297

280-290

293 CdC.

310

7.596

7.596

7.706

7.707

7.695

7.89

7.840

8.239

8.41

8.15

8.72

8.04

8.30

7.89

7.756

7.663

7.93

7.66

7.552

7.472

7.4-7.6

7.518

7.810

7.474

7.627

8.800

, 8.791

8.780

7.773

7.794

2.95

3.07

3.06

3.09

3.15

3.17

2.98

2.937

IV-24

IV-25

IV-26

IV-27

IV-28

IV-29

IV-23

IV-29

IV-25

2857 IV-30

2857 IV-30

2857 IV-30

2502 IV-30

2477 IV-30

3247 IV-30

2732 ILI-49

LANL

IV-23

III-16

IV-28

IV-24

IV-30

LANL

LANL

LANL

LANL

IV-27
LANL

LANL

LANL

IV-28

LANL

I

I
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Fig. IV-2. Change in detonation velocity with change in TATWHMX ratios for

some TATBRINDUKcl-F 800 formulations.
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Fig. IV-3. Effect of charge diameter on detonation velocity of some

TATB/HMX/Kel-F 800 formulations.

53



2. Aquarium TesL Results from aquarium tests aid in the understanding of shock

decomposition and shock initiation processes. In the early 1980s, Goldstein at LANL performed

aquarium tests on PBX 9502 at temperatures from –55 to +75°C and charge diameters from 25.4
to 108 mm. Test media were water and ethanol. Results indicate that the detonation velocity

decreased from 7.74 km/s at 14°C to 7.59 km/sat -44°C, but the difference lessens with charge

diameters much larger (-10 times) than TATB’s failure diameter. The performance of PBX 9502

is adversely affected by firing at other than ambient temperature, and the lowered energy release

persists long after passage of the detonation front. Shock-wave data were compiled by Mader,

Johnson, and Crane at LANL in 198 1.lV-31

Liddiard, Forbes, Watt, Baker, Sharma, and Beard at the NSWC reported on a method to

recover shocked HE samples after preignition reactions subsequent to aquarium testing.lv-qz A

Teflon sample holder kept the 30-mg, 5-mm-diam by l-mm-thick samples contained and

uncontaminated after exposures up to 3 GPa and pulse widths of a few microseconds. Recovered

TATB samples showed subrn.icron-size ragged holes and fine deposits of i%roxan and furazan

derivatives of TATB.

3. Booster Tests. In the early 1970s, Urizar at LANL began to test initiation systems with

TATB-containing formulations, using a setup similar to the platedent test. The subject of these

studies was X-02 19 at 1.920 g/ems density; the booster explosive used was PBX 9501 at -1.84
g/cm3 density. Dimensions of the cylindrical boosters were varied: diameter from 25.4 to 15.24
mm in 2.54-mm increments and height from 25.4 to 6.35 mm in 6.35-mm increments,

correspondingly. The acceptor charge was 50.8-mm diam by 50.8-mm high. A “maximum dent”

was obtained from a 50.8-mIn diarn by 50.8-mm high booster of PBX 9404. Results are shown

in Table IV-2.

TABLE IV-2. Initiation Study of X-0219 With Booster PBX 9501 (p= 1.84 g/cm3)

Booster

Diameter (mm) Height (mm) Weight (g) Result Dent (mm)

50.8

25.4

25.4

25.4

25.4

22.86

22.86

20.32

20.32

20.32

20.32

17.78

17.78

17.78

15.24

15.24

50.8

25.4

19.05

12.7

6.35

25.4

6.35

25.4

19.05

12.7

6.35

25.4

12.7

6.35

25.4

6.35

190 PBX 9404

23.7

17.8

11.9

5.9

19.2

4.8

15.2

11.4

7.6

3.8

11.6

5.8

2.9

8.5

2.1

event

event

event

event

event

event

event

event

event

event

event

event (Con plate)

event (C on plate)

event

no event

event (C on plate)

9.73

7.62

7.49

8.18

8.46

8.46

8.15

6.17

8.15

5.41

5.84

3.73

4.32

5.26

0.56

3.76
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These data suggest that boosters smaller than the failure diameter of TATB (-17 mm) should

not be used, but a properly designed 10-g PBX 9501 booster appears sufficient to detonate X-0219

in this configuration. Among the phenomena affecting initiation of TATB formulations might be

low-order detonation, buildup or decay of detonation upon reflection at the plate, wave-shaping,

and nonaxial initiation. DATB/Kel-F 800 90/10 and PYX were found unsuitable as boosters.

Changing the configuration to hemispherical boosters for these HEs did not improve their

performance. Dents of <7.62 mm indicate marginal or failed initiation.

Unzar also demonstrated that TATB pellets that couId be intiated by flying plates could be used

as boosters (at proper density and geometry) to initiate X-0219. He expanded his intiation studies

to include the use of 1E30 detonators to initiate X-0290 and various grades of TATB. Tests

indicate that superfine TATB will not detonate with one 1E30 detonator at densities above

1.75 g/ems. Low-temperature (-78”C) tests using superilne TATB cylinders of 25-mm diam by

25-mm high with densities of 1.703, 1.752, and 1.800 g/ems were detonated successfully with

three 1E30 detonators.

In 1973, Urizar successfully initiated X-0219 charges (p = 1.92 g/ems) of 50.8-mrn diam by

50.8 mm high with 50.8 -mm-diam by 25.4-mm-high booster pellets of superfine TATB

(p= 1.7 g/ems), giving plate dents of -9.91 mm. Twenty five-and-four-tenths millimeter diam by

25.4-mm-high pellets of production TATB (p= 1.7 g/ems) gave only marginal initiation of the

X-0219 with a dent of 6.63 mm.

In the 1980s, Bahl, Bloom, Erickson, Honodel, Lee, McGuire, Sanders, Slettevold, Tarver,

von Hone, and Weingart at LLNL, and Duncan at MHSMP studied effects of booster material and

test configuration, of TATB particle size and temperature on shock initiation and divergence, using

hemispherical boosters or thin flyers.lv-ss toIv-ss They determined that:

1.

2.

3.

4.

5.

The initiation threshold is higher, even marginal, at -54°C than at ambient;

The effect of particle size is greater at lower densities;

Thermal cycling causes cracking of the HE near the booster;

Large changes in the average pore diameter produce only modest changes in the shock-

initiation threshold; and

Shock pressure increases as particle size decreases.

Their results agree with the conclusions reached at LANL for similar tests with X-0219 and

PBX 9502.

4. Corner-Turning/Divergence. Experiments were conducted at LANL by Hatler, Ramsay,

Seitz, and Wackerle to determine distance to breakout of detonation, that is, comer-turning, and to

study effects of temperature on this phenomenon. This characteristic is called divergence at LLNL,

where this work was done predominantly by Jackson, Weingart, and Green. This phenomenon is

generated by flying plates; and input shocks can be short, long, or sustained.

Early in the 1970s Leeman at SNLA, Todd at LASL, Jackson, and Weingart at LLL

successfully initiated DATB and TATB cylindrical charges with electrically driven foils (also
called flyers, flying plates, or slappers). By 1973, both Todd and Leeman had successfully initiated

DATB charges with flying foils. At Liverrnore large-area foils at -5.5 km/s flyer velocity initiated

high-density pressed X-02 19.

Jackson and Weingart summarized their thin-flyer-plate initiation studies of TATB-containing

mixtures in 1976, and concluded that:
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1.

2.

3.

Divergence is improved by decreasing the HE density, amount of binder, or HE particle

size; and by increasing the flyer velocity or the environmental temperature;

Divergence is inhibited at lower temperatures (-SO°C) in some compositions;

Sensitivity is increased by decreasing the HE density, amount of binder, or HE particle
size. IV-36toIV-38

During the late 1970s Seitz at LASL and West at MHSMP compared short-shock wedge,

onion skin, and comer-turning test results for two lots of PBX 9502 at -55, -18, and +20°C. One

lot contained a small number of fine particles; the other, recycled material with a higher percentage

of fines. The two formulations have nominally identical Pop plots, but they respond quite

differently in performance tests. The larger percentage of fines results in a lessened temperature

dependence. Distances to detonation and breakout distances are longer at lower temperatures.

Results from the onionskin test relate the spreading angle to specific surface area of the TATB

powder. This test is therefore very useful as a qualification test for production lots of TATB.

In 1987, Tang at LANL, using results from onionskin tests with low-density superfke and

ultrafine TATB as boosters, determined that initiation of TATB PBXS could be enhanced by

lowering the density and decreasing the grain size of the TATB.~-sg He arrived at this conclusion

by numerical simulation using a reactive-bum model in a hydrodynamic code.

Comparable results from comer-turning tests were obtained after the capability was established

at MHSMP for routine testing of TATB, its formulations, and production lots.lv~ tOIv~7 The

LLNL snowball divergence tests were run by Kramer, Osbom, Stallings, and others at MHSMP.

They found that temperature, particle size (milling/grinding time), and polysaccharide content can

have a significant effect on comer turning. Some of the results are summarized in Appendix B,

Table B-4.

Cox and Campbell at LANL reported in 1981 that high densities and low temperatures have

significant effects on comer-turning radius and distance, as well as on the volume of the dark

(largely undetonated) region of PBX 9502.~~ For example, a 1% change in density may cause a

61% change in comer-turning distance. Lowering the temperature by 130”C (from +75 to -55”C)

can cause a 44% increase in comer-turning distance. The results are given in Appendix B, Table B-

5.

Bahl, Breithaupt, Tarver, and von Hone at LLNL presented their results on the successful

initiation and divergence of LX-17 at ambient (+20”C) and cold (-54°C) temperatures at the Ninth

Symposium on Detonation in 1989 (Ref. IV-24).

5. Detonation Reaction Zone, Failure Diameter, Diameter Effect and DDT. Craig’s

results on wedge tests at LASL are summarized in Table IV-3 as parameters from fit to x - t data,
where x = U~Ot+ l/2btz. Driving systems were plane-wave lenses.
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TABLE IV-3. Wedge-Test Data

Coordinates for
High-Order

Initial Shock Parameters Detonation

Density PO Upo Uso l/2b

Explosive (g/cm3) (kbar) (km/s) (km/s) (km/s2) X* (mm) t* (ps)

PBX 9502 1.894 8.76

1.885 27.4

at 23°C 1.875 8.89

at 75°C 1.875 8.93

at 250”C 1.875 5.44

TATB 1.876 67.4

1.876 94.2

1.876 130.3

1.876 162.2

TATB/HMX/Kel-F 40/50/10 wt%

1.912 39.0

1.912 63.0

1.912 71.5

1.01

2.02

1.02

1.06

0.806

0.858

1.063

1.340

1.471

0.554

0.811

0.883

4.58

7.19

4.62

4.55

3.95

4.186

4.723

5.184

5.879

3.683

4.062

4.237

X-0290 1.898 12.3 1.24 5.24

0.049

0.111

0.425

0.684

0.035

0.061

0.436

19.1

0.68

19.6

9.99

4.73

<<12.65

~12.74

5.80

3.23

>12.7

8.476

4.18

12.78

5.43

0.104

4.01

2.04

1.11

<<2.92

22.44

1.02

0.52

>3.32

1.946

0.86

2.243

Iv-4Failure-diameter studies by Campbell and Engelke at LASL in 1974 are shown in Fig.

and Table IV-4 (Ref. IV-27). In 1982, Hahn at LLNL reported failure diameters and detonation

velocities for LX- 17 at different temperatures; the data are included in Table IV-4 with other

previously unpublished data.

Fig. IV-4.

78 ‘ I 8 i

●

74 -

72 L
I I

o 0.:5 0.10 0.15 . 9.20

t/R (ntm-*)

Diameter-effect curves for X-0290 (p= 1.895 g/ems) aud X-0219

(p= 1.915 #cmS).
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TABLE IV-4. Detonation and Failure-Diameter Data

Explosive Density Detonation Failure Reaction Temp

(d cm3) %Voids Veloc. (km/s) Diam (mm) Zone (mm) (“c)

LX-17

H-17

PBX 9502

TATB/E1wadB2wax 90/5/5

TATBfI’NT/Al40/40/20

TATB (LANL supertine)

X4)219

X-0290

1.90

1.894 2.5

1.892 2.6

1.890 2.7

1.890 2.7

1.890 2.7

1.74 0.7

1.90 0.7

1.6to 1.7

1.836 5.3

1.915 1.6

1.895 2.4

7.6- 7.7

7.3- 7.4

7.406

no detonation

no detonation

detonation

detonation

no detonation

no detonation

detonation

7.302

7.380

no detonation

7.706

>11

12-13

10.0

8.0

7.0

12

>4

11

4.32 to 5.72

6

16

14

9

-2 -1-22

-56

0.7

+24

+24

+75

+75

-55

240

-56

5

+24

+24

+24

3.3

In 1978, Lee, Parker, and Weingart of LLL reported on measurement of the reaction-zone

length of LX-17 (p = 1.90 g/ems). They obtained a reaction-zone length of 0.7 mm and C-J

pressure of 29 GPa (Ref. IV-26). These values have been included in Tables lV- 1 and IV-4.

Erickson, Palmer, Parker, and Vantine of LLNL published free-surface velocity measurements for

reacting RX-03-BB; their method permitted estimation of reaction-zone length.~~g

In 1981, Mader, Shaw, and Ramsay reported from LANL on a theoretical and experimental

study of the performance of X-0290 and PBX 9502 (Ref. IV-28). Performance parameters were

calculated from BKW EOS and Forest Fire bum rates. Experiments were done to accomplish the

following:

1. Determine the change of C-J pressure as a function of run distance to detonation;

2. Study the rate of energy delivered to a plate; and

3. Determine diverging detonations.

Representative data are included in Table IV-4; the Pop plot for PBX 9502 is shown in

Fig. IV-5.
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Fig. IV-5. The Pop plot for PBX 9502.

Campbell at LANL continued failure and reaction-zone studies and extended the range to high

and low temperatures. Iv-so Some of his unpublished results are also included in Table IV-4.

Ramsay, also at LANL, extended Campbell’s studies to confined PBX 9502, using the prism

test.~-s 1 The failure diameter decreases with increasing impedance of the confining material, but it

does not change with low-impedance (less than PBX 9502’s) confinement. Very light confinement

caused a larger-than-expected diameter decrease.

The most recent studies on the effect of temperature on failure thickness and DDT were

reported by LANL’s Asay and McAfee at the Tenth Detonation Symposium in 1993.lv-Sz The

heavily conllned sample of TATB was completely consumed by burning and combustion at the

maximum test temperature of 240”C, but there was no evidence of detonation. Burning ceased,

once confinement was lost. Failure thickness results for PBX 9502 are shown in Fig. IV-6 and are

included in Table IV-4.

59



6

a CamF41cnOWL1)

+ RmL9y(Ref.2)

5 -; ● hymxtMcAfe

4 .

3.

2

1

I

I

oL——d———
200 300 400 500

Tempemtum [K]

Fig. IV-6. Failure thickness or one-half failure diameter as a function of

temperature.

At the Tenth Detonation Symposium in 1993, Cooper of SNLA reported the development of

correlations between run distance and initial shock pressure, initial density; p%, critical energy

fluence, or failure diameter.[v-ss Correlations of run distance to detonation with critical energy

fluence and failure diameter are shown in Figures IV-7 and lV-8.

loao

x-o/# (idealized run distanco 8c#JOti0tt)

.
w -
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/

Fig. IV-7. Critical energy fluence comelated to rundistance coefficient for

several explosives.
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Fig. IV-8. Failure radius correlated to run-distance coefficient for several

explosives.

Sheffield and Bloomquist at SNLA with Tarver at LLNL estimated an initial reaction rate for

PBX 9502 of 80 ins-l; the reaction rate decreases as the reaction proceeds.w-s4 In 1993, Tarver,

Ruggerio, Fried, and Calef at LLNL determined the rates of energy transfer among the internal

states of large organic explosive molecules produced by exothermic decomposition processes.w-55

They noted complex Mach-stem interactions, and used the nonideal 2ND model to identify four

main regions within the chemical reaction zone.

6. Prompt and Short-Duration Shock Experiments. Distance to detonation is defined as

the distance it takes for a nonreactive shock wave into the HE to turn into a detonation wave. At the

Ninth Detonation Symposium in 1989, Lee, Tao, and Crouch of LLNL presented results on

measurements of the distance to detonation for ultrafiie TATB (pressed density 1.60 g/cmq [83Y0

TMD]) and RX-26-AF (pressed density 1.84 g/ems [99% TMD]) in the temperature region -80 to

+80°C.lv-sG They used an electric gun to make flyer plates, traveling down a 3-mm-long by 4-

mm-diam barrel, strike the IHE targets at -5.4 krds. The flyer kinetic energy generated was
-2592 kJ/mz. They saw no change in the distance-time trajectory with temperature; detonation

velocity was 6.50 Icrn/sfor TATB and 7.80 km/s for RX-26-AF.
In 1978, Ramsey and Seitz of LANL reported distance and time to detonation, and Hugoniot

data for TATB. Ramsay used standard grind TATB (p= 1.806 g/ems) with an explosive plane-

wave booster system and input pressures of 3.34 to 9.42 GPa; Seitz used superilne TATB
(p = 1.801 g/ems) with short-duration shocks generated with electrically driven flyers in explosive

wedges. Experimental conditions and results of both experiments are tabulated in Table IV-5.
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TABLE IV-5. Short-Shock Detonation and Hugoniot Experiments With TATB and
PBX 9502

Flyer Pulse Velocity Distance to Time to

Velocity Duration Pressure Shock Particle Detonation Detonation

Explosive (lards) (ns) (GPa) (km/s) (km/s) (mm) (w)

TATB

standard grind

TATB superfine

(averages)

PBX 9502, -55°C

23°C

75°c

252°C

9.42 4.675

7.95 4.465

5.27 3.913

3.34 3.125

2.62 170 17.4 5.8

3.26 74 22.9 6.2

8.2

8.2

8.2

8.2

1.116 5.37 1.02

0.985 6.54 1.33

0.746 22.7 5.38

0.575 >25.4 >8.0

1.66 1.77 0.283

2.04 1.23 0.222

71

29

14

2

In 1980, Lee, Honodel, and Weingart at LLNL described shock initiation experiments, using

thin flyers and short-duration pulses.lv-sT Shock initiation was accomplished with thin plastic

flyer plates accelerated to 1 to 8 Ian/s by electrically exploded metal foils, using input pressures of

4 to 55 GPa and pulses of 8 to 500 ns duration. They found that their results agreed with those of

Green at LLL, and of Craig, Rarnsay, and Seitz at LASL. P% varied from 5.8 to 23 GPa-p,s.

In 1983 Dick at LANL reported on the short-pulse initiation of PBX 9502 with explosively

driven Mg flyer plates; the thicker the plate, the shorter the run distance to detonation.~-sg Plate

thickness was varied from 0.5 to 2 mm, and input pressure was 13.1 GPa. Results are listed in

Table IV-6.
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TABLE IV-6. Short-Shock Initiation Results for PBX
9502 With a Magnesium Flyer at 13.1 GPa Input Pressure

Flver

Thickness Pulse Length Distance to Detonation

(mm) (us) (mm)

0.5 0.135 no detonation

1.0 0.271 no detonation

1.6 0.433 26

2.0 0.541 12

thick long 7.8

From the late 1970s through the 1980s, researchers at LANL and LLNL studied the detonation

reaction zones of TATB and several TATB-containing formulations (using standard-grind,

superfiie-grind, or micronized TATB) by Fabry-Pgrot interferometry and application of

DAGMAR and HOM equations of state (Ref. lV-26).[v-sg [Olv-Gs Analysis of the data showed

initial reaction rates of -100 p.s-l in detonating PBX 9502. The detonation-wave profiies were

similar for the explosives tested. Sharply rising unreactive shocks were followed by decreasing

particle velocities, pressures, densities, and internal energies; and interface velocities were not

particularly sensitive to modest changes in reaction rates.

A theoretical and experimental study of the reaction rate of detonating PBX 9502 was

described by Bdzil, Davis, and Critchfleld of LANL at the Tenth Detonation Symposium. ~-’$$

They used data from detonation-front curvature experiments (for example, rate sticks) and DSD (a

two-dimensional reaction-zone analysis code) to determine a heat-release rate under detonation

conditions. Tarver’s ignition-and-growth-rate form was used in this work, because it provided a

good fit to the data. At the level of 20%, the DSD-determined rate agrees with one published by

Green, Tarver, and Erskine of LLNL (Ref. IV-25), which was calibrated to a series of experiments

sampling different sets of conditions.

Many shock-initiation experiments also measured EOS and static, as well as dynamic

Hugoniot parameters. In 1966, Craig performed experiments on the EOS of unreacted TATB/Kel-

F mixtures at LASL. He estimated the EOS tobeUs=0.215 + 2.4283 UP. A 25.4-mm-diam

column of TATB/Dapon-M at p = 1.805 glcms would not sustain a detonation.

Colebum and Liddiard of NOL published detonation, Hugoniot, and acoustic-velocity data in

1966 (Ref. III-1 6). Pastine and Bemecker of NOL developed a P, v, E, T equation of state for

TATB and calculated shock Hugoniots in 1974Jv-Gs

During the 1970s, Anderson, Seitz, and Wackerle of LASL established Hugoniot data for

TATB for the U~UPrelationship, where Us = shock velocity in km/s and Up= particle velocity in

km/s. Representative equations are:

Formulation Density (g/ems) Equation

TATB std grind 1.80 u,= 1.904 + 2.447UP

supedlne 1.800 U,= 2.054 + 2.357UP
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Later in the 1970s, Ramsay and Sehz developed Hugoniot parameters for standard grind and

superfine TATB, respectively. The results are compiled in Table N-7.

Kramer and Demerson at MHSMP conducted wedge tests on TATB before it had been dried

and on RX-03-BB at ambient temperature and at 68°C.Iv-fi The results are included k Table IV-7.

During the early 1980s, Marsh at LANL compiled and published all EOS data determined at

LANL up to that time. Iv-67

TABLE IV-7. Hugoniot Parameters for TATB and RX-03-BB

Initial Velocity Distance to Time to

Density Pressure Us Shock Up Particle Detonation Detonation

(g/cm3) (GPa) (km/s) (km/s) (mm) (w)

Standard-grind TATB using plane-wave booster

1.806 9.42 4.675 1.116 5.37 1.02

1.806 7.95 4.465 0.985 6.54 1.33

1.806 5.12 3.770 0.752 19.6 4.82

1.806 3.34 3.215 0.575 >25.4 >8.0

Superfine TATB using short-duration-shock flyer and wedge

1.801 17.4 5.8 1.66 1.77 0.283

1.801 22.9 6.2 2.04 1.23 0.222

Standard-grind undried TATB using wedge

1.84 12.9 3.0 0.54-0.55

Pure TATB using wedge

1.842 9.0 6.9 1.40

1.842 11.8 3.8 0.72

RX-03-BB at 68°C using wedge

1.88 10.8 8.5 1.66

1.88 14.2 4.8 0.92

Dick at LANL found good agreement with earlier results when he compared Hugoniot curves

generated from isothermal static compression measurements to 10 GPa with published data for

Hugoniot curves generated from shock-wave experiments. [v-Gg

In 1985, Kerley at SNLA reported on a theoretical model for detonation properties, assuming

steady-state detonation with chemical equilibrium behind the reaction zone.lv@ Then the EOS

for the detonation products of CHNO explosives could be used to predict C-J velocities and

pressures, release and reshock behavior, as well as the dependence of these properties on chemical

composition and loading density.

In 1991, Tang at LANL modeled the behavior of PBX 9502, using special rate equations.lv-TO

The nonideal detonation was explained by a slow process following a fast one. Validity of the
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EOS in the early phase of the detonation reflected the partially reacted state; these fast reactions

were driven by reaction propagation and decomposition. The slower reactions probably reflected

the formulation of large molecules.

During the late 1980s, Green, Tarver, Lee, Mitchell, and Erskine of LLNL conducted

numerous experiments on shock compression of TATB-containing formulations, and they

developed EOS parameters for LX-17 and RX-26-AF in the unreacted and reacted states (Ref. lV-
ZS).IV-71

Dick, Forest, Ramsay, and Seitz in 1988 at LANL studied shock-initiation sensitivity,

Hugoniot, and dynamic yield behavior of PBX 9502.lv-Tz They used explosively driven wedge

tests and particle-velocity history measurements with electromagnetic gauges at a light-gas gun.

Input pressures ranged from 0.5 to 25 GPa. The Hugoniot fits were given as

u,= 1.857 + 3.15 UP, up <().50 km/$

u,= 1.392201 +5. 153578UP - 2.4215671J$

+ 0.561615UPS, 0.50<UP<1 .2 km/s,

u,= 2.938 + 1.77UP, 1.2s UPs 2.3 Ms.

Cooper of SNLA developed a correlation for estimating the P-U Hugoniot of an HE, using

existing experimental data for pressure and particle velocity of detonation-reaction products of

these HEs.rv-ys Pressures ranged from 0.0015 to81.8 GPa, particle velocities from 0.79 to 11.0

km/s, and densities from 1.133 to 7.47 g/ems for the explosives studied.

7. Sustained shock experiments. In 1981, Anderson, Ginsberg, Seitz, and Wackerle at
LANL reported on gas-gun experiments with superfine TATB (p= 1.80 g/ems), using embedded

manganin gauges.~-TA They obtained a distance to detonation of-10 mm with a 7.56-GPa input

shock. Their explosively driven, streak-camera wedge experiments indicated distances to

detonation of 5.6 to 0.5 mm for 10 to 28 GPa pressures.

8. Embedded-Gauge Studies. These studies were undertaken to evaluate stress, time, and

particle velocity measurements of detonating TATB. In 1977, Barlett, Cochran, Erickson, Lee, and
Weingart of LLL measured stress-time histories in TATB and PBX 9404, using a planar shock

from a light gas gun and embedded manganin stress gauges.lV-TS Input stresses were 2.4 GPa in

PBX 9404 and 13 GPa in TATB. In TATB the stress grew at the shock front, whereas in PBX

9404 the stress at the shock front remained almost constant until just before detonation.

Lagrangian analysis was used at LLNL in the early 1980s to estimate detonation pressure in

detonating TATB from measurement of stress and particle velocity .lv-TGNutt and Erickson of

LLNL studied reactive flow in RX-26-AF, followed by development of a reactive-flow model

with DYNA2D.lv-TT The reaction built in two stages, using the JWL EOS for reactant gases. Nutt

noted an energy release of 4.64 M.J/kg from an input pressure of 27 kbar.

Tarver, Parker, Palmer, Hayes, and Erickson of LLNL conducted experimental and

calculational studies on reactive flow during shock initiation and detonation-wave propagation for

PBX 9404, LX-17, and RX-26-AF. lv-TgJv-Tg They compared particle-velocity gauge, embedded

manganin stress gauge, and Fabry-P&ot free surface measurement techniques. Their findings were

consistent when compared through computational calculations based on the ZND-type ignition and

growth model of detonation. They reported a reaction-zone length of -2 mm and a detonation

velocity of 7.596 m/s for LX-17. These data are included in Table IV4.

In 1989 at LANL, Forest, Wackerle, Dick, Sheftleld, and Pettit reported on the reaction rates of

detonating PBX 9502 using magnetic impulse velocity gauges with Lagrangian evaluation of the
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data.lv-gO In 1991, Tarver of LLNL reviewed embedded gauge and laser interferometry

techniques.lv-gl

9. Temperature Effects on Shock Initiation

a. EJfects of bw Znithd Temperatures. In 1983 Sehz and Wackerle reported on buildup to

detonation studies of PBX 9502 and PBX 9503 at initial temperatures of -55°C and ambient.lV-sz

The miniwedge technique and plane-wave explosive booster systems were used for distances to

detonation from -1 to 10 mm. The increases in distance to detonation at the lower temperature

were 50% for PBX 9502 and -209” for PBX 9503.

In 1982, Honodel, Lee, Moody, and Weingart at LLNL reported the shock-initiation threshold

of pure TATB as functions of density (1.5 to 1.9 g/ems) and of flyer-plate diameter (1.5 to 25

mm) at ambient temperature and at -54°C.lv-gs They found the change in initiation threshold

greater than would be expected from the increase in density on cooling to -54°C.

Using sustained and short-duration shocks and the explosive wedge technique, Seitz at LANL

reported in 1984 on his study of the effeets of both particle size and initial temperature on initiation

of TATB and PBX 9502.lv-gQ Three different particle-size distributions in the range of 1 to

80 mm were studied for each material. Temperatures used for sustained-shock experiments were

-55 and +20°C, and -55,-18, and +20°C for the shortduration shock experiments. Densities were

1.8 g/ems for TATB and 1.89 g/ems for PBX 9502. Flyer thicknesses were 0.33 mm for the

TATB shots and ranged from 0.05 to 0.40 mm for PBX 9502. Input shock pressures were 17.9

GPa for TATB and ranged from 16 to 28 GPa for PBX 9502. In all cases, Seitz noted a linear

relationship between distance to detonation and initial temperature, a much stronger relationship for

PBX 9502 than for TATB; but the effect of particle size was comparable. In sustained-shock

initiation, only very fine particle-size TATB showed a particle-size effect. With O.13-mm-thick

flyers, PBX 9502 showed a strong initial temperature and particle-size effect, the temperature

effeet being very dependent on the particle size; TATB showed a strong particle-size effect, but it

was less influenced by initial temperature.

In 1989, Urtiew, Erickson, Aldis, and Tarver of LLNL reported on shock initiation studies of

LX-17 at low and high initial temperatures (-54, +25, and +88”C) using flyer plates and embedded

gauges with input shock pressures of 10 to 15 GPa.lv-gs A reactive-flow model was used in the

computational part of this study. Experimental and computational results showed that colder LX-

17 had a smaller fraction of HE ignited in the hot spots created by shock compression. This in turn

resulted in a smaller increase in the shock velocity and pressure than those measured for hotter

LX-17. The growth of hot-spot reactions behind the shock front was also slower in cold LX-17,

which resulted in a more gradual pressure rise behind the shock front than that measured for hotter

LX- 17. Transition to detonation in cold, ambient, and hot LX-17 occurred at approximately the

same rate at all three initial temperatures; sufficient heat was transferred from the rapidly growing

hot spots to the unreacted molecules in this transition region in order to overcome the 140”C

temperature difference. These results are in general agreement with those reported by Lee, Tao, and

Crouch of LLNL in their detonation-wave studies at -80°C and +80”C with TATB and RX-26-AF

(Ref. IV-56).

b. Effects of High Initial Temperatures. In 1980, Scheloske, Green, and Weingart from

LLL used electrically driven flyer plates to determine the shock sensitivity of TATB and RX-03 -

BB preheated to 250”C prior to impact.lv-gG The flyer kinetic energy required to initiate pum

TATB was reduced -33% and for RX-03-BB -50%.
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In 1993, Urtiew, Cook, Maienschein, and Tarver of LLNL reported at the Tenth Detonation

Symposium on the shock sensitivity of LX- 17 at 250°C.lv-gT They used flyer plates accelerated

by a gas gun; the pressure pulse into the sample was 42 kbar at 0.9 km/s flyer velocity. Results for

LX- 17 and PBX 9502 at 250”C are:

Flyer Distance to
Velocity Detonation

IHE (km/s) (kqs) (G~a) (mm)

LX- 17-1 0.74 2.68 2.5 >20

0.81 2.7 3.0 12

0.98 3.15 3.9 7.5

1.295 3.5 6.5 3.3

PBX 9502 0.8 2.9 3.0 14.5

0.885 3.0 4.0 12

Early in the 1990s, Wackerle and Dallman at LANL measured the shock initiation of PBX

9502 at ambient temperature, +75”C, and 250°C, using the wedge technique. They found that,

combined with earlier measurements, the Hugoniot parameters could be defined over the

temperature range -55 to +252”C. The least-squares fit to the shock-velocity/particle-velocity data

results in Hugoniot curves of the following form:

U,= 3.31 + 1.65UP, (-55 * 4“C),

Us= 2.54 + 1.97UP, (+75 * 2°c),

u,= 1.33 + 3.08 UP, (252 A 2°C).

Temperature comparisons of distances to detonation of PBX 9502 were reported by Dallman

and Wackerle in 1993 at the Tenth Detonation Symposium.lv-sg The distance to detonation for a

given input pressure decreased approximately 50% as the temperature was raised from +20 to

75°C. These shock-sensitivity data for PBX 9502 at various initial temperatures are comparable to

ambient-temperature data for LX- 17 and PBX 9501. The data are shown in Fig. IV-9.
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Fig. IV-9. Comparison of the temperature-dependent shock sensitivities of

PBX 9502 and LX-17 with ambient PBX 9501.

10. Minimum-Priming Test. The minimum priming charge required to inititate an HE is an

indication of the explosive’s safety. The primer usually used is XTX-8003 (pentaerythritol
tetranitrate [PETN]/Sylgard 80/20) at a density of 1.53 g/cmq. In the LANL and MHSMP tests,

results are given as 50% points for the amount of XTX used. Results are listed in Table IV-8.

TABLE IV-8. Results of Minimum-Priming Tests

Density Amount of XTX
Explosive (g/cm3) (g) (L95) Result

TATB/HMX/Estane 219513

1.840 0.023 Mho93 detonation

TATB/TNT/Al 40/40/20 >4.84

TATB/Kel-F 800 90/10 1.920 4.835 no detonation

5.012 no detonation

X-0219 15.3 no detonation

X-0272 1.842 0.0182 detonation

X-0351 1.890 1.53 detonation

X-0407 1.859 0.151
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11. Plate-Dent Test. This performance test was carried out by Craig and Urizar at LASL
with 41.3-mm-diam samples. Results are listed in Table IV-9.

TABLE IV-9. Results of Plate-Dent Tests

HE Composition

(Wt%)

Estimated
Density Temperature Plate Dent PC-J
(g/ems) ~c) (mm) (kbar)

PBX 9502 1.889 25 7.50 -.

1.889 80 7.50 --

1.885 -80 7.80

PBX 9502/Al 2.016 -- 6.63 231

TATB 1.753 -- 4.42 245

TATB/HMX/Kel-F 90/0/10 1.915 -- 7.95

63/27/10 1.893 -- 8.92 --

45/45/10 1.892 -- 9.65 --

36/54/10 1.890 -- 9.80 --

18f12/10 1.881 -- 10.29 --

TATB/TNT/Al 40/40/20 1.90 99.3 6.78 --

X-0219 1.90 -- 9.37 --

X-0290 1.893 .- 7.80

X-0296 1.827 -- 7.41 258

X-0329 1.856 -- 7.50 261

X-0345 1.832 -- 7.37 256

X-0396 1.838 -- -- 280

X-0407 1.858 -- 310

X-0435 1.838 -- 8.13 283

12. Cap Test. A test configuration was designed and used by Pantex personnel to initiate

TATB and its mixtures with a No. 8 blasting cap. No detonations were observed in the many tests

conducted. Tests with bulk powder and machining waste of PBX 9502 and LX-17 initiated brief

burning reactions that died quickly.

13. Cylinder TesL Measuring expansion of a standard metal cylinder caused by a detonating
explosive and its detonation-product gases provides performance data characteristic of the specific

HE tested. A desirable formulation provides the highest delivered energy at lowest expansion
volume in the divergent geometry of the cylinder test.

During 1972-1973, cylinder tests with TATB formulations were carried out at LASL. The

results are reported here relative to those for PBX 9404 at cylinder expansions of 6 and 19 mm.
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Velocity Ratio

Density [V2(HE)/V2(PBX 9404)]

Formulation (g/cm3) at 6 mm at 19 mm

TATB/HMX/Kel-F 800 40/50/10 1.900 0.835 0.911

1.900 0.836 0.851

TATB/Kel-F 800 90/10 1.921 0.673 0.689

1.920 0.659 0.690

X-0272 1.839 1.003 1.021

1.839 0.986 1.007

X-0407 1.855 1.67

Many cylinder shots were done at LLNL over the years. Representative data, compiled by

McMurphy, are listed in Appendix B, Table B-6.1v-gg Expansion data are scaled to a 25.4-mm ( 1-

in.)-ID cylinder. Ln 1985, McGuire and Finger of LLNL determined the effect of detonation

temperature on cylinder-test performance; the data are included in Table IV-9 (Ref. IV-30).

Doherty, Short, and Kamlet of NSWC in 1989 developed a correlation for estimating cylinder-

test energies from expansion data. TATB and nitroguanidine (NQ) underperformed by - 15%

relative to this equation (Ref. III-49). Their data are included in Table IV-1.

In 1991 the LLNL group of Simpson, Kury, Nichols III, Breithaupt, and Crawford reported on

evaluation of IHE performance.lv-90

14. Other Energy Release Concepts and Calculations. Urizar and Rohwer at LASL

established the p% criterion for X-0219 at a density of 1.920 g/ems in 1972. Tests showed a

reaction at 90 kbar for 2.8 p.s that consumed about half of the sample, and at 47 kbar for 10.5 ~

that consumed about 3/4 of the sample (p%= 23,000 kbarz-y.s). Christia.nsen and Taylor at LANL

reported this result in 1973.lv-g 1 They compared the p% values of several explosives listed below.

The constant C = p% is characteristic for each HE, but it increases to a maximum as the reaction

runs to completion. The value of C is also dependent on density, crystal size distribution,

composition, arid initial temperature.

Explosive C (barZ-s)

PBX 9404 540

Comp B-3 1,300

Cyclotol 75/25 1,600

TATB 23,000
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The reaction is less violent for the less sensitive explosives, and therefore safer. Wackerle and

Ramsay of LASL studied the p% relationshop for X-02 19 and, in 1974, suggested that spherical

systems with short runs to detonation would make X-0219 easier to initiate.

In 1974, Walker, Wasley, Green, and Nidick, Jr. at LLNL set forth the critical energy concept

for shock initiation to establish reliability and safety of the component.~-gz This concept is based



on the assumption that a strong correlation exists between the shock initiation of an HE and a

specific quantity of energy transmitted to the HE by a shock wave. They established a “critical

energy fluence” or a p% requirement for shock initiation. They determined that critical energy

fluence EC is related to P%; EC= -950 J/cmz for X-0219, p = 1.93 g/ems.

Lee, Honodel, and Weingart of LLL reported in 1980 on shock-initiation tests of TATB

formulations conducted with input pressure pulses of 4 to 55 GPa (Ref. IV-57). Results indicated

that the P% relationship between initiating pressure and pulse duration was constant at high

pressures and short pulse lengths. P% varied from 5.8 to 23 GPaz-ps.

Another concept of energy release was advanced by Hardesty and Kennedy at SNLA in

1977.lv-gs Rather than expressing HE performance by relative ranking of cylinder-test results,

they would determine the effective specific energy of an HE. Using the TIGER code, this energy

could be determined, with the Gurney energy or velocity as an absolute indicator of an HE’s metal

accelerating ability.

15. Electrical and Friction Initiation. The possibility of accidental initiation by friction (See
Thermal Ignition, Section IV-D), lightning or other electrical stimuli of HEs, and TATB

specifically, was studied. Spark sensitivity and friction test methods are available for this
purpose.Iv-94toIV-96TATB and its mixtures did not respond in these tests. Forbes at NSWC

established the electrical breakdown voltage for pressed TATB as 5,750 V/rnm.lv-gT

In 1993, Kober, Copenhaver, and Ritchie at LANL presented a computer code that predicts the

energetic properties of molecular HE crystals.lv-gs Included in the code are the important

contributions to crystalline energy-repulsion, dispersion and electrostatics.

C. Impact Tests
Urizar, Petersen, and Smith of LANL compiled sensitivity data obtained up to 1978 for LASL

explosives.lv-gg They describe the tests for which test results are compiled: minimum priming,
wedge, and small- and large-scale gap tests.

1. Bullet Tests. Vulnerability of X-0219 in light and heavy confinement was tested with

impacts from .50-cal. projectiles at velocities of-850 to 922 n-h. The experiments were conducted

by Hantel (LASL) in the early 1970s.lv-1~ The only reaction, burning, was caused at the highest

velocity, 922 rnh, for the lightly cased explosive, whereas all heavily cased models burned at
impact velocities around 850 rids. Later tests by Upharn with X-0290 produced similar results.

Nor did .50-cal. bullet impact at 804 m/s cause any reaction in PBX 9502 heated to 80°C. Tests by

Fletcher at LANL in the mid- 1980s with TATB and LX- 17 produced no detonations either. Tests

with .30-cal. ammunition showed that the projectile lodged in the assembly at about 850 m/s and

caused complete burning rather than pass through, as did the .50-cal. projectile that caused less

burning. The burning reactions extinguished themselves in all test.

In the early 1980s, Sharp at MHSMP conducted .30-cal. rifle bullet tests on RX-26-AW/AX,

RX-26-AY/AF, and RX-26-AF with HMX of different particle sizes lV-lO1Reactions occurred

most often with the finest particle-size HMX. No detonations happened.

In 1982, Delistraty and Brandt at LLNL used a light gas gun to establish detonation parameters
for LX- 17 at a density of 1.90 g/cms.iv-10z High-order diverging detonations were obtained with

an 8-mm diarn by a 19-mrn steel rod at 5.67 km/s impact velocity and with a Ta plate of 24.2-mm

diam at 6.53 km/s.

In 1993, Chidester and Green of LLNL reported on a method that allowed calculation of the

frictional work on the II-E to accurately predict the reaction threshold for initiation in an accident

scenario.lv-lOs Projectile impact tests produced a pressure of <3 kbar for 150 us at the reaction
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threshold. The impacts failed to react LX-17 (p= 1.9 g/ems, 98% TMD), even when the IHE had

been heated to 250°C.

2. Drop-Weight Impact Tests. In 1990, Storm, Stine, and Kramer at LANL compared

LANL and NSWC results from drop-weight impact tests of many nitroaromatics, in the hope of

finding a correlation with other sensitivity test results.lv-l@$ They developed a “sensitivity index”

based on oxygen balance (OB) to estimate sensitivities of closely related molecular species. Drop-

weight impact tests are performed routinely on all new explosives. Maximum drop height at

LLNL is 177 cm using a 2.5-kg weight, at LANL 320 cm using a 5-kg weight. Pure TATB gave

no reactions in either machine. For mixtures, the amount of explosive more sensitive than TATB

determined the drop height for reaction. Neither TATB nor X-0290 reacted in the drop-weight

impact test at temperatures from 25 to 250°C. The test results are given in Appendix B, Tables

B-7, and B-8. Drop height indicates a reaction, except for the “no go’s” at 320 and 177 cm,

respectively.

3. Large-Scale Impact Tests. The skid, sled, spigot, and Susan tests were developed to

determine the likelihood of high-order detonation when a large HE-containing component or

assembly is dropped or impacted accidentally. Reactions do occur, but the presence of TATB

exerts a strong desensitizing influence.

In the skid test, spherical billets are swung pendulum-fashion at 14°- or 450-angles to simulate

a credible accident. Tests conducted at LASL during the late 1960s and early 1970s proved TATB

unreactive, and formulations X-02 19 and X-0272 showed only mild reactions. Results on

TATWHMX formulations showed that mixtures with more than 40% TATB did not react in the

skid test.

In the spigot test, assemblies containing a booster explosive are dropped from a 46-m-high

tower onto a steel pin. In the LANL studies, no reaction was observed and all PBX 9502, the test

explosive, was recovered.

In the sled and Susan tests, which are horizontal impact tests, no reactions occurred at velocities

below 152 m/s. Scheloske of LLL conducted Susan-like tests on RX-03-BB at 250°C; violent

reactions occurred at impact velocites of-700 m/s (Ref. IV-86). Weapon-like assemblies were

tested at SNLA using PBX 9502. No reactions occurred at impact velocities of up to 610-rn/s.

4. Gap Tests. Large- and small-scale gap sensitivity tests, developed and used at NOL since

about 1960, were adapted for use at DOE installations. Price at NSWC studied this test method in

depth over many years.lv-10S tOIV-107

The small-scale gap test (SSGT) is run in a 12.7-rnm geometry for sensitive explosives, but

the large-scale gap test (LSGT) (38. l-mm geometry) provides more realistic results for less

sensitive HEs. Because of TATB’s extreme insensitivity, most of the gap tests on TATB

formulations were run in the large-scale geometry, called standard at LANL, or in the special

25.4-mm geometry, developed at MHSMP to conserve material and to avoid effects from failure-

diameter interference. Results are reported in Appendix B, Table B-9 as 50’% probability of an

event from large- and small-scale tests.

Results from 25.4-mm gap tests, studied by Urizar at LASL in the mid- 1970s led to the

following conclusions:

1. The sensitivity of TATB and its formulations with 5 to 10% Kel-F 800 binder is very

strongly a function of the percentage of voids in the charges teste~
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2. These formulations (X-0219, X-0290, X-0291) exhibit similar shock sensitivies at low

void percentages (high’% TMD), but the formulations with lower binder contents become

relatively more sensitive at higher void levels; and

3. The superfhe TATB (20p. mean diam) does not appear to be more sensitive than regular

production TATB (60p mean diam).

Price at NSWC concluded from a literature study and comparison with Seitz’s data from

shock-initiation experiments that coarse, porous HE appears more shock-sensitive than a fine HE

in tests at relatively low pressures and long durations, where thresholds for ignition are measured

(gap tests or thick-flyer impacts, Ref. IV-107). However, at relatively high pressures (sustained or

short-duration shocks), fine HE seems more shock-sensitive than does coarse HE. Wedge tests

are carried out at high pressure, therefore these tests show fine HE more shock-sensitive than

coarse HE. A reversal of this relative rating is seen when a large range of pressures down” to and

including very low amplitudes is used, as was found for TNT, HNS, and TATB.

Liddiard, Forbes, and Price reported on shock initiation of HEs, including TATB in modified

gap test (MGT) and underwater sensitivity test (UST) geometries~-log. They compared their data

with those from the LSGT and found that the most dominant effect on sensitivity was the method

of preparation (castor pressed, that is, % voids). They also found that TATB required the greatest

shock for initiation of all the HEs tested.

Spivak, Betancourt, and O’Connor at NSWC developed a gap test that gives comparative data

for IHEs. Their samples are for 0.5-in. diam by 0.5-in. -long IHE pressed into steel tubing,

requiring only about 5 cms of lHE.lv-l@ Results correlate well with the LSGT data.

D. Thermal Ignition

Summarized in this section will be the responses effected by thermal stimuli in TATB, its

formulations, and fabricated HE charges. Such tests are essential to establish the safety of these

materials and components in various environments. Together with other sensitivity parameters, we

can obtain a good picture of the certification of TATB as an insensitive and safe production HE.

While TATB and its mixtures show increased sensitivity at elevated temperatures (See cylinder-
and gap-test results), they are many magnitudes less sensitive than HEs used in the past (for

example, PBX 9404, Comp B).

LANL’s Storm and Travis reviewed sensitivity data for TATB, and compared them with

HMX’s characteristics.1v-1 10

Laser ignition of TATB, using a pulsed, yttrium-aluminum-garnet neodymium-doped (YAG)

laser, was achieved in 1988 by Dosser, Siwecki, Beckman, and Girrnann at MLM. Iv-111

1. Hot Spots.

a. Expen”men&zL Numerous studies have been carried out in recent years on decomposition and

initiation of TATB through shock loading, friction, underwater shock, or flyer-plate impact to study

by various spectroscopic methods the molecular processes involved in subignition and thermal

ignition. The early studies were carried out by Owens and Sharrna at the ARDC in the mid- 1970s,

when they found evidence of shock-induced intra-molecular-bond breaking and production of

radicals (The N02 group was severed from the molecule) .1v-1~ztOiv-l 15 In some cases, the bonds

broken by shock were different from those broken in thermal decomposition.

These studies, related to electronic excitation, were continued and expanded at NSWC by

Sharrna with Beard, Coffey, Elban, Forbes, Glover, Hoffsornmer, Liddiard, and Santiago into the

1990s.lV-116[Olv-lzz They identified reaction products that were more sensitive than the original
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sample. Sharma and coworkers at the NSWC reported in 1991 on work that demonstrated for the

first time a linear correlation between shakeup spectra from XPS (energy transfer) and impact

sensitivity of TATB.lV-lZS tOIV-126Demske at NSWC, Brazen, Farley, and Miller at LLNL, and

Warnes at LANL reported on hot spots in TATB with a pulsed relativistic electron beam and on

explosions that quickly quenched.lv-127

In the late 1980s, LANL scientists Greiner, Blais, Phillips, Johnson, and Femandez, and Volk

from ICT, developed a method to identify detonation products and determine their relative

concentrations quantitatively for small samples. [v-lzsJv- 129 Products could be measured at ~ 1 p

after passage of the detonation wave; diamond was found in TATB/TNT soot.

At SNLA in 1988, Dodson, Venturini, and Rogers, Jr., subjected HEs to shock loading of

0.6 GPa,lv-lsO Only TATB showed signs of radical generation. Trott and Renlund of SNLA used

pulsed-laser Raman scattering to study the NH2 bond in TATB under shock loading. They found

that hydrogen bonding is enhanced at modest dynamic pressures.lv-lsl ‘oIv- lS’$This effect is

reversed at elevated temperatures. Effects of temperatures to -200°C and pressures to -6 GPa

were studied.

In 1993, Foltz at LLNL noted that pressure-dependent reaction propagation rates for TATB

increased approximately linearly to about 20 GPa, then more rapidly (exponentially), showing

further discontinuities at 30 and 40 GPa.lv-lss The measurements were made in a diamond-anvil

cell at 3 to 40 GPa. During the experiment, TATB changed color from the original yellow at

ambient pressure to red, then to black above 30 GPa. And Fried and Ruggiero, also from LLNL,

were able to estimate the phonon upconversion rate in TATB and other HEs from existing inelastic

scattering data.lv-lsG They found that the estimated energy transfer rates in pure unreacted TATB

were strongly correlated with impact sensitivity.

b. Modeling. The effect of hot spots on the shock-initiation behavior of TATB was modeled

by Mader, Forest, Johnson, Kershner, and Tang at LANL and was interpreted with the aid of

mercury-intrusion porosimetry by Lee, Bloom, von Hone, Weingart, Erickson, Sanders,

Slettevold, and McGuire at LLNL (Ref. IV-34). These efforts were reported at the 8th Symposium

on Detonation in 1985.lv-lsT~lv-lsg

At the Symposium in Beijing in 1987, Maiden from LLNL proposed a model of hot-spot

formation to determine the minimal ignition properties of pyrotechnics and explosives. [V-139He

assumed that sufficiently high pressure would lead to viscoplastic heating and pore motion, which

then leads to ignition when the hot spot reaches the critical conditions predicted by thermal

explosion theory. Ignition thresholds depend on p%. Experimental data used were pore-size

distribution, viscosity, thermal conductivity, yield stress, pressure, and temperature. Viscosity and

melting determined the rate of pore collapse. Heating rates were extremely fast, and ignition delays

were short because of the high temperatures at the pore walls. His calculational results agreed well

with results from flyer-plate experiments. P% for TATB calculated to 627 kbarz-ys. Cady

concluded in 1992, based on experiments conducted earlier at LANL, that void collapse will

produce hot spots leading to initiation (Ref. I-36).

Nichols, Tarver, and Chidester of LLNL reported at the Tenth Detonation Symposium in 1993

on modeling the SDT process, using the expanded heat transfer code TAPAZ2D.lV-lM An

unlimited number of chemical species and reactions relating to these species can now be included

in the model, as data become available.

2. Confined and Unconfined Heating Tests. Donaldson and Lee at SNLA determined the
times and temperatures to explosion for several HEs by heating them in cylindrical vessels.
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Heating rates and confinement could be varied, so both burning and steady heating could be

studied. [v-l’$1tOlv-lAs The surface temperature at the time of explosion in a closed vessel was

-249°C with detonation for a HMX/TATB formulation, whereas it was -316°C for a TATB

mixture without HMX, but was accompanied by a nonviolent reaction. Both formulations burned

in the unconfined tests but did not detonate. TATB mixtures emitted gases rapidly enough to

rupture the stainless-steel confinement vessel, but only self-heating and exothermic decomposition

were observed. Detonation, if initiated, failed to propagate. In 1991, Lundstrom at the NWC

reported that a hot-spot variation of the Forest Fire burn model produced an unsteady reactive-flow

field for PBX 9502 when impacted with flyer plates. ~-l’$s

During the mid- 1970s, Popolato, Ruminer, Vigil, Kernodle, and Jaeger at LANL conducted

unconfined one-dimensional heating experiments in slab geometry on several HEs.lv-lAS The

experimentally determined temperatures and times to ignition were reproduced computationally by

solving a one-dimensional heat-conduction equation that contained a zero-order reaction-energy

source term and a time-dependent temperature boundary condition. For PBX 9502 at a heating rate

of 20°C/min, the temperature to ignition was 340°C and the time-to-ignition 18.5 min.
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V. AGING AND COMPATIBILITY

A. Introduction

When materials are aged for extended time periods (weeks or months) in close contact under

confinement, they are frequently changed by decomposition or decomposition products through

the influence of temperature pressure, radiation, or other external stimuli. Such changes can affect

the properties and performance of the explosives and components; TATB is no exception. These

changes are called compatibility problems when they affect the behavior and performance of a

weapon part or component.

Aging tests have been carried out since the early 1970s in various configurations, from

coupons to full-scale mockups. Decomposition and/or other reactions are usually expressed as

amount of gases evolved. Pertinent results from tests with TATB, its mixtures, and other

materials of interest are summarized below. Unconfined samples were run as controls and for

comparison.

B. Aging Tests

The early aging (surveillance) tests were carried out by Loughran, Wewerka, Cady, and Rogers

at LASL with TATB and X-0219, the materials being stored at 175 and 204°C in ampoules

containing 200 torr of dry air for periods of one to eight weeks. The X-0219 survived the

175°C/2 wk test well, but it showed an 11% weight loss after 204°C/2 wk. Thus, X-0219 was

deemed unsuitable for use in Plowshare applications. TATB showed similar weight loss after

204°C/2 wk.

Samples of TATB were irradiated in a ~Co source by Loughran and Wewerka at LASL in

1973 at 0.26,0.52,2.1, 10, and 21 Mrad, then aged in ampoules under 200-torr air at 175°C for 2,

4,8, and 16 weeks. Thermal decomposition started at lower temperature, and the rate was higher

for the more highly irradiated material. These researchers also studied the use of free-radical

inhibitors (quinone, anthraquinone, butene-1, and NO) to slow the decomposition rate of TATB.

Results of tests at 177 and 204°C over 2 to 16 weeks under 200 torr air, butene-1, or NO indicated

that none of these materials stabilized TATB.

Later in 1973, Loughran and Wewerka studied TATB, X-0219, and X-0272 formulations in

long-term stability tests in arnpoules in brass and aluminum Henkin cells. The Al Henkin cells had

much lower TAT13 decomposition rates than did the brass cells in the 204°C tests. The surface of

the brass cells turned dark blue, similar in appearance to the blue of copper amine complexes.

After 204°C/8 wk the unconfined TATB had evolved gas at almost ten times the rate of the Al-

confined. material (Fig. V-1).
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Fig. V-1. Gas evolution data for TATB after eight-weeks storage in Henkin

cells at 177 and 204°C, and comparison with unconfined tests.

Maienschein, Nichols III, and Warden at LLNL in 1993 reported on reactions of LX-17 and its

combustion products with a molten metal (FM/Fe 75/25 at %) at high temperatures. v-l Kinetic

data taken with gas mixtures of CO and HZO and larger-scale tests with LX-17 showed that the

reactions were slow and incomplete, so there was no significant contribution to the energy release

rate. The II-E was held in tantalum (Ta) vessels and instrumented with Ta thermocouples. The

LX-17 preheated to between 227 to 237°C showed effective flame temperatures of 827 to 1127°C

and burn rates of 0.08 to 0.11 mm/s, depending on the extent of gas confinement by molten metal.

They also noted that molten metal was not oxidized, nor did it disperse when in contact with

deflagrating LX-17; therefore, no significant energy release was provided above that of the

deflagrating II-E. An induction time of 5 to 30s was observed in the deflagration. The concept of

effective flame temperature leads to a unique temperature for a given HE only with defined

confinement conditions; for example, weak confinement, such as a layer of molten metal, is

sufficient to raise the effective flame temperature by 300°C.

Results from DTA and TGA studies indicate that a detectable exothermic reaction occurs

between TATB and Cu, Fe, or Zn in the 400 to 500°C temperature region at 40°C/min heating

rate. Iron accelerates the decomposition rate of TATB more than does Cu or Zn, and Al and Si02

do not change the rate. TGA runs, at 338 and 357”C, showed that TATB evolves gaseous

products at an ever-increasing rate until the TATB is completely decomposed. Neither the metals

nor the initial decomposition products catalyzed decomposition of the excess TATB.

Cady at LANL found that after temperature cycling (from 4 to 77°C) for about one year,

precipitated TATB had a surface area reduction from21 mz/g to 11 mz/g, and that polysaccharide

coating did not stabilize the TATB surface area as it had for micronized TATB. Osbom at

MHSMP conducted thermal aging studies for micronized ultrailne, dry and wet TATB samples
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for 14 days at 90°C for the wet and 12 l°C for the dry samples. Results indicate a range of surface

areas from 2 mz/g to 3 mz/g for dry- and wet-aminated TATB, and from 3 mz/g for wet-

arninated, polysaccharide-coated TATB to 5.5 rn?g for dry-arninated, polysaccharide-coated

TATB.

Pritchard at LLNL conducted a compatibility study of TATB mixtures with three binders,

Estane 5702-F1, Kel-F 800, and Viton A (RX-03-AY, RX-03-AX, and RX-03-AZ, respectively)

at 120°C for one, two, or four months. v-z Test results were analyzed by a pattern-recognition

scheme. All units displayed physical changes, chemical analyses found no gross chemical

changes, the primary off-gassing products from the HEs alone were H2, N2, and C02. The

conclusions were that RX-03-AX and RX-03-AZ seemed to be suitable for long-term service; the

decomposition of the binder in RX-03-AY cast some doubt on the long-term stability of this

formulation. Additional testing was recommended.

Compatibility tests of many materials were carried out with TATB at MHSMP. For example,

in 1979 Myers and Copekmd carried out “coupon” tests on TATB and X-0290 in close proximity

to stainless steel, aluminum, uranium alloys, and similar materials. v-s~v~ The coupon stacks were

placed in sealed canisters and aged at elevated temperatures for 6, 12, and 18 months. The canisters

were gas-sampled by CRT periodically, and the samples were tested for mechanical strength at

completion of the test series. Test temperatures ranged from 50 to 100”C. The metals showed

some corrosion, but suffered no effects from the chlorine impurities. Stress and strain were greater

at higher test temperatures.

During the late 1970s and early 1980s, Taylor and Andrews at LANL conducted numerous

materials compatibility studies and automated the data collection process for these accelerated

aging tests.

In 1980, Foster of MHSMP tested glycerine and a heat-transfer fluid with TATB and RX-03-

DI by DTA and CRT.v-s No compatibility problems were observed.

Mechanical properties of the explosives of interest were determined before and after thermal

aging; results are reported in Section III. Harnmon and Althouse at LLL tested bond strength and

compatibility of Explostick 473 with RX-03-BB in 1976. They found no problems. Richardson of

MHSMP recently studied the tensile and shear strength of glue bonds between LX-17 and

Explostik 473 at 24 and 71 °C.v-b No deterioration was found after 2 months of aging at ambient

or elevated temperatures.

C. References for Section V

v-1. J. L. Maienschein, A. L. Nichols III, and J. F. Warden, “Reactions of TATB-Based

Explosive With Molten Metal,” Lawrence Livermore National Laboratory report

UCRL-JC-1 14162 Preprint (1993).

v-2. R. H. Pritchard, “Initial Compatibility Evaluation of TATB Plastic-Bonded Explosive,”

Lawrence Livermore Laboratory report UCRL-77897 Preprint (1976).

v-3. L. C. Myers, “PBX 9502 Coupon Test,” Mason& Hanger, Silas Mason, Company,

Inc., Pantex Plant report h@WIP-79-7 (1979).

v-4. R. J. Copeland, “Joint TATIYD38 Compatibility Study:’ Mason & Hanger, Silas

Mason, Company, Inc., Pantex Plant report MHSMP-79-52 ( 1979).
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v-5. P. A. Foster, “The Compatibility of Explosives With UCON Heat Transfer Fluid and

Glycerine,” Mason & Hanger, Silas Mason, Company, Inc., Pantex Plant report

PXD-80-06 (1980).

V-6. B. R. Richardson, S. H. Stoner, C. M. Walkup, and M. C. Burriss, “Investigation of the

Adhesive Bonding of LX-17,” Mason& Hanger, Silas Mason Company, Inc., Pantex

Plant report MHSMP-92-24 ( 1992) (Report UCNI, Distribution Limited).
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VI. ACCIDENTS/SAFETY

A. Introduction

TATB is so insensitive to accidental ignition and initiation that it is now machined and drilled

routinely without safety devices such as remote machining. However, health precautions are still

necessary.

McGuire and Guarienti at LLNL summarized the safety criteria and tests in a paper presented

at the Twenty-First Explosives Safety Seminar in 1984.vl-l They listed the tests required to define

and classify an explosive as an IHE, that is, “... explosive substances which, although mass

detonating, are so insensitive that there is a negligible probability of accidental initiation or

transition from burning to detonation.” Corley at the Air Force Armament Laboratory (AFL)

detailed IHE evaluation techniques at the same meeting.vr-z

The results from safety tests, such as thermal decomposition, friction, or electrical hazards w

listed in Sections III and IV.

B. Drilling

Up to the time that TATB was studied for use as a production explosive, operations with HEs

were carried out remotely to avoid accidents that might cause property damage and even loss of

life. Urizar and Rohwer at LANL examined the drilling procedure for TATB with a view to

eliminating remote handling of this insensitive HE. A test was setup to measure temperatures at

the drill tip. Results of this drilling test were that the maximum temperature reached at the drill tip

was 230°C. The method used by the British, an incremental drilling and withdrawing technique,

would keep the drill-tip temperature even lower (Table VI- 1).

TABLE VI-1. Results From Drilling Tests

Density Mean Maximum Temperature (“C)

Explosive/Depth (g/ems) 3/16-in. Drill l/16-in. Drill

X-0219/2 in. /1 in. 1.912 159 200

1.912 72

X-0290/2 in. /1 in. 1.894 210 221

1.894 167 --

TATB 1.88 114 115

C. Pressing/Machining

One pressing incident was noted at LANL. A pellet-pressing punch-and-die set failed during

operation because the pressing conditions were set incorrectly. The press closed much faster than

normal, causing an ultimate applied force of-10 tons; The upper punch failed and the lower one

broke; the TATB burned but did not detonate.

D. Toxicology

An extensive, in-depth toxicological study on TATB and TCB was conducted by Sasrnore at

SRI and published by Johnson and Cole at LLNL.vl-s Results from TATB dust explosions

showed that TATB settled in the lungs and lymphatic system of rats, causing lung lesions, and that
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TATB does not have a high explosibility index at the exposure levels of O, 100, 1000,

2000 n!g/m?) used in these tests.

E. References for Section VI

VI- 1. R. R. McGuire and R. P. Guarienti, “DOE Hazard Classification for Insensitive High

Explosives (IHE),” Minutes of the Twenty-First Explosives Safety Seminar (Houston,

Texas, 1984) Vol. I, p. 501.

VI-2. J, D. Corley, “Insensitive High Explosives Evaluation Techniques,” Minutes of the

Twen~-First Explosives Safety Seminar (Houston, Texas, 1984) Vol. I, p. 41.

VI-3. J. S. Johnson and L. A. Cole, “Ninety Day Study of Inhaled TATB and 1,3,5-

Trichlorobenzene in Rats;’ Stanford Research Institute, Menlo Park report UCRL-15398

with Appendix (198 1), and S/C 8525409.
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APPENDIX A. List of Organic Impurities in TATB and PBX 9502

1-Arnino-3,5-dichloro-2,4,6-trinitrobenzene

1-Chloro-3,5-diamino-2,6-dinitrobenzene

l-Cb.loro-3,5-diamino-2,4,6-trinitrobenzene

1-Chloro-3,5-dinitro-2,4,6-triarninobenzene

l-Chloro-3,5-dinitro-2,4,6-trinitrobenzene

1,3-Diamino-5-chloro-4,6dinitrobenzene

1,3-Diarnino-5-chloro-2,4,6-trinitrobenzene

1,3-Diamino-5,6-dlchloro-2,4-dinitrobenzene

3,5-Dichloro-2,4,6-trinitroaniline

1,3-Dinitro-2,4,5,6-tetrachlorobenzene

1,3-Dinitro-2,4,6-triaminobenzene

1,3-Dinitro-3,4,5-trichloroaniline

1,3-Dinitro-2,4,6-trichlorobenzene

2,4-Dinitro-3,5,6-trichloroaniline

2,6-Dinitro-3,4,5-trichloroaniline

3,5-Dinitro-2,4,6-trichloroaniline

1,3,5 -Triamino-2-chloro-4,6-dinitrobenzene

1,3,5 -Triarnino4-ehloro-2,4-dinitrobenzene

1,3,5 -Triamino-4-chloro-2,6-dinitrobenzene

1,3,5 -Triarnino-6-chloro-2,4-dinitrobenzene

1,3,5 -Triarnino-2,4-dinitrobenzene

1,3,5-Trichloro-2,4,6-trinitrobenzene

2,3,5 -Trichloro-4,6-dinitroaniline

3,4,5 -Trichloro-2,6-dinitroaniline

2,4,6-Trichloro- l-nitrobenzene

2,4,6-Trichloro-3,5-dinitroaniline
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APPENDIX B: TEST RESULTS

TABLE B-1. Strength of TATB Mixtures at Various Temperatures and Before and After Temperature ■

CyclingfAging.

Test Diametric Disk Tensile Compression
I

Formulation Temp Ustre Ustra Ustre Ustra Ustre Ustra Tstra*
0 (llfPa) (%) (lW_Pa) (90) (MPa) (%) (%) i

TATB

LX-17

wet aminated

-t-emulsion aminated

dry aminated

LX-17-O -20

+55

temperature cycled -54

+21

+74

PBX 9502

PBX 9502 + O.15% Dapon M

TATB/HMWEstane 219513

7 U2514

66/30/4

63/27/10

6113514

46150/4

45/45/10

TATB/HMX/Kel-F 63/27/10

TATB/TNT/Al 40/40/20

RX-03-BB

temperature cycled

RX-03-DI

RX-03-DN

RX-03-DU

96

-54

-18

+24

+74

-54

+25

110

-54

+25

110

100

+60

+80

100

4.32

4.32

2.61

4.57

7.20

6.47

2.84

2.73

2.66

2.50

0.37

0.36

0.26

0.33

0.53

4.55

0.33

0.28

10.07

9.38

0.28

0.26

0.19

12.80

9.38

1.12

1.23

5.10

5.07 0.08 13.79

9.11 0.38 23.42

10.73 0.38 23.42

5.96 0.28 15.39

9.14 0.40 22.09

12.30 0.33

5.29

10.6

8.7

0.43 2.5

0.33 9.26 0.27

8.48

50.0

31.83

14.53

6.66

2.0

2,24 7.44

2.24 7.44

1.76 8.77

1.69 5.43

0.5

0.27

0.29

0.31

25-28 1.8-2.9

8.29

1
9.90

34.66

8.32 0.31 17.65

9.65 0.34 20.68

7.68 0.22 17.17

7.60 0.31 16.96

7.60 0.35 15.99

11 0.26 34.47

6.41 0.28

1.8 6.60

2.2

1.83

2.0

2.1

2.2

17.93 2.6

I

I

I

I



TABLE B-1. Continued

Formulation

RX-03-DY

RX-03-EY

RX-26-AF

RX-03-BB

temperature cycled

RX-03-DI

RX-03-DN

RX-03-DU

RX-03-DY

RX-03-EY

RX-26-AF

RX-26-M

X-0219

X-0253 ambient

X-0272

X-0407

ambient

X-0433

X-0450

Test Diametric Disk Tensile Compression

Temp Ustre Ustra Ustre Ustra Ustre Ustra Tstra*

rc) (MPa) (%) (MPa) (%) (MPa) (70) (70)

5.11

1.34

2.97

+60

+80

100

-54

+21

+74

-18

+24

+49

+74

-18

+24

+49

+74

-54

+72

5.11

1.34

2.97

4.36

0.40

0.10

0.51 2.01 0.26

0.22

8.32 0.31

9.65 0.34

7.68 0.22

7.60 0.31

7.60 0.35

11 0.26

6.41 0.28

0.10

0.51 2.01 0.26

0.22

9.97 0.17

0.24 11.28 1.54

0.21 5.13 1.40

4.77

5.06

2.41

0.73

7.6

5.9

3

5.65 0.30 9.92 0.17

2.76 0.35 4.00 0.23

8.25

17.65

20.68

17.17

16.96

15.99

34.47

8.25

46.59

34.60

21.66

12.4

8.55

16.05

off-scale

off-scale

16.07

7.64

43.06

25.78

12.19

31.96

16.40

2.11

1.8 6.60

2.2

1.83

2.0

2.1

2.2

17.93 2.6

2.11

1.14

3.05

2.01

*Ustre = ultimate stress, Ustra = ultimate strain, Tstra = te~ina] s~~n
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Table B-2. Temperature and Time to Explosion Data for TATB Formulations.

Time

Explosive Temperature (°C) (s) (w Test

LX-17- 1

pressed

bulk granule

bulk machining waste

PBX 9502

ambient

aged 6 mo/lOO°C

aged 12 me/l OO”C

heating rate 20°C/min

RX-26-AF

ambient

aged 6 mo/lOO°C

aged 12 me/l OO”C

X-0407 average

X-0450

X-054 1 average

235

242

252

261

255

265

276

245

256

266

214

245

251.5

263.3

247.4

252.6

263.6

239.8

245

256.3

259.5

250

254

215

340

171

174.4

181

185

192

169.4

177.6
182.3

188.9

201.5

172.6

175.7

180.8

185.3

190

215.82

177.6

187

195

207.15

67,464

41,904

22,248

10,944

58,320

30,312

15,624

78,336

39,096

21,996

86,400

25,416

20,304

8,995

20,520

15,480

6,912

27,432

21,672

8,424

6,955

138,600

198,000

64,800

1,100

49,968

31,680

19,656

13,104

7,560

49,176

24,480
17,064

7,632

3,384

44,388

32,040

19,152

11,520

7,776

7,854.4

31,860

14,400

6,997

3,962.3

18.79

11.64

6.18

3.04

16.2

8.42

4.34

21.76

10.86

6.11

24.0

7.06

5.64

2.50

5.7

4.3

1.92

7.62

6.02

2.34

1.93

38.5

55.0

18.0

0.31

13.88

8.8

5.46

3.64

2.1

13.66

6.8
4.74

2.12

0.94

12.33

8.9

5.32

3.2

2.16

2.18

8.85

4.0

1.94

1.10

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

LSTX

LSTX

ARC

LSTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX
ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ODTX

ARC

ODTX

ODTX

ODTX

ARC

X-0547 avera~e 224.94 6,549.6 1.82 ARC
<
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Table B-3. Results From CRTs Carried Out at LLNL

Explosive Temperature (“C) Time (h) Total Gases (cm3 [STP]/g)

PBX 9502 120 48 0.0- 0.5

with Hercules TATB

RX-26-AW

RX-26-AY

TATB/HMX 50/50

RX-26-AF 100

with Rocketdyne TATB 100

100

120

120

120

120

140

140

140

140

160

160

100

120

120

120

120

140

160

100

120

120

120

120

140

160

100

120

120

120

120

140

160

100

120

120

120

120

140

160

48

96

144

24

48

96

144

24

48

96

144

24

48

48

24

48

96

144

48

48

48

24

48

96

144

48

48

48

24

48

96

144

48

48

48

24

48

96

144

48

48

0.054 * 0.008

0.065 * 0.003

0.075 * 0.003

0.089 * 0.009

0. 128* 0.005

0.202 * 0.010

0.267 * 0.010

0.297 f 0.015

0.473 * 0.012

0.857 A 0.044

1.205 * 0.052

1.712 A0.132

1.284 f 0.43

0.009 * 0.002

0.022 * 0.003

0.034 * 0.001

0.068 * 0.008

0.116f 0.013

O.I55*O.O1O

0.791 * 0.087

0.007 * O.000

0.0136* 0.0021

0.016 * 0.003

0.026’* 0.001

0.039 * 0.003

0.096 k 0.006

0.672 A 0.059

0.0086* 0.0009

0.01 18* 0.0005

0.017 * 0.002

0.025 * 0.002

0.046 * 0.011

0.086 * 0.003

0.712 * 0.035

0.008 * 0.000

0.025 k 0.003

0.036 t 0.005

0.028 * 0.001

0.071 * 0.004

0.107 * 0.025

0.793 *o. 101
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Table B-4. Corner-Turning Test Data From MHSMP

Corner-
Density Turning

(g/cm3) 90TMD BET Temperature Particle Distance
Formulation (m2/g) (“c) Type (mm)

LX- 17-1 1.908 +21 31.22

PBX 9503 2.86

1.45

0.87

RX-03-DI 97.84

98.15

98.46

TATB/HMXfKel-F 90/5/5 1.9403

80/ 1515 1.9369

PBX 9502 1.886 i-2 1

1.886 -54

1.875 +21

1.875 -54

1.869 +21

1.869 -54

+2 1

+1

+21

+21

+21

+21

+21

-54

+21

-54

+21

-16

-54

2.86 -54

1.45 -54

1.45 +21

0.87 -54

0.87 +21

X-0433

1.8975 98.01

75.5/19.5/5 1.8956 98.00

75/2515 1.9336

-54

+21

-54

+21

+21

-54

+21

-54

7012515 1.8940 98.03 -54

1.896 97.88 +21

1.8 +21

1.8 -54

97.90 -54

1.800 92.89 +21

production

production

micronized

micronized

5oi5 o

production

micronized

micronized

micronized

micronized

micronized

micronized

coarse

coarse

fine
fine

micronized

micronized

16.06

26.50

11.30

17.79

10.01

14.63

3.3314.47

5.67/6.74

failed

4.2

28,2

37.6

16.5 + 1.0

25.3 & 0.2

13.6 k 2.1

failed

4.1 * 1.0

6.2 * 0.9

6.9 t 0.6

failed

failed

failed

faiIed/7.8

failed

10.2/11.3

9.5

6.8

7.0

5.1

4.9 k 0.5

4.9 * 0.2

1.6 * 0.6

3.0 * 1.2

4.8

4.13

1

2.1

14.64

1.21

1

1

I

I

I

I

I

1

I

I

I

I

I

I

I

i

1

1

I
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Table B-5. Corner-Turning Data For PBX 9502

Density of Booster Corner-Turning Corner-Turning Volume of

Test Piece Diameter Distance (mm) Radius (mm) Radius

(g/cm3) (mm) (experiment) (model) (experiment) (model) (-3)

1.870

1.870

1.883

1.886

1.900

1.874

1.869

1.883

1.887

1.902

1.901

1.875

1.877

1.885

1.883

1.901

1.902

12.0

15.0

12.0

15.0

15.0

9.0

13.0

9.0

13.0

9.0

13.0

7.0

8.5

7.0

8.5

7.0

8.5

Temperature -55°C

17.94+1.26 14.30 17.46

15.8&k0.93 12.88 18.12

25.17+1.66 22.04 21.19

21 .74&4.48 20.64 18.12

faded, no light beyond the fifth slit

Temperature 25°C

15.27W.49 12.05 13.20

10.35M).22 7.41 14.15

18.62MJ68 16.49 16.92

13.02H.64 11.19 14.15

failed, no light beyond third slit

27.24B.52 23.61 21.36

Temperature 75*C

12.54ti.59 13.90 16.62

11.35H.46 10.17 13.10

16.573Q98 13.51 12.82

11.22+0.56 8.48 13.10

32.72&l .30 35.44 20.50

30.24+1.93 30.90 20.68

14.80

15.96

18.90

21.22

10.59

12.12

12.38

13.12

21.22

8.92

9.46

10.57

9,26

13.25

15.69

5,800

6,500

18,300

19,300

3,100

1,900

5,200

3,300

22,900

2,500

2,000

3,400

1,600

14,500

17,600
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Table B-6. LLNL Cylinder-Test Data

Density R-Ro Velocity (km/s)

Formulation (g/cm3) (%TMD) (mm) wall Detonation

LX- 17

LX- 17-1

PBX 9502

RX-03-AT

RX-03-AU

RX-03-DJ

RX-03-DM

RX-03-DY

RX-03-EI

RX-03-EJ

RX-03-EK

RX-03-EL

RX-03-EN

RX-03-EO

RX-03-ER

RX-03-EX

RX-03-EY

1.900

1.917

1.880

1.893

1.885

1.852

1.868

1.846

1.885

2.032

1.966

2.087

1.891

2.003

1.970

1.800

1.808

97.90

98.60

97.01

97.96

97.10

97.70

97.60

96.80

97.80

98.45

98.20

98.42

97.70

98.69

99.13

98.20

--

5

19

5

19

5

19

5

19

19

19

19

5

19

5

19

5

19

5

19

5

19

5

19

5

19

5

19

5.

19

5

19

1.2600

1.4539

1.7850

1.9561

1.7446

1.9384

1.7500

1.9397

1.4590

1.4520

1.4590

1.6656

1.9150

1.6912

1.9201

1.4909

1.7505

1.7732

1.8065

1.4378

1.7234

1.7093

1.9309

1.6173

1.9466

1.7043

1.8156

1.7162

2.0345

1.6354

1.9723

7.597

7.656

7.650

7.580

7.729

7.586

7.662

7.573

7.621

7.440

7.537

7.349

7.591

7.070

7.369

7.501

7.541
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Table B-6. Continued

Density R-Ro Velocity (lank)

Formulation (g/cm3) (% TNID) (mm) Wall Detonation

RX-03-FG

RX-26-AF

RX-26-AV

RX-26-AY

RX-26-BI

RX-26-BM

RX-26-BN

RX-26-BO

RX-26-BS

RX-26-BV

RX-26-BW

RX-26-BX

RX-26-BY

RX-26-CA

RX-34-AE

RX-36-AI

TATB

1.833

1.838

1.747

1.888

1.896

1.973

1.936

1.934

--

1.907

1.880

1.901

1.900

1.772

1.880

1.817

1.800

1.860

98.77

98.30

89.90

98.74

99.60

97.20

98.22

97.30

--

--

--

--

--

97.85

96.76

95.38

92.88

5

19

5

19

19

5

19

5

19

5

19

5

19

5

19

5

no detonation

5

19

no detonation

5

19

5

19

5

19

5

19

5

19

5

1.6829

1.9189

1.8984

2.1670

1.3410

1.8578

2.1806

1.9640

2.1872

1.6216

1.8342

1.6956

1.9670

1.4979

1.6774

1.2711

1.2158

1.4270

1.2433

1.5175

1.9616

2.1995

1.9132

2.1576

1.5135

1.7476

1.2828

1.4674

1.49

7.718

8.239

6.562

8.247

8.217

7.407

7.852

7.108

7.099

7.040

7.313

8.297

6.751

8.411

7.478

7.76
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TABLE B-7. Results of LANL Drop-Weight Impact Tests With Type 12 Tooling

Drop Height

Explosive Composition (wt %) (cm) Comments Designation

DA’IB >320

DATB/Estane 5703 fBaC03 3719.5153.5 >320 X-0262

DATB/EstaneJOxamide 55.5/14.3/30.2 >320 X-0263

DATB/Sylgard 182 >320 X-0384-20

DATB~alc/Estane 42.8/46.2/1 1.0 >320

DATB/Ti02/Estane 37.4153/9.6 >320

DATB/Viton 9515 >320 X-0299

DATB recylediDATB raw/Viton A 63.33/31.67/5 >320

DATB/Viton A/BaC03 35.1/ 14.1/50.8 >320 X-0264

TA’TB >320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

TATB/acrylate binder 70/30

TATB/AN 1/9 molar ratio

1/3 molar ratio

TATB/AN/ADNT 1.24/1 .24J1 molar ratio

1.3/4/3 molar ratio

TATB/Dapon M 90/10

TATB/EAK 20/80

TATB/Elwax/B2 wax 941313

901515

TATB/Epoxy HG 18 95/5

TATB/Estane 9515

90/10

TATB/Estane 5714-F1 95/5

TATB/Fairy Dust 90/10

TATM-IMX 85/15

75125
TATB/HMX/Bstane 70/25/5

519213

219513

TATB/HIWUEstane 5703 F-1 46.64149.2814.10

5114613

4315512

2917011

TATB/HMX/Estane 5703 F-l/Dye 70/25/5/0.4

TATB/HMX/Estane./Dye 60.6134.9/4. 1/0.4

511461310.3

TATB/HM)UKel-F 95/0.1/5

TATB/HMX/Kel-F/purple dye 79.8/15/5/0.2

TATB/HMX/Kel-F 75/20f5

7OI2OI1O

6013515

5014515

>320

>320

211

285

111

110

>320

116

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

47.9

39.9

180

148

106

55.6

>320

252

130

>320

>320

3 Es* in 25

drops at 320

>320

>320

67.0

Cordova

Hercules

Liverrnore

Pantex

Rocketdyne

Teledyne

McCorrnick-Selph

Supertine

y-irradiated 160 h

Bromine-treated

Ultratine,

saccharides coated

UV-irradiated

Curd PBX

X-0238

1:2 wt ratio

RX-26-AF

X-0396

tine HMX X-0450

X-0371

PBX 9502

X-035 1,

PBX 9503

X-0321

X-0320

X-0319
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TABLE B-7. Continued

Drop Height

Explosive Composition (wt %) (cm) Comments Designation

TATB/HMX/Kel-F 800 92.5/5/2.5 >320 X-0353
90.2514.7515

87.5/10/2.5

85.519.515

85112 .512.5

82. S115/2.5

80.75114.2515

80115/5

77.512012.5

71.25123.7515

70125/5

47.5/4517.5

45145/10

TATB/HMX/Kel-F 800/Purple dye 80/15/5/0.5

TATB/HMX/Kel-F 800/Vivid-blue pigment 50/45/5/0.27

lDye 90.25/4.751510.4

80.75114 .251510.4

801151510.2

50145/510.4

TATB/HMYUKel-F 800/Red-orange pigment

49.02144. 12/4.9011 .96

/Vivid-blue pigment 4514511010.27

/Hi Viz pigment 5014515/0.3

lDye 79.83114 .96/510.2

4514511010.4

37.815715/0.2

19.817011010.2

18.8 f761510.2

3191 .81510.2

TATB/HMX/Kel-F 820-800 63/27/10

40/5011 o

20170110

TATB/HMXIKraton 165047 .1149.713.2

TATB/HMXIKraton G-650(1 7012515

47.11491713.2

TATB/HMX/Kraton G-6500/Hyvac oil 7012512.2412.76

51.4146.3/1.03/1.27

4315510.911.10

29170/0.4510.55

/Irganox 1010

24.32172.9711.311.410.03

TATB/HMXIWiPS/DOP 6.7416 .60185.3610.810.5

TATB/KC104/Astrel-360

TATB/KC104/Dapon M/PbCr04

TATB/Kel-F/Cumar R-16 95/5/0.15

TATB/Kel-F 800 99.5/0.5

99/1

9812

97.512.5

92.517.5

90/10

9515

>320

>320

>320

>320

>320

>320

166

>320

210

>320

80.4

187

>320

90.2

>320

>320

>320

120

101

95.5

111

78.8

>320

135

58.0

74.3

47.9

39.9

>320

69.6

53.7

67

320

67

>320

172

98.3

56.4

52.7

>320

97.5

58.0

>320

>320

>320

>320

>320

>320

>320

>320

at 150”C

X-034 1

X-0354

X-0342

X-0358

X-0355

X-0343

PBX 9503,

X-0351

X-0356

X-0344

X-0319

X-035 1

X-03 19

X-0341

X-0343

X-03 19

X-0319

PBX 9503

X-0219

X-0319

PBX 9503

X-0219

RX-26-AX

RX-26-AW. -AX

X-0298

Proprietary

Proprietary

X-0331

X-0332

X-0333

X-0297

X-029 1, LX-17

X-0219

X-0290,

PBX 9502
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TABLE B-7. Continued

Drop Height

Explosive Composition (wt %) (cm) Comments Designation

TATB/Kel-F 800 99.5/0.5 (continued)

95i5

90/10

TATB/Kel-F 80WA1 7715118

TATB/Kel-F 800/Dioctyl Sebacate 95/4.8/0.2

TATB/Kel-F 80WOi1 90/5/5

/Purple dye 80/1 51510.5

TATB/Kel-F 3700

TATB/Kel-F 5500 95/5

TATIYKc1-F 800/Dapon-M 95/5/0.15

/Fluorolube MO-10 90/8/2

/Fluorolube LG-160 90/8/2

90/911

9019.5105
TATB/Kel-F 800/Kraton G-6500 95/5/0.2

/Lecithin 951510.2

/Phenolic microballoons
/Polyethylene fibers/Selane 186-A

95141510.15

/Versamid 125951510.2

IV/ax-l 0-200 901812

TATB/Kraton 98/2

TATB/Kraton G-6500/Hivac oil 97.6/1.68/0.72

TATB/PBX 95021Kel-F 800 66.35/30/3.5

TATB/PBX 95021Kel-F 80047 .515012.5

TATB/P~ 70/30

TATB/PETN/Kel-F 800 75/20/5

70125/5

6513015

TATB/PETN/Kel-F 8001T31uedye 69.8125.W5.010.2

TATB/Phenoxy 96,913.1

TA’ITVFNF elastomer 90/10

TATB/Polysar 306 95/5

TATB/PS/PoIy(pheny lene oxide) 97.212.5210.28

TATB/PS/DOP 9414.511.5

TA’IWPYX 50/50
TATJYRDX 85/15

80120

75125

TATB/RDX/acsylate 70/30 (90/10)

TATB/RDX/acrylate 70/30 (70/30)

TATB/Ta/Kel-F 800 65.2/31 .0/3.8

TATIVI’NT 99.9/0.1

60/40

50/50

40160

3W70

20180

10/90

TATBAN’17A1 40/40/20

/Kel-F 800 94.9/0.1/5

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

80.4

162

144

58.6

33.6 -51.3

>320

>320

>320

>320

>320

>320

>320

>320

>320

>320

2 Es* in 12

drops at 320

>320

>320

1 E* in 9 tests

at 320

2 Es* in 9 tests

at 320

288

269

177

150

6 Es* in 17

tests at 320

>320

Thermal study from RT X-0290

to 74°C

X-0219

wet arninated X-0458

X-0219

X-0290

X-0394

X-0339

X-0296

X-0345

machine scrap PBX 9502

machine scrap PBX 9502

X-0407

rnicrotized TATB X-0407

X-0329

X-0497

X-0330
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TABLE B-7. Continued

Drop Height

Explosive Composition (wt %) (cm) Comments Designation

TATB/Vibrathane 50039812 >320 X-0219
9515 >320 X-0219

TATB/Vistalon 4049515- >320 X-0498

TATB/Vistanex Tufflo 6026/D32 Microballoons 86/12/2 >320

TATBIWIPSIDOP 13.46185 .24/0.8/0.5 >320

1 E* in 25

drops at 320

*E=Event
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TABLE B-8. Results of LLNL Drop-Weight Impact Tests

Drop Height

Explosive Composition (wt %) (cm) Comments Designation

DATB/HMX/Viton 20/70/10

TATWBTF 50.6/49.4

TA’IWBTWNH4C104 36.42/2.50/61.08

3 1.99/10.0/58.01

TATB/Estane 5702 F-1 97/3

TATB/Estane 5702 F-1 94/6

TATIYHMX 46.6/53.4

TATB/HMX/BTF 15.2/69.9/14.4

TATBII-IMWBTF 58.6/22 .4/46.0

TATB/HMX/BTF/Viton 14.44/66.40/14. 16/5.0

TATB/HMX/Kraton 48/48/4

TATB/HMX/KratonNistanex 481481212

TATB/Kel-F 800 97.5/2.5

9515

92.5/7.5

91/9

90/10

1

!

I

I

I

I

1

I

I

I

I

I

I

I

I

I

1

1
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64

44

21

22

>177

>177

63

54

68

53

>112

>177

>177

>177

>177

>177

>177

>177

161

161

161

161

145

>177

>177

>177

>177

>177

5 kg,p =1 .83-1.86 LX-03-O

RX-36-AB

TMD 1.944 Rx-34-AD

TMD 1.941 RX-34-AG

TMD 1.946, MHSMP RX-03-AJ

TMD 1.866 RX-03-AE

RX-36-AF

RX-36-AC

RX-36-AD

TMD 1.9053 RX-36-AI

RX-03-DA

RX-03-DD

RX-03-BC

14% 40 micron RX-03-AR

TMD 1.940, p = 1.70 RX-03-AU

TMD 1.944, RX-03-BB
p = 1.89-1.94

TMD 1.946,superfke, RX-03-AH
slurry

TMD 1.946, RX-03-AB,
p = 1.92, MHSMP X-0219

TMD 2.067 RX-03-EJ

TMD 2.008 RX-03-EK

TMD 2.129 RX-03-EL

TMD 2.196 RX-03-EM

TMD 1.981 RX-03-ER

TMD 1.833

TMD 1.893p= 1.848

RX-03-DH

14% c20 micron RX-03-AT

TMD 1.927, MHSMP RX-03-AF

TATB/Kel-F 800/Al 74/6/20

83.25/6.75/10

64.75/5.25/30

55/4.5/40

TATB/Kel-F 800/AP/Al 74.0/6.0/12 .4/7.6

TATB/Kraton/Tufflo Oil 95.13/3.24/1.63

TATB/Phenoxy PKHJ 96.3/3.7 RX-03-DI

TATBITNT 9515

TATB/Vhon A 95.5/4.5

A 91/9
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Table B-9. Gap-Test Results For TATB and TATB Formulations

Explosive Density Voids 50% Point
Name or Composition (g /cm3) (%) (mm) Test Reference Comments

in Dural

TAl13

TATB/HMX/Estane 2/9513

TATBmMX/KeI-F 800 90.251417515

85.519.515

80.75114.2415

75.25123.7515

TATBKC104 95/5

90/10

90/10

TATB/Kel-F 800 95/5

X-0219

X-0319

X-0320

X-0321

X-0341

X-0343

X-0351

X-0407

PBX 9502

RX-03-BB

RX-03-DI

TAl13

1.7

1.7

1.7

1.881

1.841

1.907

1.905

1.898

1.893

1.905

1.924

1.923

1.895

1.920

1.880

1.897

1.883

1.850

1.881

1.881

1.884

1.879

0.88

1.860

1.895

1.895

1.845

1.894

1.906

1.900

1.887

1.888

1.893

1.894

1.899

1.858

1.851

1.848

1.847

1.883

1.865

1.750

1.700

1.700

1.700

1.700

1.600

2.9

54.07

1.7

1.7

2.0

2.1

2.9

3.0

3.1

2.4

2.5

1.5

2.2

3.9

2.4

2.7

2.89

2.94

2.225

in brass

2.4

2.4

5.0

2.47

3.8

9.7

17.4

0 to 0.025

0.042

0.025 to 0.051

22.78

26.24

37.16

43.23

43.51

22.6

22.28

19.81

22.33

14.73

46.91

47.19

48.74

52.86

46.74

42.85

29.40

42.88

no reaction

6.8

3.38

9.2

2.57

2.0

1.73

2.36

2.22

1.91

2.41

2.16

*4.7

4.95

5.46

1.95

5.17

0.127

0.36

0.38

0.36

0.38

0.05

0.36

s

s

s

L

L

L

L

L

L

L

L

L

L
L*

L

L

L

L

L

L

L

L

L

L

M

M

M

L

M

M

M

M

M

M

M

M

M

M

M

M

s

s

s

s

s

s

s

MHSMP

MHSMP

MHSMP

MHSMP

MHSMP

MHSMP

MHSMP

MHSMP

MHSMP

MHSMP

MHSMP

5op**

2op

Sp

regular
blm***

RT

RT

+80”C

RT

-75°c

RT

2 mo/lOO°C

8 mo/lOO°C

4 mo/80°C

8 mo/lOO°C

8 mo/60”C

cyc130d -50

+92°C

cycl150d

-50+92°C

cyc1250d-50

+92°C

prod

1.5% c1

superfine

13~

0.2% cl

-20Jl,

0.15% cl

fine

1.5% cl

superfine
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Table B-9. Continued

ExDlosive Densitv Voids 50% Point

Name or Composition (g lcm3j (%) (mm) Test Reference Comments

TATB (continued) 1.200 38.1 0.20 SLANL 1.5% cl

TATB/HMX/Estsne5/9213

2/9513

TA’IWPYX 50/50

X-0219

X-0290

X-0297

X-0407

TATB/lW’T/Al 40140/20

X-0329

1.000

0.777

1.839

1.803

1.760

0.777

1.000

1.200

1.502

1.702

1.801

1.894

1.895

1.895

1.895

1.895

1.880

1.859

1.90

1.870

1.856

48.4

60.0

1.6

3.5

4.9

60.0

48.4

38.1

22.5

12.2

7.1

2.5

2.4

3.1

*L- LSGT (41.275 mm), M - PXGT (24.5 mm),

s- SSGT (12.7 mm)

** ~ - particle size
*** blm . ball milled

in aluminum

0.7

2.3

2.3

0.13

0.13

2.057

3.632

1.2

0.13

0.13

0.20

0.38

0.36

0.41

4.57

4.17

2.34

3.78

5.54

5.79

1.6

31.3

34.39

17.6

SLANL

SLAM

SLANL

siANL

SLANL

SLANL

SLANL

SLANL

siANL

SLANL

SLAM

l-in. iANL

l-in. LANL

1-in. iJ4NL

l-in. L4NL

l-in. LANL

l-in. i.ANL

SLANL

LLANL

LJANL

LLANL

superfine

supertine

superfine

superfine

supertine

superfine

superfine

superfine

superfine

-78°C

+25°C

+80°C
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