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This report was prepared as an account of Govern- .. .
ment sponsored work. Neither the united States, nor t@ ‘ . ., ..
Commission, nor any per,son acting on, behalf of the, Corn- ,.
missiOn: ,. , .

A. Makes any warranty or representation, expressed
or implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or pro-
cess disclosed in this report may not infringe privately
owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any informa-
tion, apparatus, method, or process disclosed in this re-
port.

As used in the above, “person acting on behalf of the
Commission” includes any employee or contractor’ of the ‘ ‘
Commission, or employee of such contractor, to the extent
that such employee or” contractor of the Commission, or
employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his em-
ployment or contract with the Commission, or his employ-
ment with such contractor.
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performanceof severalhomogeneoushigh-explosivesystemswhich

B902 and BF2 as detonationproductshas beenmeasuredand
-d J

calculated.The experimentallymeasuredChaq-Jouguet pressuresand

detonationvelocitiesare consistentwith thosecalculatedusingthe

modifiedKistlakowsky-Wilsonequationof state. The systemsgive

pressuresand detonationvelocitiessimilarto thoseof ~. The

calculationsprovidea plausiblealthoughtentativeexplanationof the

behaviorof thesesystems,

The authorsgratefullyacknowledgethe assistancerenderedby

Wlldonl’ickettof GMX-10,W~ Garn of (34X-6,aml WilliamRogersof

(34X-2in variousphasesof this investigation.We alsowish to thank

the RedstoneArsenalMvlsion of the RohIsand Eaas (!oqmy, the

CalleryChemicalCun~, the 011n4athlesonChemicalC~, and the

LawrenceRadlatlonLaboratoryfor makingavailableto us saaeof the

materialsused in the experlmwxtalprogram.
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For at leastthe past f$fteenyears,explosives

IntermittentInterestIn the high heatsof explosion

boxwn-containingmixtureson the basisof elemmtary

ohemlstshave

predictedfor

themchemlcal

considerations.Untl.1recently,effortsto studysuch systems

experimentallywere llmited,by a lack of othersuitablematerials,

BhOWll

to

mixturesof conventionalorganicexplosives(generalJyRIIX/TEL!)with

finelydividedboronmetal,the latterusuallybeingof questionable

purltyo The measuxwdperformanceof suchmixtureswa8 very disappointing

in comparison eitherwith expectationor with the perfomuice of similar

1 2s3. Severalexplanationsfor thishave been advancedalunlnizedexplosives8

by V4UIOUSpeople,of whichthe wst popularseemsto hewe been that

the metallicboronwas not reactingstoichicmetricallybecauseof its

highmeltlngpoint (* 2000°C)#ml Its nonhcaogeneousdistributionin the

mixture. Whetherthis explanationis corrector not, it at leasthas

the effectof leavingunsettledthe qpestionof the usefulnessof boron

as a high-explosivecomponent. It ftwtherIqpliesthat definitive

e2qm5mentson theperformanceof boronexplosivesmust be donewith

hoamgemous systems.

MM IIX1956a program was umiertakenat LOS AUUDOSwhose ~te

objectiveswere as follows: Obtaindetonationvelocityand Chapnan-Jotaguet

pressuredata on severalhomogeneousboronexplosives and detemlne

Mwther the experimental.resultsare consistentwith the best theoretical

performanceestimateswe can mike. we feeltbt these

now been attained,and in this reportwe sumarize the

objectiveshave

principalresults
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II. ExPEmImmAL

A. Test Explosives

It was clearfromthe startthatliquidmixturesof a boron

ccmpoumland a suitableoxidantofferedthe most prcmlsingapproachto

the problemof obtaininga boronexplosivein whichthe boronwas

dispersedon a molecularscale. At the startof the programno boron

compouds containinga sufficientlyhighpercentageof oxidizableboron

were availableIn the quantitiesneeded,and overa year was spentin

attemptingto synthesizesucha c~ and in studying,on a very

smallscale,someof the propertiesof possiblec-binations. In Table I

we have swmarized the considerableamountof qualitativevolubilityand

cciapatibllitydatawhichwas accumulatedIn the courseof thatwork.

Fortunately,the ethyldecaboranesflnalJybecameavailablein

researchquantitiesas a productof the high-energyfuelsprogram

Mixturesof thesewithtetranltranethaneprovedto be suitablefor our

Xonoethyldecaboranewas used in the firstfew shots,but was laterreplaced

by the cheaperand more readilyavailablemixturesof the ethyldecaboranes

knownas EEF-3andEi-Cal-30The compositionsof

suppliedby the manufacturers,were as follows:

Monoethyldecaborane(m, ~~3C~ )

4
HEF- - OlinMathieson

.6$monoethyldecaborane
28.4$dlethyldecaborane
3.* trlethyldecaborane
3.1$ decaborane

:9X “ :
● e ● we

● Bs:
89

e, ●8: ●:9

thesematerials,as

14athieson.99J% pure

WCUSSIFIED
c=:
e.
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TAELEI RESULTS OF CCR4PATIBILITYSNJDIES
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mtaldng Boron

wazole

e*reuus

omsole

ecabcmm

ecaboram
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w

n

n

n

n

n

n

m

n

n

9!

la

w

n

lecaborane
n

n

n

i%tranitxmetmne

I!etmnitmmetham

K@ Hitricecid

Curbon tetr8chloride

2,3-DIchhde=fluorobutI=xMs-2
Kel-FOil.#l
2,2,3-TKLchlorohe@mlmrobutam

~e’tiC acidPerfl
Perfluorobutyricacid
lieptal’luorobutanol
TrMluoroscetic@@ride
TrlflnorOScetaldehyde bydmte
Me’tW h~mbut~te
1,2-M**_wm~tme-l
mbyl trmuomac-te
Trifluomscetme
FIexafluoroacetone
Etl@ perfluorobutmste
Mf’luoroethylacetate
Fluorolube EO-= (~~l)x
Pez%lncmobutm’icacid

Mt-thalw
TetranltraethaH
Tetranlteh in bensene
mi~ - Tettit~

ble Ratio

.- 1.25

.- 2

!-3

-- u.

L-46

L-19-8

Observation

kxictedgiving yeXLow

W3cted giving yeXLow

G* upon melting

kry impwt-sensitive

am than 1$ soluble
n
n
w
n
n
m
n
n
w

W@ 5$ solublebut =-~~itive
w
n
n

hluble but w-lneensitive
tnsolublebut Impact-sensitiveslurries

n

3oluble@ sensitiveto impact
Cnsoluble
wssctsgivingwhite solid{Ej&3”C(H02)43:
Wacted explosively
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TAELEI - continued

● ☛
● a*a O*
● *

●●*0*0:
● ●

● 9:*9
● *

F
Decaborane

Decabomne

Pentabomne

Pent@Mmm

Pentabomne

Bmazole

Ethyl decaborane

ptbyl decaboram

Mnitroetham

Mnitmewane - Trinltmethaue

Trlnltroethyltrinitrobutyrate-
mt~

Mitrogendioxide

Xitrogentfiuoride

Bwrogen trlfhmride

lIitmgentrlfluorlde

Carbontetrafluoride

-bon tetrafluoride

p=f~~

pe~l~

Tetrafl.uorol@razine

=-uo~

Tetmnitrawthane

Kel-F Oil Gxude 1

Kole Ratio

1-7.5

1-2-1

1-1-6

1-U

1-5

1-3

1-1o

1-1o

1- 3*75

1- 3*75

1-1.875

1-3.75

1 - 2.25

1- 3*75

1 -7.5

Observation I
&a
s

--f==iti- -lutio= evolving HP —
aIXI fO- 8 solid(B1#u02C@,@Q2?) %

x-~~~t~ve Solutiom f=voM.43~
~

and fomlng a white solid
G

Reaetedgivingwhite solid,evolvinggas
I

Insolubleand unreactiveat O“C I
I

98, ,

Solublebetween -45 and -kO°C ●●*em*:

Solublebetween-60 and -40°C : ● :
● 9**.-
●

Insolublebetween-200and -70”C 900..:
● *

Less than 1$ solubleat -200”C
●

●O*:.:
9

InsolulZeat -2C0°C ●***.:
● *

●*
~Less tbam 1$ solubleat -k2°C ● 8:

● *

~Insolubleat -kO”C I
Solublebetween-% h -5-C

Solublebetween-75 and -50°C

Solubleat $?5“C. Very impact-sensitive 1

w w 1

● ☛☛☛☛☛

Ill
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TARLE I - continued

111 la.
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EM@ decaboralle Perfluoro C8 cyclic ether

EM@ decaboreae !rri-pemuorobutyl a

Decaboraae Tri-perfl.uorobutyl aalne

Dec.eborane Tetrafluorodinltroethne

Ethyl deceborstne TetranUorodinitroetbane

Pemtaborane Tetxafluorodlnitroethans

-dEthyl decabo Percbloxwfluoride

Pemtaborane Perchlorofluoride

HEF-3 !lbtren.ltraaethaue

lu-cel-3 ITetMnitrmetlu%ne

Mile Ratio Obsenation—

1-3 Insoluble

1-2 Insoluble

1-2 Insoluble

1-6 Use than 1$ soluble

1 - 7*5 Soluble sensitive solutions

1-3.75 Soluble m -40 to 25°c

1-6 lass then 1$ soluble .200 to 25°C

1 - 2.2 Soluble between -100 aM -66°C

1 -3.9 Soluble - very iqact-sensitive solutions

1 -4.3 “ n

8
● ●☛☛

● ☛ ●

9*
● ***a*
● *
● *a *a*

● *
●

● ✍
● .4*9*
● *

.* ****
● ● ☛

● ☛

● *9**.
● 0

99**
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Call-y Chemical~

boron
carbon
hydrogen

All threemateriah were oilyliquidswith a densityof about0.81gin/cc.

Tetranitromethane(TX@ was obtainedf’rathe PolynitroChemical

~ ~ =S wed = receivedexceptfor a simpledryingstepwhichWM

necessaryto removethe moisturewhichhad condensedin someof the

containers.Its densitywas l.~ gin/ccand itsmeltingpointwas 13.5to

14.O”C. TheIR spectnzuof the materiaLwas run ad failedto ZWWeal~

obviousimpurities.

One EDB shotwas

)cg?h(~z)z as aicidizere
(firedusingtetrafluorodinitroethaneTFME,

Thismaterialwas suppliedby JohnKmy of the

LawrenceRadiationLaboratoryat Livermore. It containedabout2.7$

c~bon tetrachlorideas an impurity. Its densitywas 1.60 gm~cc.

An unsuccessfulshotwas firedusingan EDB/Kel-Foil mixture.

The Kel-Foil was obtainedfrcmthe IL W. KelloggCqpany aml is a

chlorotrifl.uor=thyl@n@polymer (C#’3CZ)x. The sampleused was identified

as Wade Mo. 1 and had a densityof 1.W gin/cc.

The chemicalcazpatibilityof the componentsof the mixtures

whichwere everrtuallyfiredwas Ixxvestigatedin the laboratory. Small

quantitiesof the variousmixtureswere preparedand allowedto standat

APPROVED FOR PUBLIC RELEASE
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roam tcsuperature. The sampleswere enmined periodically,and no visible

indicationof a chemicalreactionoccurringbetwm the cmponente could

be noted.

~ XXt casesthe densityof the -UIW waB measured experl-

Inentauy to Wl,thln 0.02@t/cc. The densityof the EDB~DHE mixture

was cmputed fromthe densitiesof the

changeon mixing. This assumptionwas

mixturesto wlthlnthe accuracyof the

two ccqpments assmdmg no volume

foundto hold for the other

measurements.

The stoichkmetrlesof the simple*ions assmed for some

of the mixtures and the respectiveheatsof reaction,are as follous:

?w%3c2~ + 3“75c(m2)4 + 5 ‘2°3 + 9

*.*

~o + 5.51co

dm = 2930

+ 0.24 C02 + 7.5N2

cal/cc

1$0+ 5J6 C02+ L.2gco + 8.9n2

CsJ/@l= 3U0 cti/cc

+ 4.5Ha + 13.5m? + 26 c

1490c&L/cc

~&3c#5 + 7.5c#’4(m2)2q 10 =3 + 9 H20+ 13 CO + 4 C02

89*88
●

me

99
.*
,

a = 1500 cd/@n = 2200 Caljcc

● ☛☛ ● ● 9. ● w* ● m

: :
● .9 :%::

s:.:.*●:- :00● 0

+ 7.5x’/2

,. .
-.. .
;,”
.=

.:.

.’

.-.“
. . .-,.

,..,

---$

.7-. ._
,~-.>

,, +
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For cmparison we have for RDX
● ●** .

C3H(5E606+ 3 ~ + 3 IL#+ 3112

-df-1230

Thus simplyfromthe petitof view of heat of reaction,sme of these

mixturesshouldbe slgnificarrtlybetterthanRX

B. PerformanceMeasurments

The performancedata re@red were the

detonationvelocity. Sincethe ethyldecaboranes

relativelysmallquantities,It was necessaryto

C-J pressureand the

were availableonly in

designthe shot setup

Insuchaway that bothmeaswemetis couldbe made on a singleshotwith

the expenditureof a minimummount of material. In addition,the

mixturesare extremelyhazardous(sensitiveand tmcic) and had to be

P~ ~ l~ed ~o tie s~ =semb~ ~ remoteCO**. The

accuracyof the resultssufferedconsiderablyas a resultof the

limitationsImposedby theseconsiderations,but is stl.1.lgood enough

for our

by Wray

purposes.

The shotassexibly used is shownIn F1.gure1.

@rn of GMX-6andprovidedfor the simultaneous

It ms 4esQned

measurementof

C=J pressureand detonationvelocity. About

neededfor the 2“ chargelengthu6ed In most

was InitIatedby means of a detonator plane

booster.

the glass

150 ml of e2@osive was

of the shots. The charge

wave lens,and Composition

The boosterwas isolatedf- the liquidexplosiveby meansof

● ✘☛ ,9:.=
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DETONATOR

LENS

I 7/8DlA.COMPOSITION B 47,~2- ,
DURAL RINGS

CHARGE

\

MEASURING BLOCKS

●
● .4*

● m a

● O
● *****
● *

●●✎☛☛☛✚

● ☛

● *a***
● 9

9*.*9

m 1. DetonationPressure axd velocity M?ammmnt Appsratus
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The Lucitefree surfaceve@t~ tiloc+o.i$+ left was used for
** ●**.:0 * ●:* ●

the measurementof the C-J pressure. The principleof the methodhas been

describedIn detail~ Dea14e@ need not be discussedfurtherhere. A

Duralpelletwas placedon the plateoverthe otherLuciteblock,and the

detonationvelocltywas detexmlnedrelatlveto the shockvelocityin Dural

by the differencein transittimesthroughthe two thicknessesof metal.

With thisparticularassembly,usefultraces&re obtainedonly if the C-J

pressureexceedsabout100 kbar.

UXlermore favorableconditionsthe C-J pressureand detonation

Veladty can be measmed with an accumcy of aboutone percentby this

method,but in our ~Xents we were limitedto one measurementof each

typeper shutby the smaU sizeof the charge,and also the observations

~ havebeen affectedi.nsaw casesby wave instabilities(overdrive,

curvature,etc). The Indicatedaccuracyof our measurementsis discussed

lateron in this report.

A few shotswere firedto obtainpointson the isentropesof

the detonationproductsof two of the mixtures,usinga techniquewhich

_ hss been desctibedIn detailby DeaL5. The assembly(alsodesigned

by Gem) used for theseshotsis shownin Figure2. It Is essentiallyan

upside-downversionof Figure1, withthe Duralplatereplacedby an inert

materialof lowershockimpe&mce.

The remotemixingand losding apparatus,designedby W. H. Rogers

of GMX-2,Is shown

the boronccmpound

mound* The mixing

h Figure3. -bs Aa@B

and oxidizer,respectively,

apparatusand shotassembly

were loaded separatelywith

and takento the firing

were set up in a large
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INERT MATERIAL STUDIED (polyethylene OR
POLYURETHANE ) LUCITE FREE SURFACE OR SHOCK VELOCITY

MEASURING BLOCK

FILLING TUBE

hl > I’1 1111

t’-J “h

W
/
/

TEFLON GASKET [ v 1
\ t

\ \

I
\ \\ \ \

I 7/z

COMPOSITION B CHARGE*

LENS

DETONATOR

Apparatua

●
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● m ●
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● 0
9
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VENT AND SPLASH TRAP
“0‘**●:0 bki/JOINT

Q
HELIUM INLET

CONNECTING
TUBING IS 2-mm
CAPILLARY

VENT AND INLET
TUBES ARE 6-mm ID

Figure3. RemoteMixingApparatus
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p- box, withthe exittube D of the mixing

fillingtube of the shotassembly. The p~od

appalatus

a trmsparent frontQ throughwhichthe progress

couldbe observedfranthe personnelshelter,and a

hada

Insert&tIn the

removabletop,

of the operation

hair dryerand thenncdueter

for adjustznentof the temperaturein the box. A rubbertube frcm a helium

tank in the controlbulldlngwas attachedto the Inlettube on bulbA, and

a remotelyoperatedsolenoidvalvewas attachedto the vent tube on bulb B●

Afterall connectionsto the mixing~tus and shotass-ly

weremade,sll personnelretiredto the controlbull-ding.me t~n,tue

in the box was broughtto 25°Cby meansof the hair dryer,and the contents

of bulb A waretransferredto bulb B by admittinghelim to the system

with the solenoidopen. Eeliumwas bubbledthroughthe mixturefor several

minutesto insurethatmtxlngwas c~lete. The solenoid= then CIOSed

and the heliumforcedthe mlxtws out of bulbB - the shotasse@blY.

The camerawas then startedd the shotfIred.

c.

TableH,

Ikta

A sumnaryof the velocityand pressuresteasuremexrtsis givenIn

@ the-Isentropedata are giventn Table 111.

Shots5, k, and10 were firedto detezainehow seriousoverdrive

was at the 2“ chargelength. It appearsthat the 1“ chargeis overdrive,

whilethe sgreeinentbetweenthe resultsfor the 2“ d 3“ charges is

fortuitouslygood. Shots6, 7-,and8 werefiredto get S- idea of how

the free surfacevelocitydependson platethiclsness.That ob~ective-S

lost in the scatterof the data.SW.● .**●9*●*
●9* ● W.**
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● 9**. ig;” ::
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9!AXE II

rmoxA!rIm PmssuRE AHD VELOCITY MEMmxmrs

9
● a
9*****

I&.

1

2

3

5

4

10

8

6

7

9

B@ture isa
%&cd$ + 3*75c(m2)4 1.40

%O%3c#5 + 4“45c(m2)4 1.43

~qzj + @c#3@x 1.66

%&.3c3.62(Ma-3) + 4.3 C(~2)4 l.~
:1 1.40

M 1.40

w L40

n 1.40

n 1.40

%0%3%?$ + 7“5c2?4(m2)2
1.47

Chsmge
Le@h

.211

2“

2“

1“

2“

3“

#.&

2“

2“

1“

Al Plate Pree Surface
Thickness Vel(ma/~sec )

0.1” 2.40

0.1” 2.29

0.1” no recofi

0.1” 2.40

0.1” 2.20

0.1” 2.21

0.1” 2.14

0.2” 2.29

0.4” 2.08

0.1” 2.93
2.73*

Det Vel C-J Pressure

!d!EQ --l
67ko 172 )’=27b

< 100 ● *8*
●

●****:

6770 171 9:●.*:.:
157 -Y%z’!’4gs

●*e**m8.
6700 157

7020 220
6glcw 206*

●●s000:
● *

● 9
● ● :

● *
.“:”**
● ****a
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TAEiE III
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~ ISERi!ROPESCATES

U Polyeqaelle 0091 llg.1 2.164 Ethyl decaborane-’letmbnitrcmtkne
(B&aJ3ncedto co)

~ p~’ 0.356 52,5 3.40 Hi-ce&-3- Tetmbnltrwiethane
(Buanced to co)

13 ~ 0.108 20.9 4.49 Hi-cal-3- Tetmnitramethane
(Balancedto co)
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● * ● *C9
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The totalnmber of shotsis small,

made with the samemixtureand shotassmibly.

●
✚ :0
● .:0 ●

andordy shots 4and8 were

The differencein U.. Is
AD

about3$. To get scm ideaof the experimentalexam, in the absenceof

any stralghtforuardW of doing so, we correctedthe Ufs data for shots

6wId7McIctoo.1”

platethickness(see

the other0.1”plate

collection.We then

platethicknessusinga slopeof 0.01mn/psec/mmof

reference4), so that thesecouldbe canbinedwith

data for thismixture. We also addedshot10 to the

have the followingfivevaluesfor U=. for the wune
AD

mixturewith about the samechargegeanetry: 2.20,2.~, 2.14,2.31,2.L6.

The averageof theseis 2.20,@ the stsxdarddeviationis about3X.

The C-J pressureis obtainedfmm Ufs (withplatethicknessand

~e corre~io~) by =- of the _ Eu60tiotfor Dura16. In the

regionof Interestto us, the dependenceof P on Ufs 1s suchthat If the?

~ 2 u rangefor Ufs is~6$, the~2urangefor PW is*7$L l!hlsls

theonlybasiswe havefor assigningan errorest~te to PU. It is to

be 3sterpretedas meaningthatthe chancesare 95 in 100thatthepressure

detemlned in a singleshotis withinabout 7$ of the truevaJue.

We can ~ essentla13ynothingaboutthe probableacmmwy of

the velocitydata otherthan to expressour opinionthatthey are probably

goodto wl’thin

In this case is

by 40 m/8ec.

100 n#sec. The

shots4 and10*

nearest thing we have to duplicateshots

Thesetwo velocitymeasureanentsdiffer

.7
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In aqy case,no reasonableassigmnentof errorsto the pressure

andvelocitymeasurements can affectthe conclusionthatthe performance

of thesemixtures,as judged~ theirdetonationvelocitiesand C-J

pressures,is - the sameas that of TEl!(l@ kbar,6940m/seeat s

densityof 1.637~/cc; taeeref 4).

#

III.THEQREEICAL

In the absenceof an obviouslybetterchoice,it was decidedto

basethetheoreticalestimationof the detowtion parameterson the

Klstlakows&-Wilson eguationof states as modified by Cowanand Fickett7. c.
44-.

To make the calculationsas unbiasedas possiblein prtictlng the effect i~;-
%~.

of boron,the Cowanand F$cketttreatmentwas takenunchangedas the
~~

:?
startingpolut,and the new productspecieswere incorporatedin it wtthout,~-.~

L>

_ anv ad@table parameters.This was done by usinggeanetrical
:-w’
<--d

covoluzesfor the new species ad the samecavolumescallngfactoras

was used by Cowan and Fickett for the productsof a CHOH explosive.The

704code-s rewritten

InlxturesContahlng up

~ be solidcarbonor

with Fickett’sassistanceso that it wouldhandle

to five elemetisand fifteenccapnents, one of which

boronnitride. ThAs generalizedversionof Cowan

and Fickett’stechnlg.ueis calledthe H(W calculation.

The ECU calculationcomputes

explosionproduct~at temperaturesad

andthe valu& of the h@v@nmic and

the eqpilibrlwscompositionof the

pressuresof interest,the Hugoniot,

* ● m
.*9W
* 9*

. . . W8

variablesat the
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C-Jpoint. The Isentropeof the reactionproductsalso can be obtained

in eitherthe pressure-volumeor pressure-particlevelocityplane. As

Inputdatathe calculationrequires,for the explosive,its elemental

canposition,heat of formation,density,and molecularweight; and for

the explosionproducts,theirelementalcompositions,heats of formation,

covolumes,and cubicfitsof theiridealgas free energies,enthalpies,

and entropyvaluesas a functionof temperature.A surmnaryof the therm-

odynamicdataused is givenin Table IV. The equationof stateof solid

boron@trlde was assumed

constantsused tithe K-W

P=o.09, andK=IL85.

to bethe sameas

eq,tlonof state

that of sol.ldcarbon7. The

are 0=400, a=o.s,

!lheC-J stateWM computedby an Iterationprocedurewhichwas

texmlnated whentheconvergencee,rrorin temperaturevas lessthan~ 10”CO

The correspomli~convergence

systa, but are of the order

Usingthe aboveequation

errorsin PaM Dare not thesame for all

of ~ 5 kbarand~ 25 m/see,respectively.

of state,equllibrim calculationswere first

-e ontwohypothetlcalmixtures,at pressuresand tempemturesIn the

~ of C-J states,for the -se of exploringthe probableproduct

compositions.The resultsof thesecalculationsare givenIn TableV.

Inltkble VIare mmarized the results of the c~ete EKW detonation

calculations.The coqputedequilibriumcompositionscorrespondvery

closelyto whatme wouldmite down on the basisof elementarythermo-

chemlculcon81derations.In particular,suchspeciesas BB02,B(I,and

BP appear in Inslgnlficantamountsoverthe interestingrangesof temperature

● e ●-e *O* ● ● ** 0
,.
,8 :2J4 J : :.”99**
● 9 ●90●*:+:0a.:c:-●o
. ● ● ... . ... ..
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. . . . . <. e . . .

A

.4.617594101

.4.4961337 01

.3.flw2 01

.3.9544840 ol

.3.0355121 01

.3.2264965 01

&7015&9 Q1

.3.8892234 01

.3JM6387 01

.3.8687314 01

.3.2JAs38 01

.3.9355955 ~

.3.7846828 m

.3.4275974 01

.3.43817Q ol

-2.203013301

-3.9455340 ol
-3.1*5495 01

-2. IzY3476 01

-3.6339823 01

-3.q75740 01

-5 .14&r2kg 01

-4.128U394 al

-4. I.2UJ478 a

-2.9fb~33 ol
-4.3M3356 o~

-3.3299359 o]
-4.4036909 01

-4.255261.8 01

-3.6240431 01

6.840031.2-01

9.7547996 -o]

-3.5026940 +01

—

B

.2.32k25w-02

.2.203856k -02

.1.2228144 -02

.1.2900944 -02

.8.6132032 -03

-1.2061703 -02
.2.1361678 -02

-1.2598552 -02

9.o@q76 -03
.l.43032.L2 -02

.1.2866897 -02

-1.723*5 -W

-1.3993’72-02
-1.5515916-02

-L.3568660 -w

.1.3200634 -02

-1.38X)999-02

-8.9554835 -03

-8.51&!82Q5-03

d.3J@r712 a

-9.893723-03
-2.9074957 -02

-2.7594993 -02

-M480916-w
-9.6433717-03
-1.5649299-w
-8.5759733-02
-1.3177905-a
-1.3255273-a
.1.1369114-0:
-3.9691768-0:
-8.6061024-0
-1.4878630-U

TA2LEIV

l!EEWODYlfA341CiWl?CTIOMSUSED II! Ml CALWLATIOlfS

F“-<
A. —. A+m+&+~3 ca.1/mle

1’

c

3.9420140 &

4.675&&6 -06

2.5230$fd -06

2.67109J+3 -06

1.871.6478-06

2.4~218 -06

3,9887672-06
2.60471.8Q-c6

1.9732591-06
3.3W8 -06

3.0560516 -c6

3.7256%6 -06
3.2586333-06

3.5913964-06
3.32310404
3.2328952-06

3.’2965518-06
1.9610w3-06

1.8441029-06

3.2540765-06

2.5cAozT8-06

7.2300918-06

6.l$Ioh93-06

2.5876096-06

2.b2301% -06

k.@O&23 -C6

1.7816378-06

2.d+76910-c6

2.710@f8 -06

2.2672961-06

5.4320370-a

1.I.290291-06

2.525~0 -06

D

-2.795@ll-10

-4.3077710-10

-1.9876849-lo

-2.w75776-10

-1.499316a-lo

-1.9732940-lo

-2.~Yf4 -10

-2.0461300-10

-1.5836S15-10

.2.9771.648-10

.2.8u.6360do

-3.3145883-10

-3.0346358-M

-3.*23~ -10

-3.0976957-10
-3.0484668-10

-3X646792-lo

-1.57618q-lo

-1.4747150-10

-3.0356u2-10

-2.s5m7 -10

-7.3550121-10

-5.4899036-10

-2.cA22183-10

-2.2644542 -lo

-4.45~8 -10

-1.3893633-10

-2.0+5~3 -10

-2.1o46991-10

-1.7488606-lo

-3.5436910-U

-8.20840u-n

-1.8353660-lC

● ☛☛ ● ● *m ● oo ● S●** ●
w :

● * :25.:::Ws ● *
●* 9:*:*O●:0:00●0

iHfO(Cal/mle)

.2J500000 05

.l.25c0c0005

,1.3500ci)o04

2.050000005

1.370000005

1.1900000C5

.2.@@ooo 05

.4.1ooOOOo &

l.i%ocOoO04

o.omoooO 00

.6.42000c004

.9.396860004

.2.7201.OiXIOk

.5.71qoooCA

0.356000004

0.000000000

0.ooOooOO00

5.858&oo d

5.16200co04

0.00oooOO00

1.703900005

.9.45000ca04

.l.qcmom 05

2.14~000 Oh
M.yxQoo 05

L580GGOo 05

2.8610mo 04

o.Oowo(xJOc

-1.3200000(M

-2.201900004

Osmwoo 0(

-5.961400004

-9.3- 02

CoVolume

7.3oomc@ 02

1.2-pooo 03

6.mooom 02

6.740ccIoo02

2.150c0cKI02

5.3300cao02

8.00ocOoo02

6.85m 02

1.080000002

3.871xloO002

3.89mooo 02
6.7oooooo02

3.~ 02
3.6oQcaw 02

4.13000Q002

l.~ 02

3.5oocmo 02

1.2ooOOOo02

7.600000001

3.8o0000002

1.8ooax0 02

1.8800cQo03

1.740000003

3.e600co002

N18000m 02

6.19000Q002

2.55CQOOQ02

9.56c0c0002

6.M)ooOOO02

6.37000CCI02

4.760c00a02

3203

‘2
D

32
3

Em

‘3
w
?

?2
9F

202

20

E$O

m

‘2

‘2
D

E

‘2
c

$Y
3

‘2°2
Uo

U

m!@s
c1

C$

Cll

HC1
csolid
m sou

?
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E

=7.531140300
-1.51941cq00
-3.7703777-01

-5.7108593-01
8.4W9326-01
.2.8786683-01

-2.991605700
-5.~3032k-01
6.5200688-02

-5.0902677a
1.0560298-01
-1.7523862CO
-2.8805780-01

-3.1040336-m.

2.0349765-01
1.2571716-01
-2.6812553-01

1.2460506-01

-3.9557=-03
-2.317951-01
1.5242314-01
-6.4316249-01

-1.71.3220600
-2.9580690-01
-9.1004850-02

-l*38M40-Q1
-4.&)6546-01

-1.0939097-01
-7.1510673-01

.7.7426673-02
-9.6u3438-01
-2.615918600
-1*353832000

.* 9.9 ● 9W 9** -0= ●*.
9? * 4

●: ● .:00
::. Q:*
● . : :-

,. ..: .*P 4 9** ●

TABLEIV- continued

B. IiO-I$=E+lT+GT2+~3

F

2.s501s28 -02

1.2a1921.7-02
7.4744433-03

8.2962363-03

3.4606143-03

?.21812s2 -03

1.6516358-02

7.9414833-03
5.@73716-03
8.375670043
6.4134383-03
1.132UYA-02
7.2392h01-03

7.8668458-03
6.33858u-03
6.3156688-03

7.334n69-03
5.0825015-03
4.9706877.03

7.1023081-03
4.8289840-03

1.n25061-02
1.5867957-02
7.5421514-03
5.1855190-03
6.994M584-03
8.701.2293-03
5.4786457-03

8.9344785-03
6.74!54587-03

3.1036394-03
8.2425876-03
-9.6928240-03

G

5AO@832 -W
1.8939762-06

3.7497569-w

1.6292012-o?

5.136fi68-q

4.0318854-07

8.5849355-o?

2.5368681-q

-5.5932W -08

1.5041495-q

h.9&3289-q

9.3943765-w
h.23@50 q

L252MM -06

6.0057014-q

5.3753858w

5JW=57 -m

.5.2Wm36 -08

-6.306M52-10

4.45771hl-07

4.8509021-08

2.8w2757-06

1.4274445-06

3.@L572 +

.1.31*395-07

8.1456142-07

L28074%2-07

-1.1382814-q

-1.41&@42-07
5.1749092-q

1.11o8129 -06

1.3040688-06

2.2455920 -06

kcal./mole

H

-3.7061636-11

-1.7341590-lo

-2.7574505-U

-1.3166030-xl

-4.8099577-la

-3.- -~

-7.1685729-1-1

-2.106369h-u

4.6651210-)2

-M?587522-u

-2.70h&X9-Xl

-6.9022596-XL

-3.1952568-u

-9.1715274-u

-4.0202533-1.1

.2.58@79 -u

-3.1oIW72-n

8.69zL368-u?

4.71OU73-14

-3.3338623-U

1.9523957-12

-3.0445101-10

-1.3544221-10

-2.6057759-~
2.3067381-U

-1.@oo44 -10

-5.h5185~-12

8.7553181-12

3.5493056-u

-3.5747382-u.

-1.2080233-lo

-9.4143886-u

-1.7166100-lo

‘2°3

‘2
20

‘2
B

m

‘3
m’

F

‘2
m?

‘2

;0

:

02
0

H

‘2
c

;;

‘2°2
Ho

m

‘m
cl

c%

CI.F

Hcl
c

Bolid

Solid E

9

,-
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I

5.9813394 01

5.1988193 01

4.636112501

4.5852910(M

3.5426967ol

3.900cx%801

5.507706301
4.5448140 ol

3.6736610 ti

4.6098419 ol

3.$588333 ol

4.7088296 01

4.5X24549 01

4.2400094 ol

4.2069383 01

2.9392185 01

4.6724952 01

3.72’76h29 01

2.6167783 al

4.3649305 ol

3.7223696 01

●50354W5 -m

TAHLE IV “ continued

c. s0mI+~+~2+~3 cal/deg- ~le

J

2.@+5000-02

2.9032767-02

1.354985-02
1.4214440-02

8.5@851 -03

1.2581781-02

2.8561902-m

1.3909949-02

8.@42542-03

1.4414513-02

1.1947426-02

2.01Z&7 -02

1.2@3814-a?

1.5265242-02

1.2123368-02

1.200@80-Ce

1.3Q0523-m

8.6409084-03

8.5165526-03

1.272Mh6-w

7.8336751-03

?.5w62g3-03

K

-4.3370370-06

-6.4045530-06
-2.6749591-06
-2.9280442-06

-1.83g7128-06

-2.4386612-06

-5.7378235-c%
-2.9008867-06

-1.9468930-06
-3.(m7631-06
-2.380M65-06

-3.92241A3-06
-2.6088139-06
-2.8158015-(%
-2.443410$)-06

-2.4252063-06

-2.7020135-06
-1.8808859-06

-1.841J183-06
-2.5671s6-06

-1.6379(770-06

-1.3805167-06

L

2.8516278-10

5.5585372-10

2.u775673-10

2.271d+33-10

1.4673010-10

1.8a70420-lo

4.4062451-10

2.2705562do

1.56k2193-10

2.3636263-10

1.8567894-10

2.x63140 -10

2.0215143-10

2.m41134 -lo

1.9276978-10

1.9178467-10

2.lcY@&’fo-lo

L51215g5 -lo

1.4686805-lo

log87gg85-lo

1.3(n89’T4-10

1.0545415-lo

Ccap

‘2°3

‘2
Bo

B2

B

BH

‘3
BF

F

‘2
HF

C02

co

H20

OH

‘2

02
0

H

‘2
c
gas

c
solid

The formmtof eachnumberis~X.~ E ~ XX whereE is the e~nent to thebase10.
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TAEaEv

E&msmm( ccumsImoM (Mm FRAcrmm )caml!EDBYTEEmcu~m

SYsi!W ~6Fg-=3+3=2

zm!taiEr.5LJ!L_JL _ —— volume
B ‘2 ‘2 F (cc nmleWI

3000 300 0.500 3 x 10-5 <1X 104 8 X 10-5 0.500 <1x 10- 3 x 10A 14.80

400 0.500 4 x 1.04 <lxlo 4 3 x 10-5 0.500 <1X1O 4 9.6x10-5 u.2g

5000W 0.496 5 x 10-4 5X1O-5 1X1O-3 0.497 1.7X1O-4 4.6X 10-3

I

15.72 ““”a. :
:*****

400 0.k98 6 X10-5 3X1O-5 7X1O -4 0.499 1X1O -4 2.4x 10-3 13.98 :.: ●

●***.*
8 ●●O***:
● . ●

Kmiw
●

● *●*4:m:
‘I ●●**9*::**O. *

Preamare
(-) %03 -2 ‘2°2 Bo % %2° % ~ 02 (Ccvg%gas) “:””.::****:—— —. .

-8-5 <1X1O <1X1043W 0.332 1x1O 0.332 0.326 6.6X1O-3 3.3X1O-3 3.3.3

400 0.332lxlo -6 <1X1O -8 <1X1O 4 0.332 0.3284.3X1O-3 2.2X1O-3 U.9

300 0.325 1.7X1O-3 1X1O -6 2X1O -5 0.326 0.281 4.4X10-2 2.2x 10-2 14.1

400 0.3271.7X 104 3X104 9xlo4 0.327o.z!$n3.6x10-2 1.8x10-2 12.5
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and pressure. Thus the heatsof explosionccuaputedfor thesesystemsby

this method are, ~, hi@. On the other hand, the

and velocitiesare low.

me exper~tal ~

TableVII. The

the differences

of the asB&gned

possible

agreeaerrt

calculated values of P and D

is sufficientlygood for our

are c4mparedin

purposes, although

are generelly largerthan vouldbe qcted on the basis

the relatively poor performanceof the

boron mixturescan be proposed on the bsls of the resultsof the calculations.

Becausethe productmoleculesB203 ad BF3 ems camplex,the particledensity

at the C-J polmt is low TableVI). As a result,the

taqmuture Is high, the pressureIs low, ad hence of the energy

becomesavailableonlythroughan adiabaticexpansionof the produtisto

fairlylow pressures. It is th2s featureof the resultswhichmkes the

isentropesof interest.

It w mentionedprevioudy thutthe X(W codecan be used to cmpute

the Isentropeof the reactionproducts,asxlit h8s alsobeen 6hown8that

m simple7-laweq=tion of statereproducesthe axper~~ @teml-

Isentropeof Caposltion X3reaso=bly well In

Fig 4 w ham plottedthe EKW and 7-lawIsetiropesfor EDB~, usingfor

the latterthe 7 computed_ the experimentalP and D by MMUM of the

relation

poD2
7.~ - 1.
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\
\

(FROM EXPERIMENTAL PCJ, D)

\

\
● SHOT NO.11 ( POLYETHYLENE)

\
\

SHOT NO. I

I.0 2.0 3.0 4.0 5.0

PARTICLE VELOCITY (mm / pSEC )

Figure4. Isentrupefor EthylDecaborane-TetranltzxunethaneMixture
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The t- experimental values also G “&.‘L!&%&isexrtmpes do zwt
.. ●.* ,.0 ● ● P* ●

differ greatly in shape over the experlnental.-8, but the y-lav

Isextmpe is, of course, forcedto go throughthe qrlmextal C-J point

therefore appews to representthe databetter.

In Flg s the 7-lawIsentropead experimentalpointsare shownfor

lu-cal-3/!mfmixture.The IKW

systea since the heat of foxmstlon

~ consideringthe t~ecto~

calculationswere mt &lx! for

of Ebcal-3 is MYt mnm.

In the P-Vplum of an element

volume of a detonatingexplosiveone can deducethat the net work

this

of

available

frm the adiabaticexpensionof the productsfrcmthe C4 stateis givenby

v

E=
J

P dV - 1/2 PW (V. - v~)>

VW

where the integml is the uwa tier the isentrope,@ the secoxxltexm

on the rightIs the work done In the shockccqmession fromthe initial

stateto the C-J state. As V + OD,thisbecms a~roadaatelyequalto the

constantvolme heat of explosionper gremof exploslve. In the special

caseof the 7-I,8wequationof state,the imtegml is evaluatedU* the

peth

d- Pav& (y constant)

and, for the upperlimitV = ~, the equationreducesread12yto

E = Pu/200(7 - 1) s

(1)
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a resultobtainedby Jacobs on the basisof more detailedconsiderations.

This eqpationworksreasonablywell for~ organicexplosives,but In

the case the boronmixturesstudiedby us, the heatsof explosion

in this way are only abouthalf

correspo~ to the reactionsInvolved.

for this is failureof the 7 law to hold

We have evaluatedthe Integralalong

systa. The cqed isentmpes for RIM

1.80~cc, C@ for EDB/!RM at an Initial

at a pressureof about10 kbar(expansion

itheheats explosions

Presumablythe principalreason

Lnthe regionof low pressures.

the MU isentropesfor sweral

at an Initialdensityof

dens%tyof 1.40~/cc* Clmss

ratio,V/VU, about4),butthe

for the two systemsdo mt becomeeqpaluntilthe pressureis

below5 kber. For RIIXat the sem

(1.40~jcc)s the Ssentrqxsscross

uh$lethe energiesbeccmeequalat

ratioabout2)*

To compare the two systas on

multiplyE by the initialdensity.

the

the

initial density EDB/klUmixture

at an eqaneion ratioof about1.4,

a pressure of about35 kbar(~toa

w qval vole basis we have to

The Iategral

LJ

‘W ‘w

IKU Isentropesfor RllXat 1.80

plottedin th$S 6,

‘w

for EDB/hlMat 1.40 gin/cc

togetherwiththe mys representing

tam In eqpatlon(1). E as a functionof V Is then givenby

differencebetweenthe eseaunderthe Mentrope aml the (constant)area

underthe triangle.
●w,9* ● 8D ● ● U* ●

wcLhss\~\~~
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The coqputedand experimentalpressuresand velocitiesare in

suff~cientlygood agreementto make it of S- interestto use the 1901

codeto estimatethe performanceof varioushypotheticalboron systems.

For exempleawe

qlosive would

higherdensity.

might inquire what the performanceof a CO-balancedboron

be if it were possibleto obtainsucha mixtureat a

The resultsfor the EDB/!l’lMmixtureare as follows:

1.40

1.80
RRX-l.&

This suggeststhat

of a boron/~gen

organic ~losive

calculations

Pu(kbar) X!!LEsQ
191 4900

Z.4Y

%3 4510 2.6/

347 8610 2567 2K

evenat much increaseddensities,the detonationpressure

explosiveof thistype wouldnot eqyalthat of the c~m

RDx.

also have been done for mixtures of a @patheticalboron

explosivewithRDX. The ideahere is to use the energyreleased

fomation of B203to furtherheat the detmtion productsof the

explosive.The boronexplosive w assumedto have a %ero heat

in the

organic

of

fomtion and B203as its onlyproduot. me calculationswere done for

mixturesof the two -terials in variousproportionsat a constantassmed

densityof 1.70gin/cc.The calcuhtedmadmm Pa wasabout10$ higher

than thatof pureRIM at this samedensity ad was obta= for a cqs$tion

correspondingto threemolesof RIM per mole of B O fomed. Hence systems23

of this sort also ~ ~rmising.
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AIOltg W A j: i&&8Ji.2L “lA.& performed for a boronsystem

(PO= l.kO, EO = 109.2) in -ch the numberof molesof gas per graa of

exploslvewas increasedso as to partitionthe energyavailablemore

favorab~. A mrked ~re88e in perfozmaneewus predictedas follows:

@stem TW( “K) ‘m Pu(kb)
l?M!?$Q

@OO z 191B&113c5.7555°30

%?50
%Ploo

However, there

of thistype●

n 310 13.4 256 7980

m 2430 10.3 368 loo~o

a-s to be littleprospectof obtainingactualsystems

Kthe

do- are

Here the

most interesthg syst- for which the calculations have been

those produoing boron nitrideand hydrogenas the onlyproducts.

boronappearsas a diatomicmolemile,adl the averagemolecular

weightof the productsis low. The ccmputedresultsfor deoaboram/hydraZine

ad pmtaborane/@mzine mixturesare givenin ~ble VIII. The first

three lines the tablewere obtainedfor realisticdensities,whichare

q@te low. The C-J pressuresalso S low,but the velocitiesare

surprisinglyhi@. Purthemore,as the lastthreelinesof the table

IMicate, boththe pressureand velocityare very strongfunctions

density,so thatthe c~ations offerconsiderableencouragement

of the

for a

search for a density ME system.

The ~&*2 lf#4+ 8 MA mixturehas been fired,ad a C-J pressure

of 145kbar and a detonationvelocityof 6625 m/see were obtained. Hence

UNCWSSIFIED
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in this casethere 18 a signific&i+“W3i&rk%betweencalculationand
experiment.Consideringthe mannerin whichthe equationof statewas

originallycalibrated,we can hMly be surprisedat this,- It would

certainlybe prauatureto wr~tethesesystemsoff on the basisof the

resultspresentlyavailable.

IV. SM4ARY MD COBCLUJXRUDISCUSSION

As mattersnow standswe feelthat

experimentaland theoreticalpictureof

we have a satisfactorilyconsistent

the behaviorof boron/oxygen

explosivesystems,and it is our conclusionthat such systemsare

unpromisingfor use in applicationsfor whichhigh detonationpressures

are of principallqportance.On the otherhand,we

doubtthat the heatsof qlosion of thesemixtures

possibility~ thatthey lmul.dperformwell in

relyiqortantlyon the ~ion of the detonation

hmreno reasonto

are high,and the

applications which

~ucts, as, for

-e, in udnwater

Admittedly,the8e

explosions.

statwnts are basedon rathers-y experlmtmkl

data,and on a theoreticaltreatmxxtwhichis open to some criticism.

Our confidencein the theorywouldbe strengthenedconsiderablyif we

couldobtainexperimentalverificationof an additionalc~ed hydro-

dynmnicor thezmdymmic varidbleat the C-J state,suchas the temperature.

The cmputed C-J temperaturesof the boron/oxygenqwtems are considemibly

m thanthoseof the usualorganicexplosives,and the difference

shouldbe eqerimem detectable.Experimentsalongtheselinesare

in progressusinga techniquebeingdevel@ed by W. C. Davisof GMX-8.

bee* ● ** “a. . . .
W’m

w : :
:** ●

●
33:. ::
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farthe experimentalresultsare in qwilitativeagreeaentwith the

Caxputed temperatures, but it U9uld be premature

this at the presenttime.

Astothe BMHsystemS,

Sufflcie.ntlyinterestingin

work,both eqerimmtal -

1.

2*

30

4.

5*

6.

7*

8.

9.

the situation,while

to Cladm&ny mre than

much less clear,remains

several. respects that we feelthat fhrther

theoretical,iS clearly justified.
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