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*’ARBON I} DETONATIONS

). D .lohnson

w8 Aiamos National [uboratorv, Lus Alamos.

=we review three principal results lrom a

Jdetonations and discuss ilie ilmplications ot
tirst present a new determination ot the

New Mexico 87545

tive vear studv ol carbon aad its properties in
these results to the behavior ol explosives we
varbon melt line trom reclease wiave “elocitw

measurements In the shocked state. We then outline a colluidal theorv of carbon .lustering
<hich trom diffusion iimited coagulation predicts a slow wehergy release rate tur :he rarbon
vhemistry Finally, we show the results trom the examlnation ol re:overed soot. llere we sece
snppart tour the colloid theorv and find rhe diamond phase ol carbon. Tiie main theme ol this

viper ts that the rarbon tn detonation produ:ts

Is in the form nt a collofdnl suspenstan ol

‘arhon viusters winrh grow through ditfusion limited collisions. Even the tinal state iv nm
nulk srapnize or diamond. but 1s a4 collection ot small. less than 100 A, diamomat and capnrtre

s lusters

NTRODUCTLON

Uther researchera'’?'3'¢ have noted certain
problems in the modeling of the detonation
Process in particular. In plate-push and
ivtertars veluc!tvy experiments with ariable
vxplustee tlickness, and appealed to special
Moper.ies 1n rsrbon chemisrrv ta explain the
Sttt ten 't {n easy to ronvince nneeelf
*hat tinteed arbon 1% lijue among detonat ton
vrothucts tave 1t s the maly produet that can
taam aapttam tty targe rolecnies tn the tarm
dFopiae cathan, Ty, nel St e ur the whole
el o0 wrgante chemiatry This 18 la
mttans ca cthe ntrrogen, axvgen, aul hvilbogen
St o by sata Ny oyt e ilm

et e et s e s atbon as o pame s atibtdate

bp o wivw saetpgy arlease g o ampatedt ‘o the
»1he Nomist gy Dt tast 'ubes ime tor v he
apteen NOLRNUIR Y -l erales L st gse
‘agethier il yanw ‘s tigbk saial Yhiw

saampt et o ta wisply toah s hie C hieymodynam e
ant Lyl ey Avuamtic pinper tey ot gt han [R1}
the toigeh 'vperatuee Litgh prosges 1egime ot
M N L ALY LTI

ot tegpbal s hate oprotae Lt whitie

[T ICNAFT IS BT I RTRRNY 19 IR BN contulpy Yhe saspIin e

nt rha carhon behavior We envision "hlobs"
nf carbon executing Drownian motion {n the
hot. fense hackground fluid ot the other
tetonation products with the carbon riunters
hul lding np tnrough random colltsions. e
assume thare ate nua back reractions ano no
harriers to reactinn; that s, the particlea
wlwave stick L thevy 1tauch ™is can he
veltnedt with o wticking prohahti{ty The
tiac kgronnd flinta Yeopn *he viustery ot

mipailihrinm  with 1enpect ‘' tempeiature,

carrving wtf heat when lusters merge We
wigsume That newly turmen clusters aoneal We
vankeent {5 “tew  the arhan L lasters  un

tatviy compact  vamenttally aphertegl ahjects,
nthogh w0 stgntbtvant devigt o tiom thia
stutppe gt leci s any ceaalty tan it te Fay
vimpa e 1ty ot tntttal state 1va 'he luatecs
at - e can Nenmaan spthe s tuken tn he
LI SROTTRNY Yhe annenltlbug privess mav s vase at
AUme Gatge ) ime alnl L baster e v (et
ams ant fewve the tnlblatte ' e wlate un 4
atbes s ron wb tatge dtamant get e gphip
BRI N him vetinttn JUifters toom past

I LR IR | Satteage e han FISREEY N TTIR ] taave



wlk, thermodvnamic pgraphite or digmond. cwen
in the tinal stace.

The remainder ot this  paper has  four

sections. The rirst presenrs the new melt
tine us determined trom release wive
velociries As we developed the prcrure

wutlined in the preceeding paragraph, ‘the
tmportance r this work declined. However. we
give the results here tor general .iterest: 1:
ts> 2 nize piece of work. MNext we develop wnr
theorv of carbon ¢nagulation and show the
reenlting slow energy telease wlth some
‘Hscuision of {es influence v detonat]on
henavior “e then give «nme expetimental
supporr tor rhe volloidal picture trom the
inoT recoverv experiments lere we liave seen
liamonds in the suot Lastly. we verv hrietlyy
sHecuss the slow rate in  relation 10

hvdrodvnamic studies

“ARBON MELT 1.INE

I'nr some 1 i1me wilecaies) the stgndard phase
hagram of carbon has heen malitativelv ot
*he tarm shewn 1n I'lgure { Here we are
tntetesterd in the location wl the melt Ulne
“iice  even 'wmilk carban tn tha dernnation
testime 14 sumewhat close o melting bl owe
canstider *hat small o lusters can melt at hall
‘he lmlk meit ing temperature.* *he location ul
‘he melt (ine hecomem ol cven moare slgntil
canee The melt line tium the ufamona 1u

ttunl phese a0 pertectiy  wceptants  with

*hetmokenam, canmtderat tane althongh *he
vegal e e s anomelbaas teplving et hes
hat *he ogtad b cletiwer chan Vhe dpamomt aa

*hat *he entt qpy ot the Pl b tews thap
‘hat ol SHhamana

oo bt che  wmelttug polm abang che
Mgt at bl shock celiotty pattts be
Caba L feasicmant s qte oot ) ] osenma e
shuniph * o stetiamite Che wimlbl st pactare 1 vhe

W s uete Y mnh omote snsloay srgnataae

1o st Tovan amp " Foan d tam ot whany

wsnp
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FIGURE 1
Phase ot alfagram ot carboa Thie principal

thagantot 5 shoawn wud longitudinal welacittes
Are measina s, 2t the open ctrcles

strength, uccurs in the velocitv ot the
relsasa wave uv- ‘taking a shock In the solid
phase 'his wave iravels with the lungitudinal
viastie velority, while {1 lrops to a tmlk
velocity !t the wma ertal 1s shocked above
melting. The varelartlon =elority la
iletermined lrom the «:sensions of the sample,
the velocity nt the sheckwave, und tae 1 iming
nt the nvertake Thias technie nhus already
heen uned snccewsiullv cor fran,® t1antalua,’
and alumtnom b

A meriem ul flve w0l Wl pressures  and
temperatires glven hv the uvpen ircles 1
Fignre | have heenn e ¥ Ali the 1rleane
wave “elovities ate SONAL e with
tangtthatinal welovities bot aboamont, o medt
stghatle 14 sceny ‘he higher presmar melt
vine mumt he movell signitteantly o apwant in
temperatute with VThe lower preswnte asgten
1ematning, vsmenittally  anchanged The Huw
Mevante gestihetfon cames Fooan oot e mhiley
n

exhet e Wl oWk m-e W Ve I sttt

Lo w2 Voot oat tr s va hitgnet

N
Pt
pressmn ghove The hiphest sdata puaggt Am an
antile, *he wntal 1egtan titgyet o themietteal

<tk b b el cabhen TV s pstont s Lievaogat



‘u Mhar or more

The- in modelineg twlk, wquuulibrium carbon
AN deTCacial regimes, i@ i pilte reasonabls
o cunstder wnlv graphire .nd diamond Far
rinjte ctiarers 1L 1x sater than with the old
pnase  Jiagcam 1o rthink ot them as seolid
another hene!t®! irom the eXperimenr s 1hat
sne fas trom (he sound velocities derivattve
intormattan for vquat ton o itate

teterminat iun

'OLLODIAL THEORY OF 1"ARBON COAGULATION

“r now urn !e the plcture uwt rarbon
waguirdttan given 1t the 1tetroduction Here
<o wiil constder 1or ease ut llgcussion 4
mude| svstem where at time zero we have only
munatomi¢ varbon in an inert hackground luid.
=e assume that the hackground has 1o time
lependence .nd has a temperature T The
varbon clusrers are slwave spherival thur
oapiilation theorv comes Ir @ the classic work
wl Smoluchowski 2

!l we denote the concentration uf clusters

with t i1toms as vy, the hasic growin efuation

K
N "y, .
. L] Y3 e N
- . K oy » N v K
R 1 . [ k [ 4
bR [ ]ak ! H =1 :
kel ), ol
he ¥ . W geamett e tactar that 18 a
fenet son iy ul the o liastetr tadll Yar ant

Qtd o tetY el ate qpptoxtmatton s o uet
P indepemteat w1 a0 e umbli
cattan Ry whete {1 tn  the itttuastuan
netft. tent of At I oo lugter of tadins By ot
independent ol |, thus we depote 1+ ax DR
the vime 1 ¢ The tntetptet at goie ot Fauast tan
\ tv *hat he firet sum wn Yhe pight
tepteseity Che giuwith wf o v o howler Whene
oul Instets  witf) |1 ]=f wilhle v 1w u
' The e oqul anm teptegetieyn sdepled tan ot the

0 el papatton by sancitstous <rthoLowy

other cluster.

it is convenient to scale aur variables 1o
vty Jand xX=uw DRtt,., with §,=v; (L=0)
“hen with K=l .n exact analyric saolution

exists, hameiv,
e x)= V) g lex't? . iwld, )

we st1ill require DR. we tirst appeal to
the Stokes-Flnstein relation'' 10 relate DR r2

the viscosity n ot the background |luld.
Z)R-ItHl' hxn b

we nhiain n 1rom the modilicd Enskog theorv o1
dense tluids Enskog is a reasonaklv accurate
and easily applied transport theorv tor dense
tiuids Reterences la and |3 glve nice over-
views ot modliled Fnskog. This completes our
rather simple theorv ot carbon ¢uagulation

we now need to apply the abuve :o calculate
the quant ity ot {ntereat to dutonuttonna This
ts AE, 'he energy itltlerence per mole onf
varhan hetween the total cluster energy at
time 1+ and the tutinite 1ime halk carben

energy LK !s given by

SEw npxtaE 14)
1
whete &K 1o the enerpgy Jdiftereice per wnle
hetweaeyy thm | a1 lneter anerey ad the halk
hie F, e appirunimate h¥ 0 surtare term
LITIT TN R I A e o s whrafined hy
Pittang o cslata and theaty an the snerglieq ol
~matl cotum s Biwters cmdlecalon ‘he 1esoft

1w baoreal pet wmede

e . R | « 1]
RY X » { . v
. (B lva
o s=1
Pt latge wpatalent bty v dhe wam o ta
Fnad e ' tn well] tPptusimatasst Yy oan



INIeZTA: ahd can be evaluated Then

CE-B0 T tix 1h)

This snows cirectlv that we have a slow energy
release rom varbon The chemistry ot ths
vher  letoration  products should release
caerey as o " . a much taster rate

Nr vesait, Fjuation 'ht. ts not sensitive

ta the several simpl.ivwing assumptiuns, such

.  spnertcal  clusters., mornatomic initial
state. ¢ that we made in our modeling;
- b owe ity these siamplitications. the

dawel <. ltange aiitle or none

1t one wailts o see hnw the numbery work
mrt oy reay explosives =n have lovoked at
tath THT ot HMX., we will Hascuss HMX lere.
Puttitiv, . unservativs 1umbers i1nto the Just
presented :heorv, that s, using vstimates
"t aiwavs plwe the mintmum AE, we flnd that
Loat *he vt al the teartton fme ts sbout la
1t e cuneigv clemsed i, histead ol
msety 1o vsttmates. hest pnessen are sade.
far Sh addtit 1 the end ol rhe reactton zone
<o sew tlhat anent o w! e energy release
is tted p in the stowd tate
s oon o seean very small 'mit chere ts
apitiier allect e Luuk "u o simple 1J

hinking *o untain 4 lesl lar how ths AE -

1 el atfert  empertments From this
et we Wit get onoeffegtlve st bt tn the
fressone hism Is verv simpittled thinking

wo sl 1eAl v taual ) huw the yiow rate

*he avactton sane .oul hiam that go tn

harve:
“he itlaetre un. say ptate pash and anter
tave “shini1*ien Bt we will pe. w0 handle
“hin way Rz E'® 77 hutw demonat rat et that o
wlow  Je i ease o caergy b 84 prmbucen
g es © oAy i Yhe sk miate Mina
shte mes trvm the bavd that *he Fadletgh
e o bangent ' o the Patie o veacied Haguntot

¢ Ae ot wea Fipgae The sttt el
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FIGURE
hitluence on pressure orf Hugoniot shitt The

Ravieigh !ine {s the solid line, the tully
reacted llugoniot is the solid curve, .nd the
partially reacted tlugonior s 1he dashed
curve .

surve 18 the parriallv reacted llugoniot
shffsud 8%y -~ -wbd hv tnle slow venergy
release 'Une might worrv thst. hesidee the AE
from the slow rave, there 1% also 4
compensating AP Jdus to the pressure f(rom the
motionh ol the clusters However, the tumber
nf moles nt rlusters a4t the end of the

.

reactinn  cone is  small cntngh o negleet

such 1 the 1té’ry uhitt v the tHugonion
translates 1o a V() - 10 Y08 shite In
Pressute 1 poing trom potut b to A Foar

timex l'nl]lnlnlule tn the slow teaction tohe
vifte winw aater wtnl tangetr . *he aletnnation
inne at the ' | yeloctty tor tae tnlly rescied
thignntnt “mill timen latpger *han the slow
resctlan cone. the srtates From A ta l) along
the Favietgh line appear 1t he part ol the
Tavim wave Thus we Ate !aokitig at potent at
vhanges ot e 'U8 Inh the shock state Lot tipe
weales o mteioseroaida saul albstane s wcales ul
T T YN Tlie Y abamt b bme nf
sltects seen eapetimentallv ee page Mhoof

Felei®imne i gt Reletemes | ot 2



More ictalls than are given in this section

«te presented in Reference ift

300T RECOVERY
To give some experimenral support o0 the
assumptions in the coagulatton model und just
ro understand better the sonr lrom expiosives.
we have examined with several techntiques (he
recovered oot from . varierv ot high
nXplosives. e will «iscuss nere onlv rtue
varlv work on Comp B, a »0.50 mix of TNT/TATB.
and a 2050 mix of TNT/NQ. Yor more dectalls
*ftan .liscussed here sce Reterence 1N, rhe
paper  YWw reiner and  lermes-® .hiscusses
further i1nvestigations.
=e looked to these recoverv experiments
tullv reslizing the «djfflculties with such,
he chearacter of the soot most cerrainly
~hanges on release from the high-pressure,
high temperature regime nf {nterest to

ambtent we micigate this tnrough the nse ol

{ LPRE
Pevc g s miotugraph ool csaap Bosamped e soatte b
L] s veaphit e o aabbone N hramamt s phe

large conteiners, 1 cubic mecrer or larger,
filled with argon. Ilowaver, some ohservat.uns
at ambien% can, with contidence, he related
back to tnhe explosi-e processes. For example,
if we see diamond with spec!fic character:.
istles, it is pretty certain these were not
altered on release. But graphite can come
from the release of diamond.

Ou. explosive charges range in size from
200 to 13O0 grams. After firing the soot 1=
scraped off the tank walls und sried. A
number of analyses are then pertormed; we will
ralk ltere onlv on the transmission electron
microscopv 1TEM), !EM elactron ditfraction,
x-rav diffraction, and Auger/ESCA analvsis.

tet uws tirst disposs of the llamonds.
Under the TEM we see lor all rnree samples
toughlv sphericai partlcles, tvpically 50 A
dlameter but ranging in the extreme !rom 20 to
mo A “we Flgure |. TEM electrnn «oiffrac-
tion on these partteles identitics rthem us
Hamong ¢ insrers Sea Flgure . e “spotty

ring” pattern indlcates that the microcrysatals

are lairlyv vlean nt  detects The ather
morpholugy the tibbons. is ldentifled as
turhosti ot b graphite, carbon htave The

slustet wtZey are it the same range as he
Itamond Upon treatmenr ol ifte svo' an nlerie
antt perchloric acids ta remove 1ne raphitic
torm. we decaver o hrawn powder . b8 of the
Lot %otavy albfirvaciion s vSis jiwder
ottt les she atbamomdt Bdest i noatton and the
Mttraction toLg @ity pives o omictocivat al
I ICY | WA ant ampenatieims with oas,
Yo et bt vowmaker s Yave  bonane b amestul
dumters with ety st hat s harectertstbos n
e s bee st !

“We nnw bouk 1t what we vun tearn g elattve
P mate ity Fhvst and most twpoiiant we
st em vt FEM muctaetaphs thoo cne s
et Ytk cvaphite g sbbamoant teen
subbnr e ire we bgee s gastets wtth P S0 at

sty ataes aestitlng o 'hie e ban es Alwn



FIGURE 4
Flectron diffraction pattern showing diamond
ditfract;on rings from +4il), 20y, 311,

walt) et 1 L 00) weakly

the turbustratic graphite has curved lavers
and the interlaver spacing is J} 9 A as com-
pared to )} 3% A for puce pgraphite For early
times where :hs varbon «lusters are much
smailer 1nhan war "0 A e rcannot ai &tl mode!
the varbon with hulk thsrmodvnamic thinking
For the tnlinite time Iinal state 1 {+ a good
ApPpruximat tuh, tf one kutows the proportion ot
wraphittc and dlamond  'eryms, o take hulk
yraphite atd abbamond thermualbvnamtc and covrecd
tor wattare curvatin e ant vXpanisian vantat
Tt tans

“s have iumt the use ut the wpetlibytom

phane shiagram to aletermine whether W@e  Gave

waisphttie v athamot phases he  aatlsoes
st *he  elbattee  otaba bty o the wn
muphetupyes ot s tustel sy s bavt H0 aae

chiuks ot all 'he tangtiag looets o altamoint
Sdustet wr it have campay et 1aoa paephittds e
sne wulddey & why diamant taama . altl ‘he

auawet wagt et the Laanats hetug o appet ot

bv CaN. nar 0. ar H with Auger, ESCA
analvsis on the acid procecssed diimonds we do
see O and N atoms which disappear upon surtace
sputtering. ‘“an Thiel and Ree in Reterenre 22
also use shifrs in the graphitesdiamond phase
line to explain the deronation velocities ot
high carbon-content expiosive. The importance
and difficultv of rthis surtace chemiscry,
especially for the small clusters ac early
time, means that simplz, semiempirical
modeling is probablv the best strategv

The basic bullding blocks ot the soot are
he >0 A "blobs* This supports our simpli-
Yving assumption ol spherical rlusters ana the
picture ot annealing we ses that the larger
s00t structure consists ot a luose collecrion
of the "blobs"” thus tmplving that the annea}-
ing procass shuts down when the fraction of
atoms in the cluster surtaces is 10-208. This
makes some sense {f we appeal to anv combina-
tion of the following mechanisms. «l; the heat
from hond formation becomes :co small a frac-
tion of the total energy of a cluster. (2) the
effeci{ve malting temperature for a finite
clumter shifts with cluster size: (3) the
ketnal in the roagulation cquations‘® rhangens
vharacter as a function ot rluster size: 14)
the thermal fluctuations in a tinite cluster
are smaller un a percsntage hamis (n larger
clumters. and (5) surface tensionh can no
fonger sphericalize *he rlusters inr theorv
(rom the pyevinus Sectlon s, ol vinrse. not
valld with the approximattion Ky=-1 waee the
annealtng s.ops lhwwever . this 15 not im-
povrant tor aletonstfote hecause we huve st
ul the etiargy 'mt hefore this potut

Finally, we timt that 1he sonts caontatn
farge ynantitles ol vatatiles, sav nroand 'Y
TR I 'his makea 11 bttt bealt Vo velate the
hent ot tuimatton as measitgted (1 the sont o
the heat ul bormat ton ot pyge » arhon oy needed

to standant muale | bay,



SLOW RATE AND HYDRODYNAMICS

in the theorv section we discussed the 1n-
fluence a slow carbon rate has on explosive
hehavior through o simple ) model. This 1s .
somewhat crude approach since such modeline
Joes nor reallv have rhe necessarv phvsics to
deal with the carbon cnemistrv. As a result.
the slow raie appeared as a change in the
effectivy '.. pressure. !t Is more currect o
make detaiied rodeiing ot !te reaction zone
and look 5 the intluence ot the v¢arhon
‘oagulation on the reaction zone and subse-
menr letonar:on beltavior Fickett with his
rathrmatica. analog has  wakea ot some of
“tiese uest ons ¢?

Ancther approach io this is 10 impiement
' siuw rarbon rare 1nto the equatjon or state
and burn models ot a tuaerical hvdrodvnamic
studv for detonations. In particular. one
should lvok atr  plate-push and intertface
“elnviiy experiments This has bheen done hv
o' oand Tarver et ai'. independently ar each
ather ang vt us Bv inciuding a slow rate
*hev taunid the agreemenr hetween experiments
wd catcaiations tor TNT, PMX, und TATB nicelv
Lmpraved “he time svale that [ang chose lor
‘Le uow traction aprees utth om estimates

we  ave aiso ooking ipeo hedrodvnamic

Mreiat s o see 1t cdetarls hevond the

servtt. opider approxtmatiens slotte hy Fickett

TatR.  amlb Tarwer erooai o oare  pmpartant n
AT il <8 are integesten n " mare
HAFASL N et lannt Porm bar ‘hie cNeL R

teietasy jale

-

s etk alb oonr colleagnes sles sappart

mir ied b the  piace athan weruples i
wetanat tep heheoviar The phtlusophies ol wnr
ANpLaa e HIRES o lutm g mibvinscopte

sqetge aet ateprve he anvlastan b g stow
s g, T, eant T . athan St te ey et
Rl e e o Thetr wmactasengaa Lt aam e
st Jorbsetee Che s snsequeiie ey e twa

LR sorompuementary at o sappatt e
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