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<'ARBON IN DETONATIONS

J. D Johnson

.8 Alamos National Laboratorv, Lus Alamos.

=& review cthree principal results from a

Jetonations and discuss the {mplications ot
tirst present a new decermination ot the

New Mexico 87545

tive vear studv ot carbon and [ts properties in
these results to the behavior ot explosives we
carbon melt line trom release wave welocity

measurements In the shocked state. We then outline a colloidal theorvy ot carbon clustering
which ftrom diffusion iimited coagulation predicts a slow energy release rate tor the carbon
chemistry Finallvy. we show the results from the examination ol re:covered soot. llere we sece
suppart tor the collold theorv and find the diamond phase ot carban. The main rheme ot this

paper 1s that the carbon i1n detonation produ«ts

i{s in the torm ut a colloidal suspension ot

‘arbon ciusters wnhich grow through ditffusion limited colllsions. Even the tinal state iy not
hulk grapnite or diamond. hut 1s a4 collection ot small. less than 100 A, diamund and craphitie

. Lusters

SNTRODUCTION

Other researchers!’?'3'¢ have noted cerctaln
problems in the modeling of the detonarion
rocess in particular, (n plate-push and
intertace velocity rxperiments with variable
explosire thickness., and appealed to special
ytoper.ies in carbon chemistry to explain the
dittieaitles It {s eamy to convince oneself
‘hat indeed carbon 15 urique amonyg detonat ion
products sinece 1t Us rhe only product *hat can
am bttty latge rolecules in the lorm
1 pute carhon, 'y, nel ) .=, or the whole
tield ot organie chemistry This 18 in
antrast o Che nitrogen, oxvegen, and hvdrogen
<hipch v raindy inte Yy oy and Hpo “his

actare ot o cathon as o prime candidate

o a0 wiow raetpgy arleawe au oompaied o the
sthey Nemiat Y o lust 'aken time for the
athon RIL LN ] -molecles * At e
ragethie:  and piow 'o  oa hulk oaoibl his

crnmpted s ta stagdy hath chie  hermodynami e
il LAt e ivnamie proper tes o cathon In
*he Loiyh '"eoperature hilgh prousure jegime of
R e L IR LR LYTRLAEN

TCoun hegpted o hate o p e that whilie

[RLT Y ICREEE TR PRTNT B W TR PN TR I cont atlny the daseipn e

of the carhon behavior We envision "hlobs"
nf carbon executing Drownian morion in the
hot. dJdense bhackground fluid ot the oather
detonation products with the carbon clunters
huilding up through random collijsions. e
assume theare are no back recactlions and no

harriers to reaction; that {s, the particlas

alwave stick [t thev rtouch ™Mis can he
retined with & sticking probahility The
hac kground tluld veaps 'he Ciuslery at

rquillbrium with r1enpect ‘o lemperature,

carrviug off heat when «lusters merge Ve
avnume that newly tormed clusters anneal We
conkequent iy c{ew  the o arbon . lusters  an

tatrly compact  ecamentially apherical objects,
tithough  a stgntt i ant devigtton trom thiw
shape alfecty our jemsults dgr Jtryle For
simpaletty ot dnttial starte tor the Cjunters
at - 'he con Neumann wpike 1w taken o he
monatamie The annealing proiosy mavy «nase at
Aome jatge time Al o laster L re  Lav (06 10N
itome and Jeave the tnlinite tlme wtate as 4
aller v ot Large dtammnd and e caphige
YRR N him et o diflers fiom  past

wade g leg of L arthan tn thalt ETTT PP TTTT lave



bhulk, thermodvnamic graphite or diamond. vven
in the tinal stacte.

The rvemainder ot this paper has  tour

sectiong. Tha trirst presenrs the new melt
iine A0S determined {rom release Jave
velocities As we developed the picture

wutlined in the preceeding paragraph, ‘he
importance ~f this work declined. However. we
give the results here tor general .nterest: 1!
I1» 4 nize piece of work. YMext we develop our
rheory of carbon coagulation and show the
resiilting slow energy release with some
dscugsion of [ts influence on detonarion
hehavior ~e then ygive s~ome expelimentul
support tor the vcolloidal picture trom the
s0of recoverv experiments Here we have scen
diamonds in the soot Lastly. we very brietly
dlgcuss the slow rate in  relation o

hvdrodvnamic studfes

“ARBON MELT [.INFE

Far some time (decadas) the standard phase
Alagram ol carbon has been qualitativelv ot
*he tarm shown in Flgure | Here we are
Interested in the locatlon ot the melt llne
“iuce  evveen Yulk carbon in the  detonation
tomime iy somewhat! clome to melting It we
consider "hat small clumters can melt at hait
the bhulk meiting temperature.® 'he locattion of
‘he melt line bhecomes of cven more signitl
canee e melt line ftiom the alamsond to

Hlquid  phase 4 pertectly  acceptabla  with

‘hetmodvoams conetderat Lonw although ‘he
regat 1t woopn 1 h anumalous tmplving w1 her
that he Joquld s denser chan the diapond o)

‘hat *he entptapy of the Tiquid ts leas than
‘hat ot diamond

Yoo tind  che  melting  puint along the
Huganint standead vhoek e lac bty part b de
Calo T, MedeslciBent s ale nol al ai] o sepmitgee
ehouph ‘o deteamine the smull ~tiuctule (o *he
oy e Y mach omogpe onvlous wignatare

[NIETIEIVUR S FU TP ump oav o a Panet fon of whun oy
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FIGURE 1
Phase ot diagram or  carbon The principal
Hugoniot % shown and lonpitudinal velocities
Are medsulayy ot the opon circles

strength, occurs in the velocity ot the
rnleass vave ov- taklng a shock In the solid
phase 'his wave travels with the longitudinal
wlastie velocity, while {(t drops to a bulk
velocity ‘f the ma erial 1s shaocked above
melting. The ravefaction velocity \s
determined trom the d:ssnslons ot the sample,
the veloclity ot rhe sheckwave. and tae iming
of the overtake This technique has already
heen used succewsfullv .or ijron,* tantalua,’
and aluminum *

A nmeries ot {ive xhot at premsnuren  and
temperatures glven by tha open lrcles n
Figuts | have heen done Y Alli 'he r1aleane
wave velocitlen alre ronmls. ent with
lowgitudinal velorities tor diamond, tno mellt
sighiatule s wren e higher preoswute melt
Vine must he moved sipnifilcantly apward  in
temperatiiie with the lower PLeARute 1nglon
remaining, csmenttally  unchangad The low
prersule restpfetinon coames fram ot he nldey
sxpelfmemal work " de pow have g pnowftive
cheps o ma s thaom L Voot s ta i ghed
pressure ahove the highest data poge? Am an
antda, the motal 1rglan based an theorettenal

stk ol inoand cohen 0 L pashesl ont o heyvond



v Mbar or more 1

The- in mrodelineg bulk., equilibrium carbon
I defciatlon regimes, i: i oquite reasonable
1o cunsider onlv graphite and diamond For
rinite clusrers 12 1x xater than with the old
rhase Jiazsam ta cthink ot them as solid
anerther bene'i?! !rom the experiment s rthat
ane has trom the sound velocities derivative
intormatian tor

equation "1 state

feterminatlon

'WLLODIAL THEORY OF CARBON COAGULATION

“¢ now turn (o the picture ol  rarbon
naguidlion given 1n tha iitroductlon lare
4# wiil ronsider tor ease of dlgcussion 4
model svstem where at time zero we have only
munatomic varben in an i1nert background tluid.
we assuss that rthe background has no tiase
ilependence and has a temperature T The
-arhon clusters are alwavs spharical fur
oagulation thearv comes Ir m the classic work
ut Smaluchowski !?

It we denote the concentration of clusters

with | itoms a8 vy, the baslc growth equatlion

1%
. -lv.. -
- R O N
L] ' \ b ' 1k
onDR 2 (o )mbe il k =i '
k=1,.. th
the » . % o grometile ftactor that 1s a
tanet son oniv of the claster radl Far oul

dld o etY arcutlate apploximalion s o set
LETC independent of | and ! e «ambli
catlon Ry where I, In  thea Jdiffuston
oslfi- lent of ar { o« luster of jpadius By 0n
independent ot {, thus we denote ' as DR
the rime 1n - The 1nteipistation f Fyuatinn
. i« *hat the firat ~um on the right
raplesenty ‘he grawth aof a » luster when |
ad lunters  with §o )=k ailfde "o Torm a
’ e wecoapd wam taprasents dupletion of the

, canter papmnallon by oangilatons <3thoany

other cluster.

it i5 convenient to scale our variables 1o
m=vis by and  x=aw DRct.,, with ! =y (L=0)
Then with K=l .an exact analvtic saluction
eXiSTS, numeiv,

Ly x)= x4 (lexyit? i=1.,2, . )
we %till require DR. ‘we tirst uppeal to

the Stokus-Elnstein relation!! vo relate DR rz

the viscosity n ot the background tluld.
:)R-I:Hl' hnn o

we uhiain n trom the modilied Enskog theorv ol
dense fluids Enskog is a reasonatlv accurate
and ecaslly applled transport rheorv tor dense
tluids Reterences le and 1> glve nice over-
views ot moditied Enskog. This completes our
rather simple theory nt carbon coagularion

wr now need to apply the above o calculate
the quantity ot {nrerest to dutonations This
is AE., 'he energy ditference per mole ot
carhon hetveen the total cluster ensrgy at
time t and the infinite 1ime hulk carhon

energy ~E !3 given bv

AE ‘ ||l|ulnE| . th)
whete 5FE, s the energyv difference pem1 mnle
hetween 'he | o luster 2nerey aid the bulk

This .}, = appronimate hy 4 surfme rora

s Ak, - oY The a4 |s obtained by
f12ting ' dara and theaivy on the snegies of
~mmi]l - arthon s lastere o cmolecalon The 1esult

v bt veal pet mole

N .- A |
Abe . h { " ,I |
4 ]
lem =1 b

ol atge equlzalent Iy« the -am in

[T IR TN [ i owel] | tppros pihat el Ly an



INTeRZTA: ald can be evaluated Then

-~

CE=BO T tix U (h)

hils stiows cirectlv that we huve o slow energy

release from carbon Tha chemistry o1 the
vther  letoration  products  should release
CABTEY 4% 1 ", J much taster rate

ur resdi?, Fquation p). 1s not senmitive

o the several simpl.tving ussumptions, such

as.  spnerical  clusters, monatemic initial
state. etc that we made in our modeling;
v ot we ity these simplifications, the

ol wi.a o hange 1ittle or none

il one wants to see how the numbers work
Wt tor :val explosives =a have luoked at
nath TNT and HMX, we will discuss HMX here.
Putzitiv . unservativa nuabers into the just
presented -heorv, that s, using vcstimates
“hat aiwavs pive the minimum AE, we find that
“E 4* *%e end o! the Leactlion fone 1s «bout s
I "'e vneigy Ieleased ot Instead of
msetvat lve ostimates. hest puesses Jdre sade,
'ar Nt wkdin 4 the end ol the reaction zohe
<0 see chat ahout oaw n! the energy releaase
is t1ed ap o in the «low 1ate

s o o seems very small o but chere 1w oan
mpiifienr o lfect a® ook "o simple VJ

‘hinking "o obtain a teel tor how the AE -

¢ d1il atlect  experiments From this
pproah we @il get onoefdeeilve shift in the
plmneape Thim i very simpiltied rhinking

wr snouid 1eailv Inok ar puw 'he wiow rate
hatrven e 1ractlion ;one and trom that go tn
*he 1t hienere ot sS4y plate push and anter
tace el i’ ies But  we will pec o handle
“his wav Rdzll'® ' haw demonstrated that a
wlud e eane ol rnergy ol oA producen
Changes A i the stark o arate Thina
ohte ot mes tiom he fa !l rhat *le Favielgh
e 1 tangen' ‘o the luliy geacted Hugontot

o le Topeant el bigare . ™he dotted

2 — - . -
15
- ., CJ
o e
A ~
a
05 - -
0 -
07 os 09 1
VIV,
FIGCRE !
Intluence on pressure ot Hugoniot shitt The

Ravleigh !ine {s the solic line, tha tully
reacted Hugoniot is the solid curve, and the
partially reacted ilugoniot 1s the dashed
curve .

curve 13 the partially reacted Hugeniot
shillied 084y - J-ed by the slow wenergy
release (One might worry that, hesides the AE
from the slow rate, theare 15  also 4
compeusating AP dus to the pressure (rom the
motion o! the clusters llowaver, the number
nt moles ot vclusters 4t the end of the

reaction cone is small enough o neglert

such The u(d’r uhitt 1n the Hugoniot
translates to a U(d) - 10 yus  shifvt in
preasure in pgeolng trom polnt 1 to A For

timesw vomparable 1o the slow r1raction lonhe
‘the wluw 1ater and Jonger . 'he detonaljon
rune at the 1 veloctty tor tae tully reacted
Hugoniot ntil times latpger *han the wslow
reaction sone. the arates ftrom A ta ) along
the Favieigh line appear ' be part of the
Tavior wave Thus we are looking at potential
changes ot 108208 {n the shock state fo1 ime
wealen of mictoseconds and distanes seales of
cont e tat e ¢t about ' ha Llze  of
sffecty seen expel imentally e page 100 ol

Fafearenie i and Relsteniea ) oandd o



More detalls than are given in this section

are presented in Reference 17

00T RECOVERY
To give some experimental support 0 the
assumptions in the coagulation model and just
ro undersctand better the sont trom expiosives.
we have examined with several rechniques ihe
recovered soot from a variecry ot  high
nxplosives. we will discuss here only rhe
varly work on Comp B, a H»0.50 mix ot TNT/TATB.
and a 2050Q mix ot TNT/NQ. Yor more detalls
*han iscussed here sce Reterence 19 The
paper hy  creiner and MHermes:® Jiscusses
turther i1nvesrigations.
=e looked to these recovervy experiments
tullvy realizing the difficulties with such,
he vcheracter of the soot most cerrainly
changes on releass lrom the high-pressure.
high remperature regime nt {nterest to

amblent we micigate this through the use ot

I GURE
Slectn o m tagtaph ot Camp Booampie oate |
—m vopraphitlc rabhons B ramond s pher

large conteiners, 1 cubic mecrer or larger,
filled with argon. Illowaver, some ohservat.uns
at ambien® can, with contidence, bhe related
back to the explosive processes. For example,
if we see diamond with speclfic character-
isties, it is prettv certain these were noc
altered on release. But graphite can come
from the release of diamond.

Ou. explosive charges range in size from
200 to 100 grams. Afcer firing the soot 15
scraped off the tank walls und dried. A
number of analyses are then pertormed; we will
ralk here onlvy on the transmission electron
microscopv (TEM), TEM electron ditfraction,
x-rav diffraction, and Auger/ESCA analvsis.

et uws tirat dispose ot the dJdiamonds.
Under the TEM we see tor all tnree samples
toughlv sphericai particles, tvpically 50 A
dlameter hut ranging in the extreme !rom 20 to
00 A “we Flgure ). TEM electrnn diffrac-
tion on thrre particles identitics rthem as
diamnnd ciusters Sea Flgure . The "spotty

ring” pattern indicates that the microcryatals

are tairly vlean of detects The other
marpholoyy the 1ibhons, is Ildentifled asa
turhostz it ic  gpraphite, carbon bilacu The

cluster swiZesw are in the <ame range as 'he
{lamond pon treatment ol the sior an nitrie
and parchloric acids to remove the graphitic
form. we 1ecover a brown powder. /b ol the
Lot s oray ditlraction on this powder
ot tles he dlamond  {dentificartion et the
drttraction 1LLg o wldth o pives a0 miciocrvatal
wham ol A Sont amporaneous with oas,
Titovy anl his cvowolkery Yave founa  Jlamond
Slumters with very similarl chavac!eristics an
explosive soore !

wWe now look ty what we can learn (elative
oo rode oy, First and most (mportant  <e
e trom v he TEM mictopraphas that s he wnne gy
voet o realk vraphtte oy A1 amand Fvean  at
nflol'e " ire we have o iaaters o with Lo S0 ot

thaly atamme aestding 1 the wortanes Al wo



FIGURE 4
Electron diffraction pattern showing diamond
ditfraction rings from «¢lll), 220y, .311),

() and (4 00) weakly

the turbostratlc graphite has curved lavers
and the interlaver spacing is J 9 A as com-
pared to )} 35 A for puce graphite  For earlv
timen where the carbon clusters are much
smailer than our %0 A we cannot a: all model
the carbon with bulk thermodvnamic thinking
For the intin{te time ti{nal state i {v & good
approximation, 1f one knows the proportion ot
graphitic and dlamond ‘orms. o take bulk

yraphite ang diamond thermodvnamic and correct

tor suartace  arvature ind expansion contry
butions

~o have lomt the ase of the equtlibyium
phase diagram to determine whether we have
praphtitic o diamond phases The -<nrtsoes
shife 'he e lative wtabylyte it ' he Cwn
morpholopies ot lustel s nootact it one
shinks ot all the dangling bonds o diamond
Cdustetl wiil have compared to oa praphit!c one
one wonder & why diamond torms oar oall The

answel taat e In the honds bhelng o apped ot

by cvaN. or Y0, or H with Auger, ESCA
analvsis on the acid processed diimonds we do
see O and N atoms which disappear upon surtace
sputtering. Van Thiel and Ree in Reterence 22
also use shifrs in the graphite-diamond phase
line to explain the dernnation velocities ot
high carbon-content cxpiosive. The importance
and difficulty of this surtace chemistry,
especially for the small clusters ac early
time, means rhat simple=, semiempirical
modeling is probablv the best strategy

The basic building blocks ot the soot are
che >0 A "blobs” This supports our simpli-
fving assumption ol spherical clusters ana the
picture ot annealiing we sews that the larger
soot structure consists of a louose collecrion
of the "blobs” rhus lmplying that the anneal-
ing procass shuts down wvhen 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. (1} the heat
from bond formation becomes ‘0o small a frac-
tion of the total cnergy of a cluster. (2) the
effactive melting tempervature tor a finite
cluster shifts with clustar size; (3) the
keinal {n the coagulation equations‘® changes
characrter as a4 ftunction of cluster size; (4)
the thermal fluctuations in a finite cluster
are smaller on a percentage basis in larger
clusters; and (5) surtace tension can no
longer s«phericalize *he clusters Our theory
trom the previous sectfon is. ot course, not
valid with the approximation kKy=1 once the
annea}ling s.ops However . his 15 not im-
portant for detonations bhecause we have most
of the esnergy out before this polut

Finallyv, we {ind that the soots contatin
latge quantitles of volati{les. wav avound .9
78 Mis makea 1t Jdiftlenlt to relate the
heat ot toimation as measuted oy the soot to
the heat of formation of pyie «arbon as needed

in standard model g



SLOW RATE AND HYDRODYNAMICS

In the theorv secrion we discussed the 1n-
fluence a slow carbon rare has on explosive
behavior through a simple . model. This 1s .
somewhar crude approach since such modeline
Joes nor reallv have rhe necessarv phvsics to
deal with rhe carbon cnemistrv. As a result.
the slow rate appeared as a change in the
effective 1.0 pressure. !t Is more correct to
make detaijied mrodeiing ot 'he react:ion zone
and look 5 the intluence ot the <carbon
‘oagulation on the reaction zone and subse-
juent detonation behavior Fickert w=ith huis
rathemativas. analog has  oaked ait some of
-hese quest.,ons <3

Ancther approach o this is to ippiement
i Siow carbon rate into the equation ot state
and burn models of a numerical hvdrodvnamic
studvy tor dJetonations. In particular., one
should ook atr plate-push uand intertace
“elocity experiments This has heen done bv
Tang!' and Tarver ot ai'. :independentlv ot each
ather ang ot us Bv inciuding a slow rate
‘hev !ound 'he agreemant hetween experiments
ind alculations tor TNT, HMX, und TATB nicely
JRpraved "he time scale that Tang chose tor
‘he oow reaction agkrees with our estimates

We ave also ooking into hvdrodvnamic
Alceriations "o see 1! detarls hevond the

serott. cader approximations done hv Fickett,

rang. and  Tarver er  al oare  pmportant in
DIt I il -8 ale inlerestod in 0 nore
TLVG L, et ionag {nrm tar che  cnergy

reivake tate

™is wortk ol our colleagues ddoes support
mir iew of 0 the  pldce athon  occuples 1n
wetanat iopr behrovior The philosophies ol nur
ARPTaar Lies ffer, <8 lomm 4 mleroNcopie
aetare anrd depgpve e oncluston ol a slow
eney . te,eaee Lrom o .athon “hile ey o add an
ext1a [ "o thelr macioscopic Levdiefenam
el dochuer e The consegueiio ey e tun

compaement a1 and o sapport e
1 4]
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