
ri-
~~~
‘ AO—A058 230 wASHINGTON STATE UNIV PULLMAN SHOCK DYNAMICS LAB FIG 7/2

SHOCK—INDUCED DECOMPOSITION OF CAR8ON DISULFIDE.(U)
AUG 78 S A SI4EFFIELD. 6 E DUVALL N000LQ— 77—C—0 232

UNCLASSIFIED W5U SDL 78 014 NL
lOF I 

_____

30 ________________________________________________________________________________
0

END

0— 78

H.



• -

~~~~~~~~~~~~~~~

‘

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _

r IEYEI JLi
SHOCK-INDUCED DECOMPOSITION OF CARBON DISULFIDE

Stephen A. Sheffield & George E. Duvall

~ 
• Department of Physics

Washington State University
Pullman , WA 99164

D D C
Technical Report

C...) August 1978 AUG 29 1918

Research Sponsored by the Office of Naval Research, Contract No.
N00014-77-C-0232; NR 092-558.

Reproduction in whole or in part is permitted for any purpose of
the United States Government.

Approved for publ ic release: distribution unlimited .

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~•~_



~~~~~~~~~ T Ji I —_i_’ =~~ --- 
~~~~~~ ___ 

~~~~~~~~—~--

UNCLASSIFIED 
- —

~~~~

SECUR$ rY CLASSIFICATIO N OF THIS PAGE (Wh.n Oat. Entered)

REP,~~
T ~1I~~~E~~TA T ~~~ 1 DA~E 

READ INSTRUCTIONS

I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECi PIENT ’ S CATAL OG NUMBER

~~~~~~~~~ 

~~~~m u , ~~~, i~~~~i’~ BE FORE COMPLETING FORM

WSU—SDL—78--M4~ ____________________________
5. TYPE OF REPORT 6 PERIOD COVERED

.7. I. • 1
lec lunica l , —

Shock-Induced Decomposition of Carbon Disulfide~1 ~ F7~~N;~~RG~~REPORT NUMBER —

7. AUTHOR (.) 5. CONTRACT OR GRANT NUMBER(a) 
— 

-
~~~~~~~~~~~~~~~~~~~~~~ ~~NØØøi4~~7~~~~~~~~

Stephen A.~Sheffield ~~ George E.jDuva1l~~~
I. FflRM!NGO OANI ZAT ION NAM E AND A t ~~5 tO . PROGRAM ELEMENT. PROJECT . TASK

Physics Department AREA 6 WORK OMIT NUMBERS

Washington State University~Pullman , WA 99164 NR 092-558
II. CONTROLLING OFFICE N A M E  A N D  ADOR S ~~~~~~~~~~~~~~~~~~ ,/ • I2~~~~~E~~BI.g4.LL ...._-

Office of Naval Researc -
~~ / / J  / ~ i, Augud~ l%978

800 N. Quincy St. 11 J,-’F ’ J ~~~~~~~~~ ‘I ~~~~~~nijr PAGES
Arl i ngton, VA 22217 Li . 11

14. MONITORING AGENCY N A M E  & ADDRESS(1( differen t from Controfling Office) 15. SECURITY CLASS. (of thia report)

Office of Naval Research Resident Representative
University of Washington UNCLASSIFIED
3710 Brooklyn Ave., NE, Unit #2 IS.. DECLAS SIF ICAT IOP4IDOWN GRAO ING
Seattle , WA 98195 SCHEDULE

~~~~~~~~~ 4 

~~~~~~~~~~ A~’ 
~~~~~~ 3’j ~Ai ~‘ 

(1~~) ‘~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

17. DISTRIBUTION STATEMENT (of the abstr.ct entered in Block 20, II different from Report)

tO. SUPPLEMENTARY NOTES

This report is a reproduction of a paper presented at the Symposium
(International) on High Dynamic Pressures in Paris , France, August 28—
September 1 , 1978.

19. KEY WORDS (Continue on reverse .~ide U necessary and id.ntify by block number,~
Shock Waves
Chemical Reactions
Chemical Kinetics
Liquids
Carbon Di sul fide

L20. RA T ‘ContInue on rev erse side if necess ary and identify by -b lock number)

Li qui d carbon disu lfide (CS~) was shocked by reflection to pressureswhere reaction occurs. Progress of shocks and reaction was monitored with
electromagnetic particle velocity probes. Particle vel ocity waveforms show
that a two-wave structure evolves in the reflected shock wave at pressures
above about 75 kbar, with the character depending upon the pressure. Two
wave evolu tion is accompanied by an induction time , followed simul taneously
by particle veloc ity decay and a burst of decaying electrical noise; the

DD j AN 73 1473 EDITION OF I NOV 63 IS OBSOLETE 
UNCLASSIFIED

4___ __
~~~_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



UNCLASSIFIED
SECURITY CLA SSIPICAfl ON OP THIS PAGB(1 7~an Deli Inten d)

Bloc k Number 20, continued :

noise decay takes longer than the particle velocity decay. Equation of
state models were developed and used to calculate temperatures both before
and after reaction. From these calculations and observations , it is
hypothesized that a decomposition chemical reaction occurs in the shock.

ultl. $sdIuI k 
-

DOC Nff $.ctIN 0
VIANNOUICEI 0
J~~TIE~CATION 

- 
. I! 

IIt~IIIUTlSU/AVAILMIU 1T COOEI

SW. A!~L ~~/‘ ~~~~

UNC1 ASSIFI~ D

. - _ _ _ _  

SECURITY CLASSIFICATION 0 THIS PAGE(59,Sn Daf. tnt.?Sd)



~ TI ~~~~~~~~~~~~~~~~~~~~~~~~~

SHOCK-INDUCED DECOMPOSITION OF CARBON DISULFIDE*

S. A. Sheffield** and G. E. Duvall
Shock Dynamics Laboratory, Dept. of Physics

Washington State University, Pullman, WA 99164, USA

Liquid carbon disulfide (CS2
) was shocked by ref lec-

tion to pressures where reaction occurs. Progress of
shocks and reaction was monitored with electromagnetic
particle velocity probes. Particle velocity waveforms
show that a two wave structure evolves in the reflected
shock wave at pressures dbove about 75 kbar, with the
character depending upon the pressure. Two wave evolu-
tion is accompanied by an induction time, followed simul-
taneously by particle velocity decay and a burst of de-
caying electrical noise; the noise decay takes longer
than the particle velocity decay. Equation of state
models were developed and used to .calculate temperatures
both before and after reaction. From these calculations
and observations, it is hypothesized that a decomposi-
tion chemical reaction occurs in the shock.

INTRODUCT I ON

The utility of shock-wave methods in the study of phase transitions was
established early through both dynamic measurem ents 1 and recovery experi-
ments. 2 Yet their value in the study of chemical reactions in condensed
matter has not been widely recognized , despite the role they have played in
gas reactions. 3

~
k Most work on shock-induced chemical changes in liquids

and sol ids has involved post-shock examination of recovered specimens ,5 7

where pressure and time histories are but poorly known. Part of the reason

(*) The research reported here has been supported partially by the Dept. of
Energy and partially by the Office of Naval Research, Contrac t No.
N000l 4-77-C-0232

(**) Present address: Sandia Laboratories , A1 bu’~uer que , ~!1 37115.
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that shock-dynamic techniques have been little used in the study of condensed
matter reactions is probably the l imi ted information tha t can be obtained
from measurement of macroscopic variables . If parameters be i ng measured are
limited to pressure , density , particle veloc i ty and shock veloc i ty, there is
no sure way to distinguish between phase transitions and chemical reactions.
Considerat ion of rela ted informa ti on can hel p in making the distinction.

Liquids are more l ikely than most solids to react under shock because of
their greater compressibility , wh ich l eads to high temperatures in the shockedr state. A number of liquids have been stud i ed and considerable effort has
been directed toward the subject of liquid—to-solid phase transitions. Shock—
induced changes have been reported in opacity 8~~° and in electrical conduc—
tivity ;’’~~7 anoma lous temperatures have been measured ,1-° and cus ps have been
reported in the (p,v) Hu goniot curves of a number of liquids . 18 2° Discontinu-
ous changes in macroscopic properties have frequently been interpreted as
phase transi tions; but it is likely that many of these anoma lies result from
chemical reactions.

Explici t reference to reactions, particularly to decomposition and
pyrolysis, has been made in some cases.’7’2 0 22 The most comp lete study of
a shock-induced reaction which has been reported to date is a lengthy study
on acrylon itrile by Yakushev, Nabatov , and Ya kus heva 22 in which they ob-
served a cusp in the 1-lugoniot at 43 kbar , based on shock velocity measure-
ments. They also used an electromagnetic particle velocity gage and meas-
ured what appears to be a two—wave structure but they said the scatter in
the data was so great that it was not possible to “establish unambiguously
the nature of the second discontin uity in the mass velocity. ” Among several
other tests, recovery experiments were done where the acrylonitrile was
shocked to 240 kbar and then recovered . On examining the sample , they dis-
covered the evolu tion of large amounts of ammonia , with a black velvet
powder remaining; which was identified by x-ray diffraction as hexagonal
graphite. Using these data they speculated that the decomposition reaction
is

CH2=CH-CN ) 3C+ !1H3.
A review of this and other earlier work suggested to us that an effort

to use shock-dynamic techniques to unravel the kinetics of a reaction in
condensed matter mi ght be profitable at this time . In screening candidate
materials for such a study , it was required that

i) anomalous behavior should be documented
ii) there be a reasonable probability that the anomaly results

from a chem ical reac t ion
iii) the material be of interest to chemists and that the molecule

be a simple one
iv) the ordinary chemical and 2hysical properties be wel l established
v) the material be readil y available and not highly toxic
vi) the shock pressures requ i red to produce anoma lous behavior be

within reach of the WS~’ gas gun facility .

Acrylonitrile was a serious candidate , largely because of the work already
done by Yakushev et al .,22 but CS~ was finally selected because of its
simpler molecular structure : S C ~S.

R. Dick 1 using explosives , has measured the Rankine-Hugoniot (p,v) curve
for CS2 and determined that a cusp exists at 62 kbar. 2° A graph of his data
in the Us-U plane is shovin in Fi gure 1. The existence of a cusp implies
that  thQ c~nii pr~:~~~ o~ the re)ct ior) or t ransit ion :~~~s a higher density than
the CS2
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Figure 1. Shock measurements reported by R. Dick for CS2. 2°

Butcher et al.23 did a number of static high pressure tests at elevated
temperatures on CS2 to produce and study the “bl ack solid CS9

1’ Bridgman had
discovered earl ier. From their data and Bridgman ’s data, th~y constructed a
diagram that is reproduced in Figure 2. They indicate that a bl ack solid
form of CS2 is formed onl y in the relatively small region indicated in the
figure and that, at temperatures and pressures above this , decomposition
occurs. The region marked “decomposition ” is where the shock results of Dick
(with the reaction occurring) are located .

8OO~

600 •(~
. (Decomp~sition )

C., 
carbon-sulfur

!400
.~~ 

Block Solid

~~. 200 LIqwd~~~~~~~~~~E~~~

40
Pressure, kb ar

FIgure 2. Temperature-pressure diagram constructed by
Butcher et al. in Ref. 23. The cusp observed
by R. Dick occurs well up into the region marked
“ Decompos i t ion . ”
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Afanasenkov et al.2’ assumed that the Hugoniot cusp reported by Dick
resulted from decomposition of CS2 to elemental carbon and sulfur. They
combined carbon and sulfur Hugoniots , using the stoichiometric ratio, to
calculate a Hugoniot curve for the products. This curve went ri ght through
Dick ’s data above the cusp. They also measured temperature by a brightness
technique and found it to be 3000°K, about 500°K higher than their calcula-
tions indicated it should be. From these results and the Butcher et al.
measurements , they concluded that their initial assumption of decomposition
was correc t.

The goals of the work reported here were to
(1) establ ish an experimental procedure for shocking the material

into the region of reaction which can be adapted to later
spectroscopic studies

(2) establ ish by pressure and velocity , or equivalent , measurements
the range of interesting experimental conditions

(3) establ ish overall features of the reaction , suc h as induction
time and reaction rates , as they affect observable macroscopic
parameters. =

EXPERIMENTAL DES IG~

The particle velocities at which the CS undergoes transition are
typically 1.35 mm/~jsec for a single shock an~ greater for a doubl e shock. A
double shock experiment , i n wh ich the second shock is produced by reflec tion ,
was chosen for two reasons.

(1) The particle velocity required for reaction produced by a single
shock is barely within reach of the WSU gas gun.

(2) A reflection experiment gives finer control over the reacting
state and opens the possibility for generating and monitoring a
two—wave structure , which , accord ing to R. Dick , is not present
In the single shock experiment.

The experimental design is illustrated in Figure 3. The target was
placed in a magnetic field during the shots so it was necessary to use a
sapph ire irnpactor when a high impedance material was required. A sapphire
faced projectile drives a shock into the PMMA cell front , which then traverses
the CS as a relatively low pressure wave (state 1). When the shock reaches
the sa~pn ire back plate , a high pressure wave (state 3’) is driven back into
the already shocked CS . The experiment can be designed so the high pressure
wave is above the tran~iti on pressure and a reac ti on i s observe d . In thi s
case the reflected wave splits into two waves , producing state 2 behind the
first wave and state 3 behind the second wave . References made to a particu-.
lar state in the remainder of this paper will be consistent with the desig-
nations of Figure 3c.

Progress of the shocks and the reaction were measured by inibedding
several electromagnetic particle velocity (EMV ) probes in the liquid sample
so that both particle velocity and shock arrival times could be continuously
recorded. From these records veloci ty can also be determined .

Since the experiments involve reshocking of the CS9 it is important to
understand that the reshock Hugoniot is different from the principal Hugoniot ,
how differen t depends upon the compressibility of the material. CS9 is quite
compressible, so it Is necessary to take Into consideration the difference.
Both t~-’.~ ~~~~~~~~~

-
~~~~

- -s r ,, ~~~~~~~~~~~~~~~~~ ‘‘ ‘ t~u en’iil i~riur~i enu~tion of
state s~r~aco cr JrI r~~L .~~ ~~~ u :~,;~• •~~~~ L I . .~~ ‘us L~u!l to ~~‘.eiu~ a
model for the equation of stat~ and use It to calculate the reshock Hugoniot.
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Figure 3. Experimental design.

EXPERIMENTAL RESULTS

Of all the records obtained , those obtained at the CS2-sapphire inter-face reveal most clearl y the features of-the reaction. An idealized record
Is shown in Figure 4; it displays three interesting features. First is a
region of uniform particle velocity , AB , immediately following reflection.
Its duration , t~ in the Figure , depends on shock pressure and tempera ture in
unrea c ted CS ; It i s called an “induction time .” Second , BC , is decay of the
average particle velocity to a final uniform state, lowe r than the induc ti on
state by an amount ~u . There i s also a charac ter i s ti c tim e , t~ , assoc i ated
with this change. FiRally, and qu ite unexpectedl y, i s a coheren~ elec tr ical
signal which begins suddenly at the time particle velocity starts to decay ,
B, and decays in amplit ude to D with a characteristic tine , t,~ > t~ , which
also depends upon pressure and temperature in the i nduction seate. ~

Because of the electri cal sil n 31 it was ir.ros sib le to determine the exact
nature of thD :~c i ~ ~~ :c’~~,’ = • ., 

. ‘  :?C L’ “~~~~~
‘
~~

by drawing a curve th’ough the si~na~ at wha t a ç.epearea to be tne cean posi-
tion. Signal decay time was also estimated but it was difficult to tell the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~--- - ----~~~~~~--~~~~~~ --~



~~~

.~~~ H~ — 
- ~~Up

U A
~~~~~~~c

I

T ime

Figure 4. Ideal ized CS9-sapphi re gage record . t T is
induction t ithe, t,1 is the noise decay time ,
t~ is the partic~te veloc ity decay time , and

is the particle velocity decrease.

end of the signal from normal noise on the approximately 100 mi llivolt
signals. For many of the shots the induction time was so small that it was
not resolvable in the 10 to 20 nsec risetime of the gage . Two records are
shown in Figure 5. Frequency of the oscillatory signal is not periodic , but
its average frequency varies from about 40 to 150 MHz among records. Induc-
tion times range from < 6 to “.310 nsec; t,~ “.. 50 to 400 nsec ; tN 

‘\ 110 to
340 nsec . p

1.0 1.0 - (b)

~~0.5 0.5 -

0.0 ‘ . . - 0.0 I I

0.70 0.80 0.90 1.00 0.60 0.70 0.80 0.90
Time, ~sec Time, ~sec

FIgure 5. Records from the CS -sapphire interface.
(a) shock pressure ~s 37 kbar; (b) shock
pressure is 106 kbar.

TEMPERATURE CALCULATIONS -

Complete equations of state , suitabl e for numerical computation , have
been constructed from shock and static data for CS1 and for reaction products ,
assumed to be a stoichiometric mixture of carbon ahd sulfur. Temperatures
and pressures calculated for the principal Hugoniot centered at room tempera-
ture and for reshock - :i~1Ofl1O tS centerod at various points on the principal
Hujoniot , .3 f l  fl i - f l~~~~C J  ~~ r~~~” :~ c r~ ~Th ~ 6~~. ~~~~~~~~~ hiru ~u tr~
CS2 curve at point 3 in Flgui t~ .s ~re con~~r~ in. U i~~ i~e on the dash~J lihe
In Figure 6a. These represent metastabl e points in the CS2 in the reacting 
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Figure 6. Temperatures and pressures in the refl ected
shock wave .

region bu t before reaction has started . In Figure 6b are plotted measured
points (X) corresponding to point 2 of Figure 3. The band of pressures and
temperatures indicated on the principal Hugoniot in Figure 6b represents what
we believe is the region of onset of reaction in a single shock. These are
somewhat lower than R. Dick’s estimate of 62 kbar. If the reaction were
activated solely by pressure , measured poir~s “2” would lie in the vertical
cross-ha tched band . If the reaction were t~~:~erature-activated , they would
lie In the horizontal band . Actually theL. do neither , and this i-s quite
reasonable since activation energy can rea.ru~bly be expected to be a
funct ion of pressure. The phase di agram ~f,en by Butcher et al. is shown in
Figure 6 for comparison wi th measured states. The measured states are we l t
into the region of decomposition indicated by Butcher et al.

_ _ _  .4
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DISCUSSION

The measurements tha t have been made demonstrate clearly tha t liquid CS2,on being shocked to sufficiently high temperature and pressure , is decaying
to a more dense state. One must be cautious in leaping to conclusions about
internal mechanisms responsible for the decay, but there are some grounds for

• - supposing that it is due to c hemical decomposition instead of a phase change.
These are , briefly,

(1) Velocity—time histories recorded at the CS 7-sapphire interface
differ in form from those expected for tra?~sition. The most
notable differences are induction time and the reaction
electrical signal .

(2) Calcula ted pressures and densities of the final states are in
accord with those expected from a stoichiometric mixture of
carbon and sulfur.

(3) Pressures and temperatures fall in the region of chemical
decomposition described by Butcher et al.

(4) The array of final pressure and temperature states shown in
Figure 6b appears to be more nearly in accord with character-
istics of a temperature-dependent process than with a pressure
dependent one.

(5) CS~, is chemically unstabl e relative to carbon and -sulfu r in the
reaction region.

The weight of this evidence is grounds for the tentative conclusion that the
observed effec t is chemical in o r i g i n , probably representing decomposition to
carbon and sulfur. Absolute assurance that this is so awa its more direct
evidence.

The character of particle velocity records at the CS2-sapphire interface ,viz, the existence of an induction time followed by decay of pressure and
particle veloci ty, suggests tha t there may be two principal stages in the
reaction. The initial reaction proceeds without si gnificantly affecting
pressure, and the second is associated with a decrease in pressure and increase
in dens ity . Here , too, a more detailed analysis is requ i red before firm
conclus ions are possible.

Presence of the electrical si gnal is unexpected and puzzling. Its almost-
periodic nature implies a coherent motion of electrified partic les , which may
be induced by the magnetic field of 2000 gauss used for the EMY gauge. If the
average frequency of the signal is taken to be 100 MHz and the signal is
assumed to represent the cyclotron frequency of a particle of mass M and charge
ze in the 2000 gauss field , then M/z 56 electron masses , which corresponds
to nothing reasonable. Some experiments ’ were done to affirm that the
reaction i s the source of the si gnal. The signal is picked up by a probe
outside the CS at the instant the signal appears at the CS9—sapphire gauge.
Shorting pi ns ~nd other sources of electrical noise were reil oved from the
experiment. Pt~’1A was substituted for CS and no noise was observed . The
possibility tha t this electrical signal ~ay provide a means of monitoring the

• reaction appears real , but much further work will be requ i red to identify
Its source.

• The work reported here is a first step in a study of shock-induced
reactions in CS1. It wil l  provide the basis for further and more detailed
studies of micrbscopic aspects of the transition .
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