
77.rrnmHu'm/ra .4~ra. 27 (1978) 337-3 .~  
IEl~;c~.-f,a- S c k m i f i c  Publ ishing C o m p a n y .  A m ~ l a d a m  - P r imed  in T h e  ~ h a b n d s  

T HE  INFLUENCE OF COPPER AND LEAD COMPOUNDS ON THE 
T H E R M A L  DECOMPOSITION OF NITROCELLULOSE IN SOLID 
PROPELI.~NTS 

N- EISFJSREICH A.'~D A- P F E I L  
F ~ < T . G e s ~ ! I x 4 " I ~ .  Im~ilue ~ Ciwmi~ do" Tre'ib- emel F ~ ~ e ~ ' .  l~L7..~7 Pfln~nl-BeT~lmze~n 
(C,m,,~.r) 

ABSTRACT 

The thermal decomposilion of  pure nitrocellulose and nitrocellulose in double- 
base propellants containing PbaO.t, Cu(l l )  and Pb(l l)  salicylalc as burning catalysts 
(modifiers) and the catalyst-free matrix ~c~c analyzed by TG and quantitative DTA 
(DSC). Parameters likc rate constants, prc-e-,cponential factors, activation energies 
and heals o f  reaction ~,~cre determined where homogeneous kinetics could be ~ssumcd. 
The presence of  modifiers manifesls itself in lower actiwation energies, higher rate 
constants and higher heats of  reaction at pressures below 30 bar. The results indicate 
that modifiers calal.~c Ihc thcrrnai dccomposilion of  nitrocellulose. 

I .%~TRODUCTiO.~ 

The presence of  catal)'sls (modificrs) alters the burning characteristics o f  
doublc-ba_~ propellants in a distinct Illay. Though intensively studied ~ -~, the undcr- 
Ifing reaction mechanism is far from being understood. 

The fo!lm~ng study was undcrlaken to get new information on the mode of  
action of  thcs~ modWw.rs using methods of  thermal analysis such as TG and quanti- 
tative DTA (DSC). Of  parlicular interest wexe (I)  the d--termination of  major steps 
of  the thermal dcx:omposition of  double-base propellants and (2) the determination of  
kinetic parameters and the influence of  modifiers on these parameters. Preliminary 
results in this regard l~,-¢re prcsemcd recently 6. 

Kl~J~rlc~5 

The DTA and TG curves ~,~crc analyzed assuming the kinctics 

dr- 
- : ~  = - k y "  ( i )  
dz 

~vhcrc y is the conocntration of  the re;,.ctant, ! the time, n the order o f  reaction and k 
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the rate constant .  The  concentrat ion is related to quanti t ies  actually recorded by 

d r  d i p  
- - - =  ~ ¢ ( r )  - ~ ~) 

dt  dt  

where q(t)  d e ~ m a t e s  the production o f  heat and dlV;dt  the v,~eight loss. 
l f a  l inear F, cat ing rate ~t is applicO, the term dt  incqn.  ( I )  can bc substi tuted by 

the temperature ~d~Tercntial dT. 

d r  ! 
= - - ~ "  ( 3 )  

d T  ~z " 

Based on  tl~e kinetics described above, the reaction pa rame te~  k. n, the actK~ation 
E and  the prc-exponential factor : can be calculated u~n~ the following 

extwemlons- 
(a) Isothermal DTA and  TG.  
F rom a I~__dxithmic and  a doubk: logarithmic plot o f  q or  Iv  x~rsus I, the 

parameters ~ and  k arc determined. E a n d  = are obtained by plottin~ the rate constants  
IF/" ( A r r h ~ u s  plot) .  

E 
In k(T) = hz = R T  (4) 

Co) Method o f  Rogers and  M o r n s  ~. 
The  activation ener_,,y is obtained from a plot o f  In q(T)  versus liT- 

E In ~ ( y )  - -  .¢--y (s) 

Expression (5) holds only for the first part  o f  the rising slope o f  the DTA curve_ 
(c) Method of  Borchardt  and  Daniels  s. 

d W  ~ - E 
in  - -  I V - "  - -d -~- }  = In ~. A T  

(d) Method o f  K i s s i n ~ r  9. 

(6) 

in -~ - - - - - -  in R_- E (7) 
T ~  E R T .  

w h e r e  T= i~ the peak tcmpcgatur~ o f  the D T A  curx~=_ 
Equal ions (4)-(-/) allow an  analysis o f  the experimental curves by linear 

rc,,~rcssion. The  kinetic parameters reported in this paper were obtained in this ~ a y  
wi th  correlat ion coefficients hotter than 0.99 in al l  cases. The influence o f  modif iers on 
these parameters , ,~rc elucidated by anal)s is  ofvar iancc .  Differences arc stated t , i th  a 
confidence kve.l o f  a t  least 95 ~,. 
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W~. I. Th,: ~gl~ndcn~ of tltc burning rate on twcssurc mca~urcd I~- a C ~ f o ~ l  t~l,c ~mnd burner. 

Thc fol!o,~ing samples_ ~ l r c  used: pure nitrocellulose (NC)  containing 13 .3~  
~ .  pure n i t roglyu:~nc (NG}. a cot~cntra te  of  $57~ •G in 1 5 ~  N C  ( ~ G ~ N C )  and  
four doub lc -ba~  propellant composit ions (Et .  E . .  E~ and Ez)- 

The  propellant E! (matrix) consislcd o fS1 .57 .  NC.  34.5 NGENC. I I "~.-~ triacctin 
and 3 ~ ethylcc~tralitc I. E~. E~t and E~t ~,grc mc~ific~ prol~l lants  o f  t l~  s a n ~  matrix 
containing,  in addit ion.  4 ~ ,  PbjO~.  Pb salic~¢latc or  Cu salicylate. ~ i v e l y .  

The  p ropdlan t s  wcrc charactc~zed by their heat o f  explosion and  their burning 
rate a t  different p r ~ u r c ~  The  h ~ t  ofe.xplosion in ca!Eg at  0-1 g~cm 3 loading dcnsiW 
• l ~  905 (E I), 839 (E.,). 866 (E3) and 85! (E~). E .  displa~cd a platcau at pressures 
bc't~x~-n !.5 and  45 bar.  E 3 bct~CCrl 100 and 130 bar  and  E4 bc t~-en  40 and  180 bar. 
The  variat ion o f  the burning rate ,~ th  pr~.~ure is s h o ~ t  in i=i~ ! for E t. E . .  E3 and  
E~t. Samples o f  ~ C  ,,-ere prepared by casting films_ from mixtures o f  H C  in acetone to 
which about  4.~7= o f  the modifier ~ s  added. 

A 990 Dupon t  Thegn~l  A n a l ~  fitted ,,~th a quanti tat ive DTA pr_e~ure cell 
~-as ~ for thc cxpcrimcnts. ~ampk~  ~-if .hin~ bc t ,~cn  1 and 3 m~ were cut from the 
propellant s t rand and placed into cappcd a!uminlum pans. The  lid ~ t ~  pierced ~everai 
t i m ~  to al low gase.ous products  to ~ 1 ~ .  T h e  sampl¢~ ,~-r¢: a n a l y ~ l  in air  or  in a 
nitro_ecn atmosphcrc (99.995.W=) at  prcssurcs r a n ~ n ~  from O.O! to 60 bar.  The  heat ing 
rates ,,~:re ~ r i e d  betwc~,  0.$ and  100 K/min- On the same instrument,  isothermal 
quantitatix~ DTA c"xpcrimcnt:; , ,~rc carried out  in the 420--5(X) K temperature range_ 
The  samples ~ ' r c  anal:yzcd in air  and I~atcd to the desired temperature a t  a rate o f  
20 K~'~min. ~imultancous DTA and  T G  c u r ~ s  v,~re recorded on a Mettler Thermo- 
analyzer in air  ,,~th a purge rate o f  10 I~h- 

RESULTS AND DlSCUS~ON 

Fi~ourc 2 shov,~ T G  c u t - ~  o f  NC~ N G ! N C  and  Et a t  a heating rate o f  0_S 
g l m i n .  Compared  with N C  and  N G ~ C .  the weight loss o f  Et occurs in two distinct 
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F'~$. ! TEl~cal TG curt-e; el" a deub~-Ixtsc !n'ogdhm and componcms rcc~'rdcd at a hcaling talc 
of 0.;~ K[min- 

Slelps causcd by ll~: c~aporation o f  NG up to 420 K and Ihe subscqucm d~ompo~ l ion  
o f  N C  up !o 470 K. Durin~ !11¢: ~ :ompo~ t i on .  a residue i~as formed in the amounl o f  
about _--~0~ o f  i l ~  init ial w ~ h [  which di~ap!~arco a! Icm!p~r~lqro abol~ 600 K. 

The fi~st step is cndothcrmic as cxhibilcd by the D T A  cun-c ~-hich ,,-as rccordcd 
simullancozesly. T I ~  ~ _ J h l  loss oor r~ i~nds  to t l~  amount o f  NG prc~-nt in E w- 
The acti~zlion cncr~ey o f l h ~  5l¢p i5 13.S kc;zl~molc and a_~o~ ,~-cl! ,zith those o f  purc 
NO.  N G ~ C .  E z, E 3, Ea and IhC h ~ l  o f  o-aporat ion o f  pun: NG oblaincd from 
~capour pressure data ' ° -  ' z_ A similar valuc , l ~  found by Alcxandrov and K ! c ~ o i  ' J 
for the diffusion~onlrolled c'vapocation o f  NG in propc!!ams. 

The second step in the TG curve is r~lalcd Io the e_xolhermic decomposition o f  
NC. The  acltiv=tion c h e r t ,  for E, is 45.3 kcal~mol¢ as calculated from the TO,*, curiae 
at a 0.5 g~min hc~tin~, r=t~ T!~  c o ~ n d i n ~  c~-r~.~e~ o f  t l~  modil't~l propcllanl~ 
arc lower, 39.3 kc~lSmo~c. 39_1 kcal{molc and  3~0  kcal{m~lc, rc:si~cfivdy, for E: .  E3 
and  F~_ TI~  actix~ation c~u:~..ics o f  the t,x-o steps wc~rc cal~.-ulatcd from cqn. (6) a z u r e -  
i n f  n --- I. The  co r r~pond in  3 prc-cxponcntia! factor~ arc 7.7 :< 10 is .  5.6 ~ I0 t~. 

:~ I 0 ' "  and 3-5 :~ I0 'z  ~ " '  for E, .  E: .  E 3 and E.z. respectively. At hif.hcr 
hcaling raley,, the lwo SlClp~_ in Ih~ Ihcrn~! docomposil ion o f  the propc!lants were 
clearly separated and  it x~.~ not p o ~ b l e  to obtain reliable d~ta for th~ caleuL'tlion o f  
activation cnor~ic, from Ihc TG experiment. In the quantitalixe DTA ~cp~m~nt~  at 
hearing rat~s up to 100 K~min. zltc cxothcrmic step only v,a~ ob~,cr~d. From a 
comparison with t l~  T G  cun~:~ l h~  stcp ~ attributed to the cxothcrmic dc~ompo:;i- 
l ion o f  NC. 

Figure 3 depicts the rate constants at  different t~rnpcratur~ calculated from 
i ~ o l ~ l  D T A  curvc~. Wh.:r~__~ Ibc activation ~por~_i~ calculated from cqn. (4) 
do  not  rellect ck=arly an influozc~ by the modifaer~ the ratc consLant~ in c o n t r o l ,  do- 
They are sienificantly hi~her for E z and E3 with respect to the unmodific-d E,.  The 
Iraction ~t-~_ found to Ix: o f  first ordcr x~-hich is ~cncrally accepted for the thermal 
decomposilion o f  NC  in the presence o f  stabilizers like ethylcenlra!ile ~'. 
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Fle, g- ~- A r r l g m t ~  ~ CK the  gale ct~t~.tanls calcula ted f r o m  k o l l g r n ~ l  quanlitatix 'c D T A .  

The initial slop(: o f  quantitatix~ DTA c u r x ~  ::t pressures bctx,-ccn 0.01 and  60 
bar  and  heating ratc~ r a n ~ n g  from 0.5 to tO0 K~min were analyzed usin~ the method 
o f  Rog~r~ and  Morr i~  This  n ~ t h o d  is r c p ~ t c d  by cqn. {5). A typical result at I bar  
and  a heating rate o f  0.$ gEmin L~ sho~'n in F i b  4. The graph demonstrates the 
difficult)" encountered in many  c a ~  that  small shoulders on the rising slop(: prc~'entcd 
a thorough analysis_ The sarr~ ~ a t i o r ~  ~x~re also rnad¢ by Kirby and Suh in 
their  DTA study o f  unmodified p ropdlan t s  t:~- Hoxx-cx-cr. adi~'at ion c - n e r ~  xx~re 
ca!culatcd and  good corrcJ.~:ion coefficients xx-cr~ obtain¢~! in all c a s ~  ~xhere the 
difficulties ~'er~ I c ~  

T I ~  ~,-alucs o f  tb~ encr~_~c~ obtained in this way differ considcrab!y and  r a n ~  
from 30 to  50 kcal.~molc- N o  d ~ n i t ¢  trend u-lth p r c ~ u r ~  h~ating rate or  added 
modifier xx~as evjdclrtt. Since the sample is highly cxo th~mic  and  hence only a small 
amoun t  { i -3  mg) could I~  analyzed dur ing a quantitatix'¢ DTA run, the laro~ r a n ~  
reflects the i n h o m o ~ n c i t y  o f  the prol~l lants  u ~ d .  Also. the x~lucs cited in the 
literature for the decomposit ion o f  pure N C  and o f  N C  mixed with different additives 
like plasticiz~rs, stabilizers or  mixtures thereof  range from 30 to 50 kcal.~molc' ~- t~. 
~¢.-- ItS 

Using. the plot according to Rogers and Morris. t l ~  activity o f  the modifiers is 
nc.x~theless ~isible i f  one c o m p a r ~  t l ~  production o f  heat a t  the initial $1opc~ o f  the 
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Frog.. 4- T~q~cal D T A  c m x ~  o f  leg ~ l s  Es and F~ ~ at a hc~tin~ r~tc o f  ~0 K~z~n_ 

DTA c u ~  Since the same amount  o f  sample was al,~a~rs uscd in this Cxl~rimcnt. 
the graplz; can be compared directly 5hou,ing clearly thai q o f  E.  and Ej is higher ~i th 
t'cspc~ to E~. This c o ~ n d s  Io the rcsull a!rcady discussed in the isolhcrm:,l 
quan t i t a t~  OTA studies that the talc constants o f  the modi!icd propellants arc 
higl -r than that of the unmodificd. 

Kid- t ic  paramdcrs accordin~ to cqn. (7) (Kis~inpr'$ method) were obtained 
from an analysis o f  the peak tempe~tures.  T._ They ~ d e t e r m i n e d  from quantitative 
DTA c u r ~ s  at  I bar in air  and at heating rates bct~o~n 0.5 and !00 K]min_ T .  Ii~S 
found to be a!~-~ys Joker for the modified propellants compared ~i th  the unmodified. 
An ap .a ly~ o f  the data by linear ~ o n  ~ 'u l l cd  in acti ,~tion cncr~jes o f  35.6. 
31.8. 327  and 33-2 kcalEmolc for Et. E_,, E~ and E.t. respectively. The corresponding 
pm-exporgntial factogsare 2 x 10t~.5.l  ~ l0 t'-. !.4 ~ 1 0 t ~ a n d ! 3  :~ 10t3scc -~ 
As alread A" found from the anal3rsis o f  the TG curx~,, the activation energies o f  Ez, Ej  
and F_~ am $mal~r than that o f  E~. 

TI~ heats o f  t~:action, obt~tincxl by intc~3,ating the quantitative DTA curv¢~ of  
E~. E_. a M  E~ at d i f f ~ n t  pressures and a healing rate o f  _~ Kh~min are depicted in 
F i~  5. The data pgesented are mean values o f  about 4 measurements. They ~ . r¢  
a n a l y z ~  on the basis o f  a two way analysis o f  variance ~ t h  respect to sample and 
pt~_~cure.. With a confidence better than 95.=_/=, it can be stated that the heat o f  reaction 
is dependent on pt~ssur~ in the r a n ~  below 30 bar and that the modified samples 
have the hi.~ha~r beats o f  reaction in this ranE~'- The sarn~ results x~xe obtained for E ~ .  
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Fig. 5- ttcat or reaction at different IprC:s~urc5 (~ :  a t e )  mca~rcd at a heating r~tc of 20 

A similar dependence on pressure ~ a s  reported for the heat ofc_xplosion ofcomparablc  
propellants s. 

$incc the lids o f sample  pans were pierced to allow an easy escape of  the _~Lseous 
products, contributions by ~.~ss~-ous reactions to the measured heats are e.xpcctcd to bc 
minor at lower pressures (below 30 bar). "l-his implies that the modifiers prcdomi- 
nantly catal~-~c condensed phase and{or hetcrogencous reactions in this prcssurc 
range, that is, as shown in lhc di~-ussion of  the TG and DTA cur~s~ the thermal 
decomposition o f  NC in the propellant. 

O f  particular interest, therefore, w-as the observation of  the catalytic effcct on 
pure NC. A typical rc~ult is sho~-n in R ~  6- Thc influcncc o f  thc modifier manifests 
itself in the shift o f  the q u a n t i t a t i ~  DTA c u r ~  to I o ~ r  temperatures. This  eEFect, 
h o ~ r ,  ~-Js not  obscrvod from samplcs which were prepared by simple mct:hanical 
mixing o f  the components.  This  obs£~'at ion indicates tha t  a structural interaction o f  
the catalyst  ~ 'hh  the N C  i5 required for the catalytic eff~'t  to arise._ Such an intcraction 
was postulated by Suh ct at.'-. In the propellant,  th~s interaction i5 obviously brought  
about  by the rolling procedure dur ing the manufacturing procc~.  

A similar  evaluat ion o f  kinetic parameters m~s not  p o ~ b ] e  for pure N C  since i t  
does not  d e c o m p o ~  according to homogeneous kinetics. Manelis  ct aL dcsc~bcd the 
thermal decompo~t ion  o f  pure N C  as an  autocatalytic reaction c o n s ~ n [  o f  a 
pr imary and  secondary reaction ' s. The  shift  o f  the DTA curve to  lower temperatures 
indicates, however, tha t  the pr imary rate constant  o f  this process is i n t r e p i d  under  
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F'cg. 6- T ~ t ~ !  DTA cu~x~:~ of  pun: ~ C  and :~ m~ltwc of  ~ "  ~i lh SO~.~. Cu ~.-tlic)-I~te at a hcating 
rat~ o f  ~ K~m~n- 

z i~  inflmmt.~ o f t h c  mod i i ' g r .  I n  t h e  propcll~nL~, th~ second;try_ r cac t ion  is ~ u p p r c m c d  
b y  t l ~  p r c ~  o f ~ t a b i ! i z c ~  a l l o v d n g  t h e  ~ a l u a t i o n  o f  t h e  d a t a  o n  t he  basis o l y m p i c  
kinclic~.  
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