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COMPATIBILITY OF POLYMERS WITH HIGHLY ENERGETIC 
MATERIALS BY DTA: PART II 

LEO REICH 

Polwner Research Branrh, Picafinn_v Arsenal, Darer, X-J_ 07501 (U. S. 4.) 

(Received 16 July 1973) 

An area1 method previously developed by the author and utilized to assess 
compatibility of mixtures of various polymers and high@ eneqetic materials (HEM) 
was extended to various other polymers and HEM. Thus, pentaeryrithritol tetra- 
nitrate (PETN) and nitro_guanidine (NGN) were used along with additional polymers 
such as Celcon, Deh-in 500, polyvinylpyrrolidone, poly(mono-chIor-p-xylylene), 
polysulfone and carboxymethylcellulose. As in part I, changes in reproducible overall 
values of activation ener_q (E) and reaction order (n) were used as reliable indices for 
jud$ng compatibility of HEM in various admixtures of polymers. 

1?44ODUCTIOS 

In part I’, an area1 method previousIy developed by the author for the estimation 
of kinetic parameters during polymer pyrolyses, i.e., activation energy (E) and 
reaction order (n), was utilized for the assessment of compatibility of various po&mers 
with highly energetic materials (HEM) by means of DTA. Thus, changes in values of E 
and n for admixtures of HEM and poly_mers, as opposed to HEM alone, were used as 
indices for judging compatibility. 

Although this method afforded reproducible overall values of E and n durin_g 
decompositions, values of E appeared to be consistently higher than such values 
reported for similar decompositions_ As previously indicated’, such difierences may 
in part be due to the utilization by others of other types of techniques, e.g., isothermal 
studies using gasometric techniques_ Further, such differences may be attributed to 
autocatalysis, relatively high de_g-ee of exothermicity, and the type of expressions 
employed for estimating E and n. Thus, in analyzing isothermal rate curves for HEM 
decompositions, the estimation of kinetic parameters may be complicated by the onset 
of autocataIysis. These effects are associated with the accumulation of decomposition 
products in the sample. Thus, dependins upon which part of the isothermal rate curve 
is analyzed, different values of kinetic parameters may be arrived at, e-g_, in the 
decomposition of ethylenedinitramine (EDNA) analysis of the initial decomposit;on 
afforded an enthalpy of activation (AH*) of 31 kcal mole- ’ whereas analysis of 
higher decomposition data (where autocatalysis becomes predominant) afforded a 
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value of 4H* for EDNA of 72 kcal mole- * ‘e3_ Furthermore, HEM decompositions 

are generally strongly exothermic so that as reaction temperature increases, self- 
heatins effects become important and an acceleration of decomposition reaction 

occurs_ Besides these effects, differences in reported values of E (andfor n) may arise 

from the type of equations employed to caIcuIate these values. This factor was 

previously mentioned ‘_ However. it may also be noted here that in the Reich 
method’-&” unless I +22RiE. the calcuiated vaiue of E shouId be muItipIied by 

I---QR~~E)_ The inclusion of this factor can reduce the calculated vaIue of E by 

about Z-30/ (the experimental error is usualIy geater than this correction). From the 
preceding, it can be readily seen that overall values of E calculated from data obtained 

by dynamic techniques (DTA) should be hisher than corresponding values obtained 
from static methods (e-s., isotherma1. wherein temperature control is better and initiai 

portions of the rat= data may be empIo>-ed). In this connection. it may also be 

remarked that other dynamic methods (DSC) may afford different values of E since 

such techniques may afford data which are dependent on sample encapsulation 

techniques used * _ [Aiso. the author observed rhat when RDX was subjected to DSC 

using an open pan and a nitrogen flow, only a meltins endotherm could be observed_ 

The molten RDX apparently volatilized during and/or shortIy after the meIting sta_ge 

so that no decomposition exotherm could be observed (the wt. % of RDX remaining 

before the temperature which corresponded to the decomposition peak maximum 
was only ca_ 7). However, in the presence of still air, a meIting endotherm and a 

decomposition exotherm were obsen-ed for the RDX sample in an open pan.] At any 

rate. the values of E and II are very reproducible by the Reich method and can be used, 
as previous& reported’, to assess compatibiiity of mixtures of HEM and various 

poI_tmers. 
The aim of this paper is to extend the DTA technique to various other HEM in 

order fo judge their compatibility with various polymers. 

ExPERlMcxrAL 

Starring nuzlerials 

in addition to the polymer powders used previously’, the foilowing additional 

materiais were employed: Celcon (acetal copolymer from Celanese); Delrin 500 

(poIyformaIdehyde from duPont); poiyvinylpyrrolidone, General Aniline and Film 

Corporation (PVP); paryIene C [poly(mono-chIor-p-xylylene, courtesy of 1. C. 

Castorina]: polysulfone 1700. Union Carbide (PSF); carboxymethyIceIIuIose. LaPine 

Scient. Co. (C&K). For convenience, the poiymer abbreviations uzd previou:Iy’ 

(and in this paper) are eiucidated here: polyethyIene (PE), polystyrene (PSt), poly- 
isobutyimethacryIate (PIBM), poIymethyImethacrylate (PMMA), poiyethylmetha- 
cryiate (PEMA), poIyacryIamide (PAA). 

The hi&Iy energetic materials used were: cycIotrimethyIene trinitramine (RDX), 

T,,. (onset) ca. 202=Ct recrystaIIized from acetone and y-butyroiactone (courtesy of 
J. R. Autera); pentaerythritol tetranitrate (PETN) and nitroguanidine (NGN) (both 
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of these materials were obtained throuoJl the courtesy of the Explosives Laboratory 
and conformed to minimum quality requirements’)_ 

Apparatus and procedure 

The apparatus and procedure were similar to those previously reported * _ When 

relatively IarSe differences in E and II vvere found, thermograms were obtained for the 

polymeric material alone in order to ascertain whether or not endorherms or 
exotherms existed in the temperature range of interest_ When such peaks were found, 

appropriate corrections were made to the thermogram involving a mixture of HEX1 

and the particular polymer (cf. Tables 1 and 2). 

RESULTS ASD DISCUSSION 

Mixtares containing RDX 

Additional compatibility runs were carried out using RDX’. Since another 

batch of RDX was used alon, * with different instrument settings than were used 

previously’ , parameters for the RDX sample were now, T, = 2372 1 ‘C, E = S2+ 

2 kcal moie- r, and n =0.71 &O.Ol (averages of three runs)_ These vahres were 

similar to those used previously_ Upon mixing RDX with parylene (46 wt. % RDX), 

the followinS values were obtained, T, = 236’C. E = SO kcal mole- ‘, and n = 0.70, 

indicating that a compatible mixture was obtained. RDX was also mixed with Delrin 

and Celcon (cf. Fig 1). In the case of Delrin alone (a polyformaldehyde) the D-TPL 

thermoSram indicated two endotherms. The first relatively sharp endotherm (melting 

and decomposition of chains containing free -OH end groupsj6 commenced at 
ca. 160°C and was over at ca. ISI ‘C. This was immediately followed by a second 

_ _ 
broad decomposition endotherm (decomposition of chains contammg acetylated end 

gro~ps)~ which commenced at ca. 1 Sl -C and was over at ca. 285 ‘C. Up to ca. 210 ‘C_ 

there was a weight Ioss of ca_ 30% whereas, at 24O’C there vvas a weight loss of ca. 

90%. As previously indicated ’ for RDX alone the decomposition range cf interest 

lies between ca _ 21&245’C_ Thus, there would appear to be an overlappinS of Feaks 

for the two materials. However, when RDX (ca. 56 wt. %) was mixed with Delrin and 

the mixture subjected to DTA, an initial endotherm was obtained between ca. 165- 
178 “C, as anticipated, followed by a second endotherm a-hich was much sharper than 

that for Delrin alone. At the end of this endotherm, ca_ 2CIO”C, the weiat loss of 

Delrin was ca. 100%. Thus, no Delrin should be present prior to the RDX decom- 

position. ApparentIy, the RDX catalyzed the decomposition of Delrin (probably due 

to the presence of acidic groups in the RDX -acids or bases catalyze polyformal- 
dehyde decomposition) ‘. The Delrin unzipped to afford formaldehyde xvhich has been 

reported to accelerate RDX decomposition’. However. the resulting decomposition 

exotherm afforded the values. T- = 237’C, E= 75 kcal mole- ‘, and n = 0.68, 
indicatiq that RDX and Delrin compatibility was satisfactory_ [Vacuum stability 

tests’ at IOO’C also indicated compatibility between RDX and Delrin.] A possible 

explanation for why the liberated formaldehyde did not affect the RDX decomposition 
is that at ca_ 200°C the Delrin had completely and rapidly decomposed, just prior to 



Fig_ I_ DTA thermograms for P-3-S (I.9 mg). Cclcon (2.2 mg). and Delrin (2-7 mg); heating rate in 
nitrogen = 6’Cimin. 

the REX mehing point, so that very little, if any, formaIdehyde was absorbed by the 

RDX in the soIid phase. In the case of Celcon alone (acetal copolymer containing 

formaIdehyde moieties) _ lo DTA revealed only a sin@e melting and decomposition 

endotherm (cf. Fig. I) which commenced at ca. 15O’C and was over at ca. 167’C. 

Thereafter. no peaks were observed up to ca. 29O’C in contrast to Dehin (the 

copolymer units attributed to this hi& thermal stability). At 23O”C, a weight loss of 
onIy ca_ 25% was obsenred. However, in the presence of RDX, the Celcon Ioss in 

weight amounted to ca_ 100% at ca_ 200°C. indicating that, as in the case of Delrin. 

the RDX was cataIyzin_g the Celcon decomposition (probabIy aIso due to the presence 
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in RDX of acids or bases which catalyze Celcon decomposition). However, in contrast 

to Deb-in, a second relatively broad endotherm now appeared which peaked at ca. 
202 ‘C (the second endotherm for Delrin, in the presence of RDX, peaked at 

ca. 190°C). Thus, in the case of Celcon, formaldehyde was probably being liberated 

during the melting of RDX_ This could result in absorption of formaldehyde b_t- the 
molten RDX followed by subsequent chemical interaction. The ensuing decomposi- 

tion exotherm indicated that this interaction probably occurred since the folIowine 

parameters were obtained (averages for two runs), T, = 228 2 1 ‘C, E = IO65 8 kcal 

mole- *, and n = 0.61_ Thus, mixtures of CeIcon and RDX appear to be incompatible 

based upon the DTA technique empIoq-ed. [Vacuum stabiIity tests at 100 ‘C, however, 

indicated compatibiiity for mixtures of CeIcon and RDX.] 

Mixtures containing PETN 

In Table 1 are summarized values of parameters for mixtures of PETN with 

various polymers_ Average vaiues for PETN alone were based on five runs. From this 

tabIe, the following polymers are compatible with PETN: PE, PSt, Epon 828 (BF,- 

cured), PIBM, CMC, and parylene. The following show incompatibility: Epon 828 

(anh. cured). PSF, PAA, and Gantrez [the parameters for these materials appear to be 
satisfactory in re,oard to T, and one parameter but are unsatisfactory in regard to the 

TABLE I 

SUMMARY OF COMPATIBILITY DATA FOR PENTAERYTHRITOL 

TETRANITRATE (PETN) 

Run 
no. 

HEM PO IpIer lVf_ Yb Decomposition n E (x-car mole- ‘) 
HEM peak 

remp. i-C) 

P-i PETN 

P-2 PETN 

P-3 PETN 
F-4 PETN 

P-5 

P-6 
P-7 

PETS 

PETN 
PET?4 

P-S 

P-9 

P-10 

P-11 

P-12 

P-13 

P-14 

P-IS 

PETN 

PETN 

PETN 

PETN 

PETN 

PEI-N 

PETN 

PETN 

- 
PE 

PSt 
Epon S’S 

(BF,-cured) 

Celcon 

D&-in 
Epon 828 

(anh. cured) 

PSF 

PIB:M 

Gantrez 

PMMA 

CMC 

PAX 

Parylene 

PVP 

100 196&O-5 

60 I96 
53 196 
50 196 

60 197 --a -a 

60 198 1 1 

47 195 1.5 57 

-.., ;‘g 196 

19s 
50 196 

33 199 
50 195 
50 195 

53 195 

60 192 

1.050.1 59k3 

1.0 60 
1.1 59 
l-1 58 

1.5 60 

I.2 54 
12 665 

i _Ob 46b 

I .Ob 61” 
0.95b 65” 

1.1 58 
1.7 51 

3 These polymers decomposed in the FETX decomposition temperature range (cf. Results and 

Discussion for treatment of data). b Re4ting thermograms corrected for cha..ges in polymer 

thermograms over the temperature range of interest- 
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remainins parameter indicatiq the importance of utilizing three parameters as 

opposed to one or txo for judging compatibilityj- As previously reported for RDX’. 

PETN is incompatible with poIymers containing anhydride groups (Gantrez and 

Epon 828, anh_ cured). PSF also demonstrates incompatibility which was also 
reported by others I ’ who used I, as a criterion for compatibility. Other materials 

which show a seater degree of incompatibility are PIMMA and PVP [relatively 

large changes were observed for two or more parameters]. As indicated previousty’, 
the PIMMA sample was used without purification despite the strong odor it possessed 
(it was aIso imcompatible with RDX). PVP may show incompatibility because it is a 
cyzlic amide and smaII amounts of acid or base in PETN may thus promote cteavage 

Fis 2_ Algebraic addition of ATs for theoretical PETX exotherm and D&in endotherm to obtain 

theoreticA PETX-Dclrin rhermogram n-hich is supcrposabk on the cxpctimcntal thcnnogram. 
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of PVP_ In regard to the value of E = 59 *I3 kcal mole- ’ obtained in this work for 

PET& it may be mentioned that a range of E values has been reported’-“, i.e., 
39-60 kcal mole- ’ (the lower vaIues are generali: from the initial portions of 

isothermal curves whereas, the higher values were deduced from the autocatalytic 
stages). 

In Table 1, it was noted that Celcon and DeIrin polymers decompose in the 

same PETN decomposition temperature range (cf. Fig_ I). Therefore, values of E and 
n were not reported in this table. Nevertheless, an estimate of compatibility for these 
polymers was made in general as foilows: If there is no interaction between polymer 
and PETX then algebraic addition of AT’s for theoretical thermograms of the neat 
PETN and neat polymer should afford a theoretical composite thermogram which 

should be superposable on the experimental thermogram from the mixture of polymer 

and PETN The theoretical thermogram for neat PETN could be constructed using 
experimentally obtained values of E and II (cf. Table 1 j_ Thus, in Fig. 2 is shown the 
resulting experimental thermogram for a mixture of PETN and Delrin. A trial-and- 
error attempt was then made to obtain a theoretical thermogram of the mixture which 
would be superposable on the experimental ihermogram- To this end, a theoretical 

PETN exotherm was constructed (E = 56 kcal mole- ’ and II = 0.91) as depicted in 
Fig. 2 and a theoretical endotherm was aIso drawn, based on experimental endotherms. 
Algebraic addition of ATs was then carried ou: using average baselines where 

necessary. The resulting theoretical thermogram could be superposed on the experi- 
mental thermogram (cf_ Fig_ 2) indicating that D&in was compatibie with PETN. 

It should be noted that 7, would be relatively unaffected by this treatment so that Tm 
(expti.) should be nearly the same as r, (PEW), as cbsewed. (Vacuum stability tests 
on mixtures of PETN and Delrin at 100” indicated compatibility.) A similar treatment 

as in the preceding was carried out for mixtures of PETN and Celcon. As previously 
noted, Celcon alone fast only ca. 25% by weight when heated up to 290%. Holvever, 
in the presence of PETN, the Celcon weight loss was ca_ 90?/, at 165 ‘C indicating that 

PETN was catalyzing the decomposition of Celcon (probably due to acidic or basic 
residues)_ In Fig. 3 is depicted a theoretica curve for PETN (E = 5s kcai mole- ’ and 
n = I. I). This thermogram was constructed using the experimental data for a mixture 

of PETN and Celcon to the right of the peak maximum (> 7J since at these higher 
temperatures ail the CeIcon had decomposed and, therefore, the PETN tune for this 

temperature range shouId be simiIar to that for PEm alone. The theoretical CeIcon 
endotherm in this figure was drawn based on experimental endotherms for this 

material. Using algebraic addition, a theoretical curve could be constructed (solid 
lines on the right hand side of Fig. 3). This curve was only partially superposable on 
the experimental curve (dotted lines on right-hand side of Fig_ 3)_ Thus, the experi- 

mental curve was narrower than the theoretical curve. This discrepancy was attributed 
to the fact that in the presence of PETN the degree of Celcon decomposition increased 
so that the Celcon endotherm depicted in FI,. .= 3 should be broader_ -4 broader Celcon 

endotherm would narrow the theoretical PETN exotherm depicted thereby making 
experimenti and theoretical thermograms more superposabIe_ (Again, as for Delrin, 
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Fig 3. Algebraic addition of A2-s fcr theoretical PEfN exotherm and Cclcxm endotherm to obtain 
theoretical (- ) PETNXeIcon thermogram in relation to experimental (- -) thermogram. 

T, (PETN) should be similar to T, (expt.i_) for the PETN-Celcon mixture, as 
observed.) In view of the preceding, thz PETN-CeIcon mixture was considered to bc 
compatible, (Vacuum stability tests at 100°C indicated compatibility for such 
mixtures_) 

Mixrums coniainihg NGN 
In TabIe 2 are summarized values of parameters for mixtures of NGN with 

various polymers. Average parameter values for NGN alone are based on four runs. 
These parameter values are fairly reproducible even though they represent meiting 
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I57 157 107 216-S 235 256 

iEY7.. ‘C 

Fig. 4. DTA thermograms for NGN alone and for an incompatibIe mixhue of NGNfCklcon. 

and decomposition of NGN. Thus, it has been reported7-r3 that NGN decomposes 
immediately on melting, evolving ammonia and water vapor and forming solid 
products. This may in part account for the Iow fractional reaction order found for n. 
From Table 2, the foliowing polymers are compatible with NGN: PE, PSt, parylene, 
and Epon 828 (BF,-cured). The following show extreme incompatibility; CMC, 
Epon 828 (anh. cured), PIBM, PMMA, PVP, PEiMA, PAA, and C&on. For these 
materials, the values of E and n were exceedingly high. This may in part be attributed 
to the presence of a free ammo group in NGN_ Thus, the group may interact with the 
functional groups in the polymers, i.e., carboxymethyi, methacrylate, amide, and 
anhydride groups, which can resuk in incompatibility. For Gantrez (anhydride groups 
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TABLE 2 

SUMMARY OF COMPATIBILITY D.ATA FOR NITROGUANIDINE (NGN) 

Rrcn HEM Polymer IVr_ Sb Decomposition n E (kcai mole- ‘) 

IlO_ HEM peak 

lemp- (“C) 

N-I NGN - 100 241Cl Of 7 f 0.04 93f5 

N-2 NGN PSt 55 241 0.33 94 

N-3 NGK PE 47 241 0.32 93 

N-4 NGN Parylene 56 240 0.43 94 

S-5 NGN CMC w 236’ 1_52&0_0!3’ 137i 1’ 

N-6 NGN CeIcon 5!3= 230 0.53ro.os 1471 I’ 
N-7 NGN D&in -w 227 5 3’ -a -a 

N-S NGN Epon S2S 30* 24Zb 0.33iO.l’ 91 iy 
(BF3-cured) 

x-9 NGN Epon 525 60 244 1.45 200 
(anh. cured) 

N-IO NGN PIBM 49 Ml O-89 141 

N-I 1 SGN PSF 42’ 242’ 0_21= 93*5= 

N-12 NGN Gsntrez 62’ 243’ 0.27 i 0.02’ 7923’ 

N-13 NGX PMMA 54 242 1.95 256 

N-14 NGN PVP 55 23s 2.0 137 

N-15 NGM PEMA 40 243 1-O 136 

N-16 NGN PAA 36 239 2.0b Ii2b 

a Averages of fwvo runs c This polymer decomposed in the NGN decomposition temperature range_ 
’ Av-emges of three nx-s 

present) and PSF (suifone goups), although incompatibility was observed, the param- 
eters for these materials did not change as much as for the preceding polymers. In 
the case of Delrin, the second endotherm for Delrin (cf. Fig. 1) was missing, indicating 
that NGN had catalyzed the Dehin decomposition. The resultin,o exotherrn possessed 

a peculiar shape and T, = 227+3_ Because of this, values of E and n for NGN- 
Delrin mixtures were not calcuIated. in FiS_ 4 are depicted thermoSmms for NGN 
alone and for an incompatible mixture of NGN and Celcon. 
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