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1. INTRODUCTION

This Is a progress report on work aimed at understanding the nature and importance of

condensed-phase reactions in the combustion of solid nitramine and other gun propellants.

Information on the nature and importance of condensed-phase reactions is needed as input

for modeling studies. This information could also contribute to our understanding the

relationship of chemical structure and of physical properties such as melting point, phase

transition temperatures, etc., to explosive and propellant behavior.

Our initial work was described in a paper at the 1989 JANNAF Combustion meeting

(Schroeder et al. 1989, 1990). Samples are obtained in either of the two following ways:

1) The propellants are burned in a low-pressure strand burner at different pressures of

nitrogen; the sample is mounted on a massive copper block, and burning is interrupted by

conduction of heat away from the burning surface as the burning surface approaches the

copper block, as described by Novikov and Ryzantsev (1970); and 2) The propellant grains

are ignited with a flame in air at ambient pressure; burning is interrupted by dropping the

burning grain into a beaker of water. The previous report mainly emphasized preliminary

results on XM39 and its ingredients; however, data have since been obtained on a series of

burned samples including XM39, M30, JA2, RDX, and on HMX-polyester (HMX2)

compositions; these data have been included in the present report. In the future, we plan to

investigate quenching by rapid depressurization induced by breaking of a rupture disk in the

strand burner; the various quenching methods will then be compared.

The samples are cleaved parallel to the grain axis and the cleaved surfaces examined with

a scanning electron microscope (SEM). In addition, the surface layers are removed from the

extinguished propellant grains by scraping them with a small, sharp knife. The scrapings are

analyzed by spectroscopic methods such as gas chromatography-mass spectrometry (GCMS)

and high performance liquid chromatography (HPLC). In addition, the unscraped surfaces are

examined by Fourier transform infrared photoacoustic spectrometry (FTIR-PAS).

The literature contains a number of papers describing microscopic examination of "hot

spots" in explosives and burned surfaces of propellant grains of HMX and compositions

derived therefrom (Kubota and Sakamoto 1989; Derr et al. 1974; Derr and Boggs 1970;
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Wilmot et al. 1981; Sharma et al. 1982, 1984, 1991; Mansour, Sharma, and Wilmot 1985;

Sharma and Beard 1990a, 1990b; Zimmer-Galler 1968; Kubota 1981; Cohen-Nir 1981; Zhao

and Zhao 1988; Stokes et al. 1989; Cohen, Stokes, and Strand 1989). There are also a

number of papers describing chemical analysis of hot spots, and of the burned surface of

nitrate ester propellants (Wilmot et al. 1981; Sharma et al. 1982, 1984; Hoffsommer, Glover,

and Elban 1985; Mansour, Sharma, and Wilmot 1985; Sharma and Beard 1990a, 1990b).

However, as far as we are aware, chemical analysis of burned surfaces has not been applied

to nitramines or nitramine propellants; although in one study (Zimmer-Galler 1968) the surface

layers of a quenched RDX-polyester composition were extracted with benzene and acetone,

and the presence or absence of a residue under various conditions was noted. It was

suggested that the variations in burning surface with particle size indicated an increase in

surface temperature with decreasing particle size.

2. EXPERIMENTAL

Propellant and ingredient samples used were standard compositions. Lot numbers and

grain descriptions were as follows: XM39, C10885-200-1, cylindrical, 1/4 in x 1/4 in, 19-Perf.;

M30, RAD-67878, cylindrical, 1/4 in x 5/8 in, 7-Perf.; and JA2, RAD-PDI-002-1 F was received

as unperforated, approximately 19-in-long sticks which were cut into cylindrical,

3/8-in diameter x 1/4 to 1/2-in-long grains that were used for the actual bums. The HMX2

composition (Vanderhoff 1988) was a composition containing 80% HMX and 20% polyester

binder. It was received as sticks 4-in long and 1/4-in square, which were cut to lengths of

approximately 1/4 in for the burns. RDX was Class-A RDX and was pressed into

1/2-in x 1/2-in cylindrical pieces of 91% theoretical maximum density; these pieces were

further cut and shaped into approximately cylindrical ca. 1/4-In x 1/4-In pieces. The

compositions of the propellants and formulations used are summarized in Table 1.

The samples were burned following one of a number of procedures; these included the

following: 1) One end of the grain was Ignited in air by contact with a candle, the burning end

was allowed to bum for several seconds, and the grain was dropped Into water; 2) The grain

was attached to a massive copper stub, Ignited In a strand burner under nitrogen, and allowed

to bum down to the copper stub; as the burning surface approached the copper stub,
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quenching occurred as a result of conduction of heat away from the burning grain by the

copper stub, as described by Novikov and Ryzantsev (1970). In addition, we obtained several

samples of XM39 which had, for unknown reasons, extinguished spontaneously while being

burned in the strand burner at a pressure of 1.0 MPa under nitrogen.

Whenever the remaining portions of the grains were substantial enough to allow it, the

burned grains were cooled to dry ice temperatures and split with a knife blade held vertical by

mechanical means; when this knife was rested against the propellant grain and struck with a

hammer, a clean split could be obtained (the knife was mechanically prevented from

penetrating more than a small fraction of the grain). One half of the split grain was preserved

intact for microscopic examination, and the surface layers of the other piece were removed by

scraping with a small knife. Most of the grains burned under pressure with copper-block

quenching (method 2 in the previous paragraph) were burned down to wafers only 100- or

200-;im thick. In these cases, part of the horizontal cross section of the wafer was cut with a

knife, and the remaining part was separated with tweezers; the pulled-apart portion revealed

enough of the vertical cross section to provide useful information.

The acetone-soluble portions of the scrapings were analyzed by GCMS and HPLC.

Unscraped burned surfaces were examined by photoacoustic Fourier-transform infrared

spectroscopy (PA-FTIR). The HPLC apparatus was a Perkin-Elmer Series 4 fitted with a

C-18 column and interfaced to an LC-85 spectrophotometric UV detector operating at 254 nm.

Injection solvent was acetone, and the eluant was 3:1 water-methanol. The GCMS apparatus

consisted of a Hewlett-Packard 5970 mass selective detector (MSD) coupled to a Hewlett-

Packard 5890 gas chromatograph containing an Ailtech column of the following description:

30-m long, 0.25-1am i.d., Heliflex, Bonded FSOT, RSL-150, Stock No. 13639. The carrier gas

was helium. The oven program was as follows: initial hold tme-3 min at 500 C; heat to

2250 C at 350 C/min; hold 15 min at 2250 C.

Photoacoustic FTIR spectra were obtained on a Mattson Sirius 100 spectrometer using a

MTEC 100 photoacoustic cell. The velocity of the interferometer moving mirror was

0.316 cm/s. All spectra were obtained after thoroughly purging the photoacoustic cell with

helium. Spectra were measured at 8 cm"1 resolution and are the result of 32 co-added scans.
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Single-beam spectra were ratioed to the photoacoustic spectrum of finely powdered carbon

black.

The SEM used was a JEOL Model JSM-820 instrument. X-ray fluorescence (XRF)

spectra were obtained using a Kevex model 3600-0374 x-ray fluorescence detector interfaced

to a Kevex Delta Class Analyzer, running Kevex Quantex software, version V.

3. RESULTS

Typical HPLC and GCMS chromatograms for XM39 propellant are shown in our previous

report (Schroeder et al. 1990); those are typical of the chromatograms for HMX2, RDX, M30,

and JA2 obtained in the course of the work described in the present report.

HPLC peak area ratios for RDX. Its mononitrosoamine (hexahydro-1,3-dinitro-5-nitroso-

triazine [MRDX]) and its dinitrosoamine (hexahydro-1,3-dinitroso-5-nitro-triazine [DRDX]) are

given In Table 2 for burned and unburned samples of XM39 propellant, pure RDX, and HMX2.

This table also includes peak areas ratios for an unknown peak referred to as NHMX(?),

which, based on its retention time relative to HMX (present as impurity in the RDX), could

possibly be a nitrosoamine arising from replacement of one or more nitro groups of HMX by

nitroso; however, In the absence of data on an authentic sample, the peak should be

considered unidentified. For the sake of completeness, Table 2 also includes HPLC data from

our previous report (Schroeder et al. 1989, 1990).

Tables of GCMS peak areas for stabilizer (diethyl centralite) and plasticizer (ATEC) from

XM39 burned-layer scrapings and of unburned XM39 are given in Table 3; this table also

Includes stabilizer-plasticizer area ratios. For the sake of completeness, Table 3 also includes

GCMS data from our previous report (Schroeder et al. 1989, 1990).

Several unknown peaks were also observed In the HPLC and GCMS chromatograms;

these peaks were usually quite weak, but nevertheless seem worth mentioning. The HPLC

and GCMS unknown peaks are summarized In Tables 4 and 5, respectively.
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Typical photoacoustic FTIR spectra of unscraped, burned surfaces and of unburned

samples of XM39, HMX2, RDX, M30, and JA2 are given In Figures 1-9. Because of the

manner in which FTIR-PAS spectra are obtained, these figures show the actual spectra of the

surface layers of the samples.

Typical SEM photographs of the burned surfaces of quenched and cleaved samples of

XM39, HMX2, RDX, M30, and JA2 are shown in Figures 10-21. A summary of observations

based on such photographs is presented in Table 6.

X-ray fluorescence spectra of the burned samples of XM39 showed the presence of traces

of potassium and calcium. These elements sometimes occur as impurities in graphite, and so

may have been present as impurities in the graphite coating on the XM39 grains. The burned

samples of RDX did not show the presence of any elements other than carbon, oxygen, and

nitrogen. The burned samples of HMX2 showed the presence of small amounts of aluminum

and calcium as well as sodium and calcium In some cases. JA2 showed weak peaks from

calcium, magnesium, and sulfur In its XRF spectrum. The burned sample of M30 did not

show the presence of any elements other than carbon, nitrogen, and oxygen.

4. DISCUSSION

4.1 HPLC Results. The burned-layer scrapings from both compositions (XM39 and RDX)

containing the nitramine RDX exhibited HPLC peaks that are believed, on the basis of their

retention times, to be the nitrosoamines derived from RDX by replacement of one (MRDX) or

two (DRDX) nitro groupings by nitroso (Table 2). (The trinitroso derivative hexahydro-1,3,5-

tbntroso-1,3,5-trlazine [TRDX] was apparently not formed In amounts detectable by our

methods.) In agreement with this, these nitrosoamines have been detected In residues from

thermal decomposition (Hoffsommer and Glover 1985; Filfer et al. 1985) and drop-weight

Impact testing (Hoffsommer, Glover, and Elban 1985), although as far as we are aware our

previous report (Schroeder et al. 1989, 1990) was the first time they have been detected from

propellant combustion. Since the response factors for these compounds are similar (Fifer

et Sl. 1985; Hoffsommer, Glover, and Elban 1985), the relative Intensities In Table 2 should

provide rough, order-of-magnitude estimates of the amounts of nitrosoamines formed, relative
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to HMIX and RDX. It is thus estimated that the nitrosoamines are present in amounts as high

as 10-20% of the unreacted HMX and RDX in some cases.

In addition, the compositions containing the nitramine HMX exhibited a rather weak peak

with a retention time slightly lower than that of HMX. Possibly this peak is due to a

nitrosoamine derivative of HMX.

The formation of nitrosoamines in amounts as large as these near the burning surface of

nitroamine propellants and compositions seems quite significant with regard to chemical

mechanisms; this will be discussed later under Section 5. In addition to the mechanisms

discussed there, another possibility arises from the occurrence (Rauch and Colman 1970) in

at least some samples of unburned RDX and of GC peaks with the same retention times as

MRDX and TRDX consistent with the presence of these materials as trace impurities. Since

MRDX decomposes about 10% more slowly than RDX at 1800 C In benzene under pressure

(Hoffsommer and Glover 1985), It is difficult to rigorously rule out the possibility that trace

amounts Initially present could accumulate to larger concentrations at the burning surface.

Even though we did not detect any nitrosoamines in the lots of XM39, RDX, and HMX used in

the present work, the possibility of the presence of amounts too small to detect by our

methods should be kept In mind.

Several trends were observed in the HPLC data (Table 2). First, there seems to be a

tendency for the runs at 2.0 MPa (the highest pressure used) to show less nitrosoamine

content, In other words, to resemble the unburned material more than the runs at lower

pressures. This may well result from faster combustion and a resulting tendency to spend

less time In the liquid layer at higher pressures; however, although an attempt was made to

scrape away only the liquid layer, there is still a possibility that the thinner liquid layers on the

higher-pressure samples resulted in a higher proportion of unburned material in the scrapings.

Second, the samples with highest nitrosoamine concentrations also have the highest

HMXIRDX ratio; presumably, this enrichment results from a higher decomposition rate for RDX

than for HMX under these conditions.

Also, It may be possible to get a degree of depth profiling by examining lines 13 and 14 of

Table 2. These lines arose as follows: When the ambient-pressure RDX samples were
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burned and put in water, material apparently from foam or liquid thrown off during combustion

was noticed floating on the surface of the water. This was gathered and analyzed; it gave

higher nitrosoamine levels than any other RDX sample. This thrown-off material presumably

came from the outer edges of the liquid layer, and it seems unlikely that water alone could

lead to formation of nitrosoamines from RDX. Therefore, its higher nitrosoamine concentration

suggests that nitrosoamine concentrations may increase on going from the bottom to the top

of the liquid layer.

In addition, the HPLC chromatograms contained a number of very weak, unknown peaks

apparently corresponding to compounds formed in the condensed phase during combustion

(Table 4). Attempts to identify these peaks are now in progress.

4.2 GCMS Results. The GCMS peaks from the chromatograms of burned-layer scrapings

from burned samples of XM39 suggested an interesting conclusion: In the melt layer, the

level of stabilizer diethyl centralite (retention time 12.5 min) is decreased relative to the

plasticizer ATEC (retention time ca. 16.0 min) from the levels found in unburned XM39. This

is illustrated in Table 3, which shows peak areas for the stabilizer and plasticizer, together

with the ratio of these two peaks for each run. This trend, which was reported in our previous
write-up (Schroeder et al. 1989, 1990), has since been substantiated by further observation.

However, it was not possible to verify this conclusion for the diethyl centralite stabilizer in M30

propellant or the Akardit II (dimethyl centralite) stabilizer in JA2 due to lack of a stable (on the

GC column) reference material such as acetyltrethylcitrate (ATEC) with which to compare

them.

Possibly this decrease In stabilizer relative to plasticizer is due to removal of stabilizer by

nitrogen oxides generated during combustion, by mechanisms similar to those Involved in

shelf-life stabilization of the propellant by removal of trace amounts of nitrogen oxides and

acids. In other words, nitrogen oxides generated during combustion react with the stabilizer

and remove It.

Note that there seems to be less stabilizer depletion In the higher pressure (2.0 MPa)

runs. Note also that a similar trend with regard to nltrosoamine formation was described In

the previous section. These trends may well result from faster combustion and a resulting
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tendency to spend less time in the liquid layer at higher pressures. However, It should be

remembered that although an attempt was made to scrape away only the liquid layer, it is

possible that the thinner liquid layers on the higher-pressure samples resulted in a higher

proportion of unburned material in the scrapings.

In addition, the GCMS chromatograms contained a number of very weak, unknown peaks

apparently corresponding to compounds formed in the condensed phase during combustion

(Table 5). Attempts to identify these peaks are now in progress.

4.3 FTIR-PAS Results.

4.3.1 XM39. As described previously (Schroeder et al. 1989, 1990), the results of FTIR-

PAS studies on burned and unburned samples of XM39 suggest that the burned surface
includes a higher proportion of cellulose acetate butyrate (CAB) and/or polymeric

decomposition product than does the unburned XM39.

4.3.2 HMX2. Figures 1-3 show FTIR-PAS spectra of burned and unburned samples of
HMX2 (80% HMX and 20% polyester binder). The only signs of the polyester in the spectrum

of the unburned sample (Figure 1) are the carbonyl band at 1,720 cm" and three other

smaller bands, one at 1,025 cm-' and two near 700 cm'; the remaining polyester bands are

obscured by HMX bands. These bands are larger in the spectrum of the burned HMX2

(Figures 2 and 3) than in the spectrum of unburned HMX2 (Figure 1).

4.3.3 M30. Figures 4-6 show the FTIR-PAS spectra of burned and unburned samples of

M30. The spectrum of the unburned sample Is shown in Figure 4. Comparison of this

spectrum with that of burned material (Figures 5 and 6) reveals that the principal difference is

a band at about 2,160 cm"'. Since this band Is not observed In the spectra of burned JA2,
which also contains nitrocellulose and nitroglycerine, we believe that It Is related to

nitroguanidine (NO) decomposition. Absorption In this region is consistent with sp-hybridlzed

materials such as nitriles, Isontriles, azides, alkynes, etc.; of these, the ones that seem

offhand to male the most sense chemically (Stals and Pitt 1975; Lee and Back 1988) are

cyanamide (HN-CN) or a substituted cyanamide such as nitrocyanamide (ON-NH-CN) or

dicyandamide ([H.N]C-N-CN) (possibly formed by dimerization of cyanamide).
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4.3.4 JA2. Figures 7-9 show the FTIR-PAS spectra for unburned (Figure 7) and burned

(Figures 8 and 9) samples of JA2 propellant. This formulation contains three components that

are structurally related (NC, NG, and DEGDN), making interpretation of spectra difficult.

Considering that approximately 40% of the formulation is small plasticizer molecules that are

likely to evaporate or decompose more readily than nitrocellulose, it seems reasonable to

suppose that FTIR-PAS spectra of burned JA2 propellant will be dominated by nitrocellulose,

which accounts for the remaining 60% of the formulation.

The main features of the spectra of the burned JA2 samples are the appearance of a band

at 1,730 cm-' and the relative decrease of the NO2 symmetric and asymmetric stretching

bands (1,650 and 1,280 cm 1, respectively) relative to the C-O-C stretching bands (1,200 to

950 cm1O) (compare Figure 7 with Figures 8 and 9).

One possible explanation for these changes is that carbonyl groups are generated from

loss of NO2 from nitrocellulose; the large relative intensity of the C-O-C bands indicates that

most of the nonenergetic cellulose backbone remains intact. This explanation is consistent

with earlier reports (Fifer 1984) that one carbonyl group forms for each nitrate group that is

lost and that secondary reactions in the condensed phase do not lead immediately to

degradation of the glucose ring of nitrocellulose.

It has been reported (Sharma et al. 1984, 1991) that x-ray photoelectron spectroscopic

analysis of the surface of a burned, depressurization-quenched sample of a double-base
propellant (U.S. Navy N5 Propellant) suggested the presence of nitrite esters and of an oxime-

like material. Our results (Figures 7-9) are inconclusive with regard to the presence of these

materials In the closely related JA2 propellant. Examination of the spectra of the burned

samples (Figures 8 and 9) for the nitrite ester absorption at 1,600-1,650 cm-' and 775-830 cm-'

(Silverstein, Bassler, and Morrill 1981) Is inconclusive because of the small amount of nitrite

ester suggested by Figure 1 of Sharma et al. (1984) (Figure 3 of Sharma et al. [1991]).

Examination for the oxime absorptions at 1,650-1685 cm" (weak) and 930-960 cm-" (strong)

(Gordon and Ford 1972) is inconclusive because of a) the presence of strong nitrate-ester

absorption in the former region and b) the fact that the latter region lies in a valley between

two strong peaks in the spectrum (Figure 7) of the unburned JA2 propellant; this valley "fills

up" in the spectra of the burned samples (Figures 8 and 9), but no actual peak is evident

9



4.3.5 Pressure Effects. In some cases, there seems to be a tendency for the effects
mentioned previously (Sections 4.3.1-4.3.4) to be accentuated by pressure. Due to the

possibility of interference by other effects such as buildup of undecomposed binder with time,

this tendency should not be overemphasized and is under further Investigation.

4.4 SEM Examination of Burned Propellant Samples. SEM photographs of quenched,
cleaned surfaces of burned samples are shown inn Figures 10-21. A summary of

observations from such photographs is presented in Table 6.

4.4.1 XM39. Observations are summarized In Table 6. Our previous report (Schroeder

et al. 1989, 1990) included a number of SEM photographs of the burned, extinguished

surfaces of samples of XM39 that had been burned in air at ambient pressure and

extinguished by dropping them in water. These photographs indicated the presence of a
liquid layer about 100-300 tum thick, with little, if any, evidence of degradation below this liquid

layer.

SEM photographs were taken of samples of XM39 that had been burned in a strand

burner at a pressure of 2.0 MPa. A cross section of the melt layer (Figure 10) appears to be
noticeably thinner than when burned at atmospheric pressure. Pictures looking down onto the

burned surface of the same grain show what appears to be crystallized RDX overlain by
pieces of material that Is presumably its binder or Its decomposition products (Figure 11).

4.4.2 HMX2. SEM photographs were taken of burned samples of HMX2. One photo

(Figure 12) shows a cross section of the burned surface of a piece of HMX2 burned in air at

ambient pressure with water quenching. The presence of a liquid layer can be Inferred from
the smooth appearance of the top of the burned surface In the background; its thickness Is

difficult to evaluate but appears to be about 100 jun. noticeably thinner than the XM39 melt
layer under the same conditions (Schroeder et al. 1989, 1990). In another view of the surface

of the same sample (Figure 13), bubbles and crystallization can both be seen.

Another photo (Figure 14) shows a cross section of the burned surface of a grain of HMX2

burned at 0.5 MPa; this Includes a grain (center) that appears to have been actually burning
through at the surface when combustion stopped. The melt layer here was about 75 pm thick.

10



4.4.3 RDX. In an overview (Figure 15) of a grain of pure RDX that had been burned in air

at ambient pressure and quenched by dropping it in water, the surface appears smooth, with
protuberances that may be bubbles. It was difficult to estimate the depth of the melt layer, but

from other photographs (not shown), it appeared to be about the same as for XM39 burned

under the same conditions. Surprisingly, signs of crystallization were evident at only a few
places on the surface of this grain. At higher pressures with copper quenching, RDX burned

down so dose to the copper block that the solid RDX melt layer structure was obliterated.

Crystallization was evident (Figure 16) on the surface of pressed samples of RDX that were

burned at these pressures (up to 0.5 MPa).

4.4.4 M30. On the surface of a grain of M30 that had been burned in air at ambient
pressure and quenched with water, there is a very thin, bubbly melt layer which covers the

surface completely (Figure 17). Below the surface, the grains of NO can be seen to be

oriented perpendicular to the surface. At higher pressures, the melt layer becomes thinner

and finally reaches the point where it no longer covers the surface entirely, and the ends of

the NO crystals can be seen through the liquid layer (Figure 18).

4.4.5 JA2. The burned surfaces of samples of JA2 (Figures 19-21) burned in air at

ambient pressure, then water quenched appeared either 1) uneven with signs of bubbles;

or 2) relatively smooth, except for some cracks and unevenness, with an absence of bubbles
(Figure 19). We do not understand the reason for the occurrence of the relatively smooth,

bubbleless surface. At pressures of 0.5-2.0 MPa, the surface was uneven, and there were

signs of bubbles (Figures 20 and 21). The liquid layer was so thin that it is hard to distinguish

it in photographs of extinguished, sectioned grains of JA2. This is In agreement with the

report (Sharma et al. 1984) that an unleaded double-base rocket propellant quenched by

depressurization at 4.5 or 8.55 MPa exhibited a reaction zone only about 10 pim thick.

5. CONCLUSION

5.1 Physical Description of the Burned Surface. At the relatively low pressures used

here, there appears to be a melt layer present on all of the formulations studied, with the

possible exception of JA2, which differs from the others in that it doesn't have a crystalline

oxidizer.
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5.1.1 Effect of Composition on Thickness of Melt Layer. The melt layer seems to be

thinner for the HMX composition HMX2 than for RDX and for the RDX composition XM39

(Table 6). This is in agreement with the previous literature (Derr et al. 1974; Den" and Boggs

1970; Wilmot et al. 1981; Sharma et al. 1982, 1984; Mansour, Sharma, and Wilmot 1985;

Sharma and Beard 1990a, 1990b; Zimmer-Galler 1968; Kubota 1981; Cohen-Nir 1981; Zhao

and Zhao 1988; Stokes et al. 1989; Cohen, Stokes, and Strand 1989). Of the compositions

unambiguously showing a melt layer, the melt layer seems to be thinnest of all for the

nitroguanidine composition M30 (Table 6).

5.1.2 Effect of Pressure on Thickness of Melt Layer. For the same formulation, there also

seems to be a tendency for the thickness of the melt layer to decrease with pressure

(Table 6). This is in agreement with the previous literature (Derr et al. 1974; Den and Boggs

1970; Wilmot et al. 1981; Sharma et al. 1982, 1984; Mansour, Sharma, and Wilmot 1985;

Sharma and Beard 1990a, 1990b; Zimmer-Galler 1968; Kubota 1981; Cohen-Nir 1981; Zhao

and Zhao 1988; Stokes et al. 1989; Cohen, Stokes, and Strand 1989).

Probably the most dramatic illustration of this is provided by the nitroguanidine composition

M30, the surface of which is completely covered at one atmosphere, but which has, after

copper quenching at 2.0 MPa, the ends of the nitroguanidine crystals exposed in some

places.

5.1.3 Presence of Bubbles. For most formulations at most pressures below 2.0 MPa,

bubbles seem to be present.

5.2 Surface Chemistry.

5.2.1 Evidence for Condensed Phase Chemistry. There is evidence for condensed phase

decomposition during combustion of all formulations studied, at least at the relatively low

pressures employed in these experiments.

In the case of the cyclic nitramine compositions XM39, HMX2, and RDX, this evidence

consists of the formation of nitrosoamines derived from the cyclic nitramine oxidizers RDX and

HMX (Table 2).
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In addition, in the case of XM39, evidence of condensed-phase decomposition is provided

by the observed decrease In the ratio of stabilizer diethyl centralite to the plasticizer ATEC;

this decrease is most easily explained by removal of stabilizer due to reaction with nitrogen

oxides (NO and NO2) generated by condensed-phase decomposition of the oxidizers RDX and

nitrocellulose.

In the case of the conventional double- and triple-base propellants M30 and JA2, the

evidence consists primarily of the appearance (see Section 4.3) in their infrared (FTIR-PAS)

spectra of additional peaks due to apparent decomposition products. (Although JA2 is

technically a triple-base propellant since it has three main constituents, its composition is

chemically very close to the conventional [NC-NG] double-base propellants, since DEGDN

and NG are both low-molecular-weight nitrate esters.) The peaks In question were primarily in

the carbonyl region for JA2 and in the nitrile region for M30.

52.2 Possible Chemical Implications of Bubbles. As mentioned previously, for most

formulations at most of the relatively low pressures employed in the present studies, bubbles

appear to be present (Figures 10-22); possible exceptions to this appear to be JA2 burned at

atmospheric pressure in air and 2.0 MPa. This could be important to modelers because of the

possibility that gaseous products trapped in bubbles could be reacting at pressures and

concentrations differing from those in the gaseous phase, with resulting local changes In

composition of primary products and of temperature.

5.2.3 Chemical Mechanisms. Possible mechanisms for the case of the RDX composition

XM39 were discussed In our previous report (Schroeder et al. 1989, 1990). These included

stabilizer depletion due to reaction with nitrogen oxides generated during condensed phase

decomposition and nitrosoamine formation by either 1) recombination between NO formed in

the decomposition and the nitrogen-centered dinltro-RDX radical formed by N-NO2; or

2) deoxygenation of the starting RDX by radical species formed in the decomposition.

Possibility of mechanism 2 is Indicated by the formation of nitrosamines with unbroken N-N

bonds in the scrambling studies of Behrens (1989).
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6. WORK NEEDED/FUTURE PLANS

The next phase of this work will involve carrying out runs in which quenching is by

depressurzation; the results obtained by the three quenching methods will then be comparad.

Also, optical examination of the burned surfaces will be carried out, particularly in view of the

possibility that studies of color changes and variations may yield information on the

occurrence (or lack thereof) of chemical changes in the solid below the liquid layer. Ways of

obtaining improved depth profiling of the burned layers will also be explored; these include

microabrasive blasting, microtoming, solvent dipping, and improved scraping procedures.

Other propellant formulations will also be examined.

Isotope-scrambling studies on burning (rather than merely decomposing) samples are

needed. These would involve use of recrystallized mixtures of unlabeled RDX or HMX with

RDX or HMX labeled with nitrogen-15 in all nitrogens, both in the ring and in the nitro groups.

Use of these mixtures would lead to scrambled nitrosoamines if the recombination mechanism

were operating, but to unscrambled nitrosamines if the oxygen-abstraction mechanism was

operating. Partial scrambling would mean that both mechanisms were operating to some

degree. Note, however, that while formation of fully scrambled nitrosoamines would provide

no evidence for oxygen abstraction, it would not necessarily rule it out, since the scrambling

could have taken place by further N-N cleavage equilibria before or after formation of the

nitrosoamines.
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Figure 11. SEM Photociraoh (370x) Burned Surface of XM39 (2.0 MPa. Copper Quenched).

Figure 12. SEM Photoaravh (400x) of Cross Section of Burned Surface of HMX2 (Ambient
Pressure. Water Quenched).
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Figure 13. SEM Photograph (330x) of Burned Surface of HMX2 (Ambient Pressure.
Water Quenched).

Figure 14. SEM Photo-graph (130x) of -Cross Section of Burned Surface of HMX2 (0.5 MPa.
Cowoer Quenched).
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Figure 15. SEM Photograph (25x) of Burned Surface of RDX Grain (Ambient Pressure.
Water Quenched).

I Z Ik

Figure 16. SEM Photoarash (370x) of Burned Surface-of RDX Grain (0.5 MPa. Copper
Quenched).
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Figure 19. SEM Photograph (330x) of Burned Surface of JA2 Grain (Ambient Pressure,
Water Quenched)

Figure 20. SEM Photograp~h (370x) of Burned Surface of JA2 (2.0 MPa, Copper Quenched).

24



414'

Figure 21. SEM Photogragh (180x) of Cross Section of Burned Surface of JA2 (0.5 MPa.
Copper Quenched).
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Table 1. Compositions of Propellant Formulations Studied

Propellant Composition [Percentage]

XM39 RDX 76.00

Cellulose Acetate Butyrate (CAB) 12.00

Acetyl Triethyl Citrate (ATEC) 7.60

Nitrocellulose (NC) (12.6% N) 4.00

________ Ethyl Centralite (EC) 0.40

HMX2 HMX 80.00

________ Polyester (PE) 20.00

M30 Nitroguanidine (NO) 47.70

Nitrocellulose (NC) (12.68% N) 28.00

Nitroglycerine (NG) 22.50

Ethyl Centralite (EC) 1.50

________ Cryolite 0.30

JA2 Nitrocellulose (NC) (13.04%/ N) 59.50

Nitroglycerine (NG) 14.90

Diethylene Glycol Dinitrate (DEGDN) 24.80

Ethyl Centralite (EC) 0.70

Magnesium Oxide 0.05

______ raphe 0.05

26



Table 2. HPLC Chrornatographic Area Ratios for RDX, HMX, and Nitrosoamine Peaks

Area Percentages
(Area Ratios x 100)

Sample NHMX?/HMX DRDXtRDX MRDX/RDX HMXIRDX

XM39 WO 17.4 0.6 3.70 7.5

HMX2 WO 0.5
HMX2 Wa 0.6_________

XM39 Unburned 0.0 0.0 0.00 7.0
XM39 Wa 21.6 1.1 5.80 8.6

HMX2 Wa 1.4
HMX2 Unburned 0.0 ___________

RDX WO 1.6 0.0 0.05 4.1
RDX WO 1.4 0.0 0.30 9.4
RDX WO 0.0 0.0 0.30 10.5
RDX Unburned 0.0 0.0 0.00 5.3
RDX Unburned 0.0
RDX WO, FM 4.3 0.2 3.00 12.7
RDX WO, FM 3.9 0.6 6.80 27.2

XM39 WO 13.8 0.5 3.50 13.5
XM9 SE, 1.0 MPa 0.0 0.2 1.70
XM39 SE, 1.0 MPa 0.0 0.9 6.20 9.7
XM39 SE, 1.0 MPa 3.2 0.8 2.30 10.7
XM39 Unburned 0.0 0.0 0.00 6.1
XM39 Unburned 0.0 0.0 0.00 7.7
XM39 1.0OMPa, CO 5.8 1.3 4.40 10.8
XM39 2.0 MPa, CO 0.0 0.0 0.80 9.6
XM39 2.0 Wa, CO 0.0 0.0 1.10 8.3
XM39 Unburnee 0.0 0.0 0.00 7.6
XM39 1.0OMPa. CO 5.9 0.5 4.90 11.7

ROX 0.5 Wa, CO 2.1 0.0 0.90 8.9
BOX 0.25 MPa, CO 0.7 0.0 1.30 7.5
ROX Unburned 0.0
RDX Unburned 0.0 0.0 0.00 6.1

HMX2 0.5 Wa, CO 3.6
HMX2 1.0 Wa, CO 0.0
HMX2 2.0 Wa, CO 0.0
HMX2 Unburned 0.0
HMX2 Unburned 0.0
HMX2 Unburned 0.0

WO a Burned-layer scrapings from a grain burned in air at atmospheric pressure and quenched in water.
FM = Foamy material thrown off by burning RDX (1 At of air, water quench).
SE - Burned-layer scrapings from a grain that sel-extinguished while burning in a strand burner at 1.0 MPa.
CO - Burned-layer scrapings from a grain burned in a strand burner at the Indicated pressure (025, 0.5,10O, or

2.0 Wa) with conductive quenching by the copper mounting block-
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Table 3. Stabilizer and Plasticizer Peak Areas and Ratios From Burned Surface and
From Unburned XM39

T ~ ~~AreasI_ _ _ _
Sample j Stabilizer Plasticizer Ratio (xlOO)

XM39 Unburned 219.00 8.580 3.9
XM39 Unburned 65.20 2.550 3.9

XPM9 WQ 77.00 0.000 0.0
XM439 WO 186.00 0.000 0.0
XM39 WO 133.00 0.000 0.0
XM439 WQ 147.00 2.400 1.6
XIM9 WQ 225.00 0.881 0.4

XFM9 Unburned 90.00 3.890 4.3

XM439 1.0 MPa, SE 125.00 2.930 2.3
XM39 1.0 MPa, SE 46.40 0.000 0.0
XM439 1.0 MPa, SE 117.00 2.340 2.0
XM439 1.0 MPa, SE 146.00 1.310 0.9

XM439 Unburned 121.00 5.590 4.6
XM39 Unburned 206.00 9.390 4.6
XPM9 Unburned 65.90 2.110 3.2

XM139 1.0 Wa, CO 27.20 0.436 1.6
XM439 1.0 Wa, CO 95.00 2.220 2.3
XM39 2.0 MPa, CO 498.30 23.000 4.6
XM439 2.0 MPa, CO 280.00 11.600 4.1
XM39 2.0 Wa, CQ 195.00 8.030 4.1
XM39 2.0 Wa, CO 105.00 3.380 3.2
XM439 2.0 MPa. CO 204.00 7.940 3.9
XM439 2.0 Wa, CO 92.30 2.760 3.0
XM39 2.0 MWa, CO 115.00 3.800 3.3
XM39 1.0 MWa, SE 85.10 1.960 2.3
XM439 2.0 Wa, CO) 69.10 2.040 3.0
XM439 1.0 MPa, SE 45.60 0.640 1.4
XM39 2.0 Wa, CO 171.71 5.820 3.4
XM439 2.0 Wa, CO 85.80 2.590 3.0
XM39 1.0 Wa, SE 69.90 1.990 2.8
XM439 2.0 Wa, CO 98.80 2.740 2.8
XM439 1.0 Wa, SE 9S.20 3.370 3.5
XM39 1.0 Wa, SE 104.00 2.140 2.0
XM439 2.0 Wa, CO 99.40 4.340 4.4

XM439 Unburned 241.00 11.900 4.9
XM439 Unburned 152.00 6.820 4.5
XIM9 Unburned 63.60 2.120 3.3

XM439 2.0 Wa, CO 47.90 1.310 2.7
XM439 2.0 MWa, CO 75.00 2.330 1 3.1

WO - Burned-layer scrapings from a grain burned in air at atmospheric pressure and quenched in water.
SE - Burned-layer scrapings from a grain that eelf-extinguished while burning in a strand burner at

1.0 MIR&
CO - Burned-layer scrapings from a grain burned in a strand burner at the Indicated pressure (0.5. 1.0,

or 2.0 MPa) with conductive quenching by the copper mounting block
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Table 4. Miscellaneous Unknown Peaks (Not Present In Unburned Samples) in HPLC
Chromatograms of Burned Samples of XM39, HMX2, RDX, M30, and JA2

Retention Time (min)
Sample Pressure Quench of Unknown Peaks

XM39 (Unburned)
Ambient Water 1.0, 1.2

0.5-2.0 MPa Copper 1.2, 2.0

HMX2 (Unburned) -
Ambient Water 1.0, 1.1, 1.8

0.5-2.0 MPa Copper 1.0, 1.4, 2.2

RDX (Unburned)
Ambient Water 1.2

0.25-0.5 MPa Copper Not Examined

M30 (Unburned)
Ambient Water 1.0, 1.2

0.5-2.0 MPa Copper 1.4

JA2 (Unburned)
Ambient Water 1.2, 1.8

0.5-2.0 MPa Copper 12
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Table 5. Unknown Peaks in GCMS Chromatograms of Burned Samples of XM39, HMX2,
RDX, M30, and JA2

Retention Time (min)
Sample Pressure Quench of Unknown Peaks

XM39 (Unburned) b

Ambient Water 5.3, 6.1,b 1
0.5-2.0 MPa Copper 4 .1,d 5.3, 6 .1,b 8 .1 ,g

' 11.0,© 
16 .6g0h

HMX2 (Unburned) -

Ambient Water
0.5-2.0 MPa Copper

RDX (Unburned)
Ambient Water

0.25-0.5 MPa Copper

M30 (Unburned) -

Ambient Water 6.1'
0.5-2.0 MPa Copper 6.11

JA2 (Unburned) -

Ambient Water
0.5-2.0 MPa Copper _

The mass spectrum of this peak included m/9 60, 27. 73, 42. 41, 43, 45, 38, 29. 26, 15. 31, 38. 40. 44,

and 55.
bThe mass spectrum of this peak included ie 43, 30, 15, 88, and 58.

c This peak appears to be due to the following two different compounds: 1) m/e 57, 43. 71, 85. 29. 41. 42,
55, and 56; and 2) 29. 112. 139, 212, 27, 84, 213, 167, 39, 140, 138, 214, 185, 184, 157, 156, 128, 113.
85, 83, 69, 67, 66, 57, 55, 53, 45, 44, 43. 42, 41, 38, 31, 30, 26, and 15.

'The mass spectrum of this peak included m/e 43, 87, 42, 15, 29, 41. 39, 72. 59. 58. and 61.
The mass spectrum of this peak Included nWe 55, 43. 83, 98, 60, 39, 29, 15. 41, 42, and 53.

'The mass spectrum of this peak included mne 95, 81, 41, 55, 39, 152. 67, 69, 83. 43, 109, 108. 93. 82,
79, 77, 68, 53, 51, 44. 42, 24, 12, and 11.

'Present only in self-extinguished samples.
'The mass spectrum of this peak lnckded me 149 (by far the most intense), 29, 41, 76, 104, 223. 150,

39, 205, 56, 151, 122, 121, 105, 93, 77, 75, 65, 57, 55, 51, 50, 44, 43, 42, 40, 39, 30, 28, 19, 18, 16, 15,
and 11.

'The mass spectrum of this peak included m/e 43, 30. 15. 88, 58, 29, and 100.
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Table 6. Summary of Observation From SEM Examination of Quenched Propellant and
Composition Samples

Iat-Layer
p Conditions Thickness (iLm) Description of Surface

XM39 Water Quench 100-300 Bubbles, crystallization; molten binder.
Ambient (Air)

Copper Quench

0.5 MPa Did not bum

1.0 MPa < 100 Bubbles, crystallization; decomposed binder (?)overlying RDX.

2.0 MPa 30-100 Similar to 1.0 MPa.

HMX2 Water Quench - 25-100 Bubbles, crystallization; solidified binder (?); melt

Copper Quench layer is poorly defined due to large particle size.

0.5 MPa - 10-75 Same as ambient.

1.0 MPa Similar to 0.5 MPa.

2.0 MPa - 10-75 Similar to 1.0 MPa.

RDX Water Quench - 100-200 Smooth surface, surprisingly few bubbles or signs
Ambient (Air) of crystallization; many humps on surface

(subsurface bubbles?).Copper Quench

0.25 MPa present; otherwise Considerable crystallization.
unobservable

0.5 MPa present; otherwise Considerable crystallization.
unobservable

M30 Water Quench 5-10 Very thin liquid layer (bubbles); objects up to
Ambient (Air) 1 mm across (polymeric decomposition products?)

are scattered across surface.
Copper Quench

0.5 MPa 0-10 Similar but fewer objects; fewer, larger bubbles
and
signs of crystallization (or ends of original,
unburned NQ crystals?) between bubbles.

1.0 MPa 0-10
Similar to 0.5-MPa sample.2.0 W~a 0--5

_____ ________ ___________Similar to 1 .0-MPa sample.

JA2 Water Quench <5 Some samples show signs of bubbles, others
Ambient (Air) show no signs of crystallization, although surface

appears somewhat cracked and uneven; objects
up to ca 0.25 mm are scattered over the burnedCopper Quench surface.

0.5 MPa 5
Similar but less cracked and uneven; bubbles

1.0W. scattered over burned surfc.

Similar but less cracked and uneven; bubbles
scattered over burned surface.

2.0 MPa 5
Similar to 1.0 MPa except fewer, smaller bubbles
and more pMtruslons (unbroken bubbles?).
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