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ABSTRACT

A brief survey of typical problems in analysis of aluminum powder - propellant ingredient and in analysis of condensed combustion products of aluminized propellant was carried out. Recommendations for applying the developed by the authors versions of the known methods are given. The permanganatometric variant of titimetric method was found suitable for most tasks concerning the measuring the metallic/unburned aluminum. The determination of aluminum nitride in combustion products using the combination of chemical and X-ray diffraction methods was described and illustrated by results obtained on condensed combustion products of propellant formulations containing highly active ultrafine aluminum powder. Even for this formulation the content of aluminum nitride in the final condensed combustion products was found to be negligibly small independently of the nature of gas (argon or nitrogen) used for bomb pressurization. 
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Introduction

Aluminum as a metallic fuel is the important ingredient of propellant formulations developed for different technical applications, e. g., in rockets, guns, MHD-generators, etc. A relatively high heat release during metal combustion is the main reason for such applications. 

Practically in all cases, researchers face two problems: 1) characterization of components before propellant manufacturing, and 2) characterization of the combustion products after burning. For the last decade the authors have had occasion to solve the above mentioned problems using the methods of analytical chemistry. In the present work, we generalize the accumulated experience. The attention is focused on the difficulties and potential sources of errors with method details and concrete results being drawn as illustrations.

1. Determination of free aluminum content in condensed combustion products and virgin powder

Statement of the problem

It is known that in course of combustion of most aluminized propellant formulations the aluminum particles merge and react in a subsurface layer or on the burning surface forming the so-called agglomerates which then burn in the gas phase(1, 2). The typical agglomerate size reaches 100-500 m which is by 1-2 orders of magnitude higher then the virgin aluminum particle size. Correspondingly, the burning time for agglomerates is sufficiently longer than that for initial aluminum particles. 

The main distinctive feature of aluminum combustion (in comparison with coal or hydrocarbon fuel) is the formation of condensed oxide. Aluminum oxide is presented in the propellant condensed combustion products (CCP) as a "smoke" oxide (fine particles with size less than 10 m), oxide cap on the surface of agglomerate, and "coarse particles". The latter are the final products of agglomerate evolution, i. e., the residues forming after full consumption of aluminum from agglomerate. Their size range depends on agglomerate size distribution and is typically about 10-40 m. 

Realization of the calculated performance of propellant and the general efficiency of the application of aluminum in propellant formulation depend on agglomeration intensity that can be characterized by both the agglomerate size distribution and the extent of aluminum conversion into oxide ( (mAl0 - mAl) mAl0 = mAlb / mAl0. Here mAl0 is the initial mass of aluminum in the propellant, mAl is the mass of unreacted aluminum in products, mAlb is the mass of aluminum consumed (burned). For the simplest evaluation of the efficiency of aluminum combustion it is necessary to determine the mass content of free Al in CCP. The combustion of aluminum in agglomerates, accompanied by the formation of condensed oxide, is the basic process that provides evolution of the CCP of solid propellant flame. To get more details on particle population behavior, it is necessary to know the content of free Al in CCP as a function of particle size (averaged through given sieved fraction, in practice). 

The features of chemical analysis of free aluminum in CCP

Different sampling techniques(3-9) are commonly used to study the CCP characteristics of both agglomerate and fine oxide particles. The sampling methods based on the extinguishing and precipitation of particles provide detailed information on sampled products via available analysis methods and therefore seem to be most efficient as compared with the non-intrusive techniques. Unfortunately, there are many problems associated with data interpretation. In particular, there is no simple procedure for calculating the characteristics of particles in flame on the basis of data on sampled particles because of the lack of information on quenching and cooling processes. The common interpretation problems of the data obtained for sampled particles are analyzed in(9-11) and fall outside the subject of this work. Here, we shall discuss only the part concerning chemical analysis. These problems can be summarized as follows.

· It is usually expected that CCP consist only of Al and Al2O3 which allows one to easily calculate oxide mass as a difference between the total mass of CCP and the chemically determined mass of free aluminum. However, the sampled particles can be contaminated with the combustion products or the remains of igniting wire, inhibiting layer, carbonic products of propellant binder, dispersed oxidizer grains, etc. Thus, the above-mentioned assumption should be checked for each type of propellants under study, all modifications of experimental technique and different particle size range. In the case of agglomerate particles, it is quite enough to remove extrinsic products before analysis. For example, the particles containing the residue of ignition nichrome wire can be recognized by the anomalously high value of their density (5(7 g/cm3 instead of 2(3.5 g/cm3 for normal agglomerates, see Fig. 1). In the case of fine CCP particles, it should be verified by special experiments that the possible contamination does not affect analysis results.

· The division of sampled particles into size fractions with small absolute masses raises high demand for the analysis method: it should be sensible enough and convenient for serial performance (the possibility of analyzing several probes simultaneously).

· Aluminum agglomerates that commonly contain the major mass of free metallic aluminum are the objects with a complex geometrical structure(2, 10-12). Oxide cap may cover a sizable part of agglomerate surface which prevents metallic aluminum from reacting upon analysis. It is necessary to reduce probes to fine fragments (via pounding), to average their composition in analyses performed in parallel as well as to accelerate sample reaction during analysis. This should be done using a mortar made of jasper or agate just before the chemical analysis to exclude additional oxidation of samples in the air upon sample preparation. The standard laboratory mill equipped with balls made of corundum or steel cannot be employed because of contamination of the probe.

· The post-oxidation is observed during prolonged storage of sampled agglomerates in room conditions which can be easily detected by weight control. Additionally, the post-oxidation is manifested as a coating of particle surface with white or gray-colored friable flakes and as a decrease in the mechanical strength of particles up to their spontaneous failure. In our practice, the post-oxidizing effect was most pronounced for coarse (>200 m) agglomerates sampled in testing the RDX-containing propellant at elevated pressures. In this case, an increase in the probe weight up to 10 % was observed. In any case, to avoid errors, the analysis should be performed as soon as possible after firing experiments. 

· The CCP consist of compounds whose physico-chemical properties may differ from ones for the commercial products due to essential non-equilibrium character of the processes of their formation and freezing. Thus, there are no standard samples for verifying analysis results.

Volumetric method

Previously(12) we have used volumetric technique to determine free aluminum in CCP. The volumetric method is based on the measurement of hydrogen volume released in the reaction of aluminum with sodium hydroxide solution(13-14). The following recommendations should be taken into account when applying this method for analyzing CCP particles:

· To avoid the loss of hydrogen, the reaction must be initiated after tight sealing of reactor vessel, because the most intense gas release does occur at the first moment. The retort of special shape was designed to exclude the contact of reagents before closing, Fig. 2. Using a set of such facilities was more convenient as compared with a standard equipment for serial analyses. 

· Hydrogen can be dissolved in water. Thus, one should use the saturated NaCl solution in fresh distilled water for filling the U-shape manometer used to measure released gas volume(14). The density of this solution must be taken into account as well as barometric pressure and ambient temperature. 

· The typical duration of analysis is about 10(24 h. A change in ambient conditions during analysis may be taken into account by using one blank retort in the set for simultaneous serial performance. 

Thus, the main demerits of the volumetric method are the requirement for special equipment and sensitivity to ambient conditions. 

Note that the presence of ammonium perchlorate in sampled products may affect the analysis results, but it is a common problem for most methods of analysis discussed below.

Principle of permanganatometric method

At present, the titimetric method is commonly used to determine the metallic aluminum content in CCP(5-10). Permanganatometric variant(15) of this method is described below. 

For a pair 
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The point of equivalence is established visually with the appearance of pink coloring indicating surplus of 
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[image: image29.wmf]One can consult with(15) for practical realization of the method. Note, that only simple chemicals are used, i. e., iron-ammonia alum 
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To validate the method, we compared the measurement results for unburned aluminum in the same real CCP obtained via volumetric(14), dichromatometric(16), and permanganatometric methods. The comparison (partially published in(15)) showed good agreement between all listed methods. It means that the titimetric method is free of systematic errors. 

Options of permanganatometric method have been applied to different objects:

( When dealing with the combustion products of solid propellant, i. e., with the mixture of agglomerate and oxide particles, the chemical analysis duration is limited by dissolving process depending on probe characteristics. Under slow heating it usually takes 0.5÷2 h. Fortunately, one can perform 5÷10 parallel analyses using one heater. The weight of the used probe depends on aluminum content and titrant concentration. If 50-ml burettes are used, the method allows one to determine up to 22 mg or 45 mg of aluminum using 0.05N or 0.1N solutions of 
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, respectively. The lower limit for measurable aluminum mass is specified by the minimal volume of titrant, which can be measured with appropriate accuracy. If this minimal titrant volume is estimated to be 1 ml, the probe must contain not less than 0.5÷1.0 mg of free aluminum. The completion of redox reaction is indicated by the discontinuance of gas release. The typical relative standard deviation Sr is in the range of 0.003÷0.016 for the aluminum content of 10÷26% mass. For n measurements, Sr is calculated from the following common equations: 
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It should be underlined that the presence of any reducers, reacting with permanganate-ion, prevents correct detection of aluminum by the above method. For example, the presence of chloride-ion in the solution may cause a systematic error in the analysis because of parallel reaction in which chloride-ion is oxidized by permanganate. In this case, titration is suggested to perform in the presence of either 
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 salt or the Zimmerman-Reinhardt reagent(17) to exclude side reactions.

( The method was used to analyze powdered fuel for a MHD generator(18). This fuel is a mixture of electrode graphite (50÷85%), aluminum (the same grade as in solid propellant, 15÷50%), and potassium carbonate 
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 (5÷10%) as ionizing additive. Such a fuel burns in pure oxygen at elevated pressure(19). The aim was to determine the real content of all components in the mixture prepared in a big industrial mixer equipped with automatic batchers. This problem was solved as follows. 
The first portion of the mixture under study was washed with hot fresh distilled water, then the potassium carbonate content in solution was determined via titration of carbonate ion by hydrochloric acid solution with methyl orange indicator(13). The typical error of this method does not exceed 1 relative percent.

In the second portion of the mixture, the free aluminum content was determined by the permanganatometric method. For the sample under study the visual determination of the equivalence point is impossible due to the high concentration of black graphite particles in solution. The problem can be solved with a potentiometric method for determining the equivalence point when using a platinum electrode as an indicator and chlorine-silver electrode as a reference one. The error of this method is about 1(1.5 relative percent. (This expedient - the potentiometric determining of equivalence point - was also used for some probes of CCP containing the soot-like carbonic compounds that were not oxidized upon combustion).
Finally, the content of graphite was determined via weighing after treatment of the third portion of the mixture with hydrochloric acid followed by washing with water and drying of filter cake to a constant mass using a Shotte filter. The error is about 0.5 relative percent.

The total content of all determined components of the mixture was 97.5(99% which demonstrates the absence of systematic errors. It showed that in further analysis of such a mixture, it is quite enough to analyze only two components – potassium carbonate and aluminum.

It is interesting that for this mixture, the content of metallic aluminum changes with time if the mixture is kept in air at room temperature, see Table 1. For a regular aluminum powder stored in the same conditions, this effect was not observed.

( The version of permanganatometric method in which the solution of 
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 has a concentration of 0.1N or 0.2N was used to determine free aluminum in virgin aluminum powder before propellant manufacturing. In this case, the dissolution is over within 0.5-2 hours.

Thus, the permanganatometric method described is accurate, rather simple, effective for serial analyses and can be recommended for determining free aluminum in CCP and in aluminum powders.

2. ESTIMAtion of aluminum content

in solid propellant formulation

One of the technological problems in propellant manufacturing is how to provide homogeneous distribution of aluminum within charge volume. For this end, it is necessary to control the local aluminum content in the propellant. In the case of laboratory scale testing of propellant, when dealing with small samples cut from the charge, the information on local aluminum content is also necessary. When obtaining this information, one may answer the following questions: What is the minimum size of the sample to be representative of the full size charge? What is the expected difference in measured mass and size CCP in experiments on small propellant samples induced by micro non-uniformity distribution of aluminum in the propellant? 

Thus, the method is required for determining the aluminum content in propellant. Modern propellants are a complex multicomponent mixture containing AP, HMX or RDX, Al and organic polymer compounds. Therefore the determination of the content of any given component (in particular, aluminum) in the bulk of propellant is a difficult technical task. There are only few works in the literature devoted to this problem(20, 21). 

Fortunately, the homogeneous distribution of aluminum powder in the propellant can be estimated from its total content instead of free aluminum content, which simplifies the problem. The following method was elaborated for this purpose. 

The propellant sample, granulated to average its composition, is treated with HCl solution (1:1) to transfer aluminum into solution. During this procedure, the Al, AP, HMX (or RDX) components are also transferred into this solution. After filtration, the aluminum is quantitatively determined by chelatometric titration(17). The cured polymer binder is not subjected to decomposition and has no effect on the analysis result. This statement was verified by special experiments with a pure binder. The probes of about 30(100 mg were actually used for this type of analysis. The accuracy of the method is estimated as 1 relative percent.

The data obtained for the propellant containing AP, HMX, energetic binder and nominal 21.5% Al of 15 m in size are exemplified in Table 2. The samples for analysis were cut from the different points of propellant charge cured in a cylindrical form with diameter 70 mm and height 8 mm. No sizable effect of probe site (top, bottom, center or periphery of charge) on local aluminum content has been detected.

3. determination of aluminum nitride in condensed combustion products

Statement of the problem 

As has been mentioned above, the efficiency of aluminized propellants combustion in solid rocket motors is mainly determined by conversion of chemical energy into heat(1-2). For modern propellants based on an energetic binder, one may expect that depending on propellant chemical and granulometric composition, aluminum in a combustion wave may first react with the binder pyrolysis products and then, with the oxidizer decomposition products(22). These reactions proceed in a subsurface heated layer and may cause the formation of a frame layer, which facilitates agglomeration process(5, 6). Presumably, at this stage, aluminum nitride, carbide, or oxicarbide Al2OC may form instead of aluminum oxide. These intermediate products have been detected in special experiments on extreme model mixtures(22), but their presence in the combustion products of ordinary propellant formulation is a matter for discussion. When using sampling technique for studying the condensed combustion products of solid propellant, the discrepancy in mass balance between the initial aluminum and the oxide products may indicate the presence of some alternative compounds (neither aluminum nor aluminum oxide) in sampled products. Since aluminum nitride is one of probable intermediate products in a combustion wave, it is desirable to check it in sampled combustion products especially in experiments performed in a bomb pressurized with nitrogen and for the case where the highly active aluminum powder is used in propellant manufacturing.

Objects

In the last time, the ultrafine metal powders (like aluminum exploded Alex(23)) have evoked great interest. Owing to high chemical activity, they seem to be the promising additives for propellant formulation as a modificator of major combustion characteristics(24-25). In addition, there are the data according to which Alex-like aluminum powder may react in two stages forming aluminum nitride in the first one(26). The detection of aluminum nitride in the combustion products of the Alex-containing formulations may be important for the development of a comprehensive concept of combustion mechanisms. Therefore, when experimenting with the Alex-containing propellant formulations, we performed not only ordinary chemical analysis (determining free aluminum by permanganatometric method(15)) but also the extended analysis of CCP to determine the nitrogen containing compounds.

The evaluation of condensed combustion products parameters (both for agglomerates and fine oxide particles) has been performed in(25) for AP/HMX/Al/binder propellant formulation containing ultrafine aluminum and commercial aluminum powders in different proportions, see Table 3. The Alex powder was used in batches #1(3, but in batch #7 another ultrafine aluminum powder was used named "UFA" produced via the method of electrical arc plasma re-condensation(27). All propellants contained an energetic binder (EB) based on butadiene-nitrile rubber plasticized with diethylene glycol dinitrate (DEGDN). For more details concerning propellant ingredients and manufacturing see(24-25).

Experiments(25) were carried out at pressure 4.5 MPa by original sampling method(8). Two different gaseous environments (argon or nitrogen) were used for bomb pressurization to evaluate the gas nature effect on CCP characteristics. For the propellants studied, the major part (88-98% mass.) of condensed products consisted of the particles with size less than 130 m. All the results reported below refer to the sieved fraction of particles <130 m. 

Methods

The following methods were used to analyze the virgin aluminum powders and combustion products for determining metallic aluminum, aluminum nitride and aluminum oxide. All the methods are conventional and not considered here in detail.

1. The permanganatometric method as described in(15) was used to determine the free aluminum content. Note that when analyzing ultrafine aluminum powders with high reactivity and the tendency to conglomeration, one should pay particular attention to probe preparation. The probe should be carefully homogenized via grinding. The Alex and UFA probes were weighed and then placed into the reacting medium (iron-ammonia alum + sulfuric acid) directly in small glass cups. The dissolution ended within 15÷20 min under slight heating. For comparison, in the case of ordinary 15 m size aluminum, it takes 0.5-2 hours.

2. The method based on ammonia distillation(16, 28) was used for the qualitative detection of nitrogen in form of N 3–.

3. The method developed by Kjeldahl(13) was used for the quantitative measurement of nitrogen N 3–.

4. The chelatometric metod(17) was used to determine the total aluminum content with back titration at рН=5.0÷5.5 in the presence of dithizone (or xylenole orange).

5. The gravimetric method(17) was used to determine the total aluminum content. In this method, the aluminum was precipitated with 8-oxiquinoline in the form of chelate Al(Ox)3 at pH=5.0 followed by drying to a constant mass. The gravimetric method is absolute and highly accurate but more time-consuming. Therefore, it was applied only to few samples to demonstrate the absence of a systematic error in the titrimetric determination of the total content of aluminum.


Note that the process of sample preparation for determining the total aluminum content by methods 4 and 5 involved treatment of preweighed portion of the sampled matter by hydrochloric acid or alkali under heating until complete dissolving. Methods 4 and 5 failed in the CCP analysis, because conversion of aluminum oxide and nitride phases requires a more rigorous treatment of the sample, for instance, the fusion with an alkali fusing agent in the presence of oxidizer(22).

6. For the phase composition diagnostics, a Philips automatic X-ray powder diffractometer Model APD1700 equipped with a copper source CuK( (U= 40 kV, I=35 mA) was used with the following options: Bragg-Bretano geometry, automatic divergence slit, graphite monochromator. The measurements were performed between 5o and 80o, angle step 0.02÷0.03o, time of signal accumulation 1÷3 s, duration of experiment 120 min. The peak location was determined automatically by the maximum intensity of diffracted rays using software APD1700 (SANDMAN code) or data tables JCPDS(29).

7. In addition, the content of Al2O3 in virgin aluminum powders was calculated from the mass balance using the data on metallic and total aluminum content and aluminum nitride (in the case of Alex powder).

Results

First of all, nitrogen in the nitride form has been chemically detected in the virgin Alex powder, Table 4. Presumably, this compound was given in the X-ray-amorphous form, because no reflexes, except for metallic aluminum, were found in the X-ray diagnostics. 

Nitrogen was also detected in combustion products in the experimental series performed in argon and nitrogen. Surprisingly, the chemical analysis showed a relatively high content of nitrogen-containing compounds. However, the X-ray diffraction measurements revealed that at least a part of this nitrogen is due to the presence of AP in combustion products. It was checked in special tests by washing the samples on a Buchner funnel with hot water. The lost sample mass was 35-54%. After washing and drying, no AP was detected by X-ray diffraction method. However, small amount of nitrogen in the form of nitride was detected chemically. 

Actually, the characteristic feature of the propellant under study is the ejection of oxidizer grains into gas phase during combustion. Then the dispersed oxidizer was sampled along with the combustion products of metal. Thus, to obtain the correct data on nitrogen compounds in the aluminum combustion products, it is necessary to wash away the AP-contamination. It should be underlined that the possibility to confuse nitrogen in AP and nitrogen in the form of aluminum nitride is a potential source of a crude error. 

The results of X-ray diffraction diagnostics and chemical analyses for the combustion products are reported below.

The obtained X-ray patterns are similar in all series. The following phases have been analyzed: NH4ClO4, metallic Al, Al2O3 (all modifications), AlN, AlON, AlxОyNz (css), Al4C3, Al2OC, C (graphite), AlxOyCx (css), AlxOyNzCu (css). Here, (css) means the phase with varied compositions, i. e., the coring solid solution. In our experiments, no graphite, aluminum carbides and oxicarbides phases were detected. The observed reflexes were produced by various aluminum oxide modifications. Some data can be treated as a low content of AlN and AlxОyNz (css), but their existence is open to argument. The identification of phases with low content (<2-5 % mass.) was practically impossible due to the difficulties in X-ray diffraction data treatment: 

· Bad crystal structure of samples (X-ray amorphous state);

· Close location of bands for oxide and nitride phases; 

· The presence of phases in the form of coring solid solutions.

Table 5 summarizes the X-ray diffraction data on combustion products sampled during testing in different environment gases. 

The chemical analysis data are presented in Table 6. The analysis method does not allow one to specify the form of nitrogen. Therefore, only assumed amount of nitrogen compounds (AlN or AlON) content is presented in the last column of Table 6. One can see that the maximal nitrogen content is found in experiments on #1 and #7 propellants performed in nitrogen environment. In most cases, the nitrogen content in the condensed products coincides or slightly exceeds that in Alex before burning (0.63%, Table 4).

Generalizing the X-ray diffraction and chemical analysis findings, one may conclude that for the given propellants and firing conditions, the presence of nitride phase in the final condensed combustion products is negligibly small in both environmental gases (argon and nitrogen). 

It is interesting that similar results on aluminum nitride content were obtained in(30) when studying detonation of the mixture of aluminum and RDX. The detonation products were analyzed in(30) via the methods analogous to the above ones (3), (6), and (7). After explosion of mixtures containing 10% and 20% of Al, the following content of compounds has been found in detonation products: 0.7÷4.1% of AlN, 98.1÷94.5 % of Al2O3, and 1.2÷1.4 % of Al. However, if the experiments were carried out on the mixture with initial aluminum content of 55%, then the mass fraction of nitride in explosion products amounted to 51.7%. Based on these data, one may suppose that for nitride formation, the composition of burned propellant or exploded mixture is more important than the characteristic time of the process. 

Conclusions

The different methods of analytical chemistry can be successfully employed in combustion studies for obtaining valuable information on the combustion mechanism of aluminized solid propellant. Specific characteristics of the condensed combustion products as objects under study cause difficulties in analysis that serves as a potential source of errors. For instance, when determining aluminum nitride in combustion products of propellant based on AP, Al and polymer binder, there is risk to erroneously attribute measured nitrogen to aluminum nitride whereas the presence of nitrogen is really caused by contamination of combustion products with unburned AP. In this case, the use of different techniques with subsequent comparison of results can be recommended. Using a combination of chemical and X-ray diffraction methods, we concluded that the presence of aluminum nitride in the final combustion products is insignificant even for the propellant formulation containing the highly active ultrafine aluminum powder. Thus, in most cases the conventional methods become suitable after slight modification and proper verification. 
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Figure caption

Fig. 1.

X-ray images of CCP particles of sieved fraction 590-880 m. Two dark shady particles, containing nichrome, can be easily distinguished among analyzed CCP particles.

For comparison, a piece of nichrome wire with diameter 200 m is placed in the right upper corner.

Fig. 2. Special retort for volumetric analysis. The combustion products placed into cup 2 made of teflon, and NaCl solution in spherical volume 3 are brought into contact after stretching rubber bleeding tube 1 by inclining the retort (Stand by ( Go).

figure 1
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figure 2
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tables

Table 1. Variation of free aluminum (% mass.) in the mixture (C+Al+
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2

CO

K

) during a long-time storage at room conditions as compared with pure aluminum powder

Year
1987
1990
1994
1996
1999

C+Al+
[image: image28.wmf]3

2

CO

K

 mixture
NA
10.75±0.03
7.63±0.03
7.55±0.20
7.3±0.7

Regular Al powder
99.5±0.5
NA
NA
99.5±0.5
NA

Table 2. Local aluminum content in laboratory scale propellant charge

Probe No.
1
2
3
4
5
6
Mean 

Weight of probe, mg
33.2
36.2
34.3
40.3
35.0
35.1
%Al ( Sd

Aluminum content, %
20.8
22.0
21.5
21.5
21.4
21.8
21.5(0.4

Table 3. Propellant formulation, % mass.

Batch #
Alex/Al
EB
AP1
AP2
HMX
Al
Alex

1
0/100
20
41
21
-
18
-

2
30/70
20
41
21
-
12.6
5.4

3
100/0
20
41
21
-
-
18

      7UFA
30/70
20
18
9
35
12.6
      5.4UFA

Grain size or surface area of powdered components
160-315 m
6700 cm2/g
> 315 m
~ 15 m
80% mass. <5 m

Comment: UFA) In batch #7 UFA powder was used instead of Alex.

Table 4. 

Chemical analysis data (% mass.) on aluminum powders used in propellant manufacturing

Ingredient 
Method
Commercial Al
Alex
UFA

Metallic Al
(1)
97.8(0.9%
82.2(0.3%
85.5(0.7%

Total Al
(4, 5)
98.65(0.05%
92.5(0.2%
93.3(0.3%

AlN
(3)
Non detected
  0.63(0.04%
Non detected

Al2O3
(7)
2.3(0.5%
17.2(0.5%
14.4(0.2%

Table 5. Qualitative results of X-ray diffraction diagnostics. 

Phases with high content (++), low content (+), and not detected phases (–).

Batch #
Environment
(-Al2O3
(- Al2O3
(- Al2O3
AlN

1
Argon
++
+
–
–

3
Argon
+
++
–
–

1
Nitrogen
++
+
–
+

2
Nitrogen
+
+
+
+

3
Nitrogen
+
++
+
–

7
Nitrogen
+
–
–
+

Table 6. Nitrogen content (% mass.) in combustion products after washing

Batch #
Environment
Mass lost after washing, %
Measured nitrogen content, %
AlN or AlON calculated, %

1
Argon
38
0.27
0.78 or 1.10

3
Argon
54
0.19
0.56 or 0.77

1
Nitrogen
39
0.59
1.73 or 2.40

2
Nitrogen
40
0.18
0.53 or 0.73

3
Nitrogen
35
0.23
0.67 or 0.94

7
Nitrogen
38
0.76
2.11 or 2.93
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