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IX 

SUMMARY 

Experiments were conducted to provide data on the effectiveness and 

mechanism of action of four burn rate modifiers in the catalysis of the 

combustion of composite solid propellants. In addition, combinations of 

these modifiers were studied to determine if interaction effects on pro-

pellant burn rate exist. The four modifiers that have been investigated 

were Harshaw catalyst Cu 0202 P, ferric oxide, iron blue and ferrocene. 

The combustion pressure was varied from 600 to 2000 psia. 

Two-dimensional solid propellant sandwiches of layers of ammonium 

perchlorate and hydroxyl terminated polybutadiene were used extensively 

in the initial phases of this investigation. The modifiers were restricted 

to either the binder, oxidizer or a thin layer at the binder-oxidizer in­

terface. The site of action and the effect on sample burn rate of these 

modifiers were determined by using cinephotomacrography of burning sam­

ples and examination of partially burned samples with the scanning elec­

tron microscope. The sample burn rate and burning surface profiles were 

obtained from the high speed motion pictures. The surface details of the 

oxidizer, residual material on the oxidizer surface, binder melt flow and 

residual binder material were observed in electron micrographs of parti­

ally burned two-dimensional sandwiches. 

Pairs of modifiers were added uniformly to two-dimensional solid 

propellant sandwiches to determine if there was a catalytic synergistic 

effect on sample burn rate. All combinations of the four modifiers were 



tested at 600 psia. The two most promising pairs of modifiers were tested 

over the 300 to 2000 psia range. 

Synergistic catalytic effects on sample burn rate were obtained 

for the Harshaw catalyst Cu 0202 P - ferric oxide and iron blue - ferric 

oxide systems for the two-dimensional samples. These two combinations 

were added to a cured composite propellant to see if this synergistic ef­

fect would carry over to the real propellant. 

The extent of the binder melt flow observed on the two-dimensional 

sandwiches was reduced by all catalysts at all pressures for the three 

types of catalyst loading. The catalysts were most effective in cata­

lyzing the binder-oxidizer reactions when introduced hot into the gas 

phase for the sandwich configuration. 

The ammonium perchlorate deflagration rate was either augmented or 

suppressed depending upon the catalyst type and pressure level. 

The positive synergistic effect of the two catalysts on the burn 

rate of a solid propellant was discovered using the two-dimensional com­

posite solid propellant sandwich. All combinations of the four catalysts 

exhibited either a positive or a possible synergistic effect on both the 

sandwich vertical burn rate and the oxidizer normal regression rate when 

tested at 600 psia. The results for the cast composite propellant sam­

ples were not as conclusive as for the two-dimensional sandwich samples. 

There were two conclusions of this investigation that remain unre­

solved. The oxidizer surface slope and its pressure dependence for the 

two-dimensional sandwiches obtained from the scanning electron microscopy 

investigation did not always agree with the high speed motion pictures. 

The sandwich vertical burn rate for the uniformly loaded samples was grea­

ter than the oxidizer, binder or binder-oxidizer interface loaded samples. 
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CHAPTER I 

INTRODUCTION 

This dissertation summarizes an experimental investigation of 

catalysis in the combustion of composite solid propellants. In particular 

this investigation was undertaken to study the effectiveness and mechanism 

of action of several burn rate catalysts. In addition, combinations of 

these catalysts were studied to determine if interaction effects on pro-

pellant burn rate exist. The experimental facilities for carrying out 

this study were previously developed and are described in Refs. 1-3. 

A composite solid propellant is a heterogeneous mixture of oxidizer, 

metal fuel and burn rate modifier dispersed in a matrix of polymeric 

binder. The oxidizer is often ammonium perchlorate (AP). Sufficient 

binder material is used to wet and bond all solid particles into a pro­

pellant grain. The solid propellant burns by the propagation of a com­

bustion wave into the unreacted propellant. This process is maintained 

by the transfer of heat from the exothermic reactions in diffusion or 

premixed flames near the surface. There can also be heat generation at 

the propellant surface by exothermic surface reactions. When there is 

steady burning of the propellant, the solid surface regresses at a rate 

defined as the burn rate. 

Chemical additives are used extensively to modify the burn rate of 

composite solid propellants. Compounds and additives that increase the 

burn rate of propellants and only slightly modify the free energy change 
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4 

of the process are referred to as catalysts. Additives are either sus­

pended or dissolved in the binder around the oxidizer particles in a com­

posite solid propellant. 

The action of catalysts is not well understood. Some catalysts 

enhance the thermal decomposition while inhibiting the deflagration of 

the oxidizer. Others enhance the ignition process of gaseous oxidizer 

6 7 
products in the presence of fuels. ' Some catalysts are effective crack-

g 

ing agents for hydrocarbons, but the corresponding action of these cata­

lysts on hydrocarbon binders has not been demonstrated. The heat trans­

fer from the flame to the solid propellant due to radiation has been in­

vestigated for additives that alter the propellant emissivity. ' ' 

Chemical additives can behave as catalysts in pure oxidizer deflagration 

experiments and inhibit the combustion process when added to a composite 

solid propellant. While attempts have been made to develop consistent 

12-15 
theories of catalysis for solid propellant additives, none have been 

successful. The site of the catalysis process, the reaction that is 

catalyzed and the interaction of various catalysts have not been deter­

mined o 

It has not been found possible to observe the microscopic inter­

action of oxidizer, catalyst and binder in combustion of a real propellant 

because of the small scale heterogeneit}^ and the hostile environment. 

As a consequence, two-dimensional solid propellant sandwiches have been 

used as a test vehicle for observation of the interaction of layers of 

oxidizer and binder. The binder-oxidizer interface simulates the inter­

face of an oxidizer particle burning in a binder matrix of a cast propel­

lant, but yields a more definable microgeometry. True simulation is not 
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possible however because the size scale of the sandwich layers is 

generally much larger than size scales found in a real propellant. Both 

the oxidizer and binder layers behave as semi-infinite slabs of material 

which interact in the vicinity of their common interface. The sandwich 

configuration also fails to demonstrate the intermittency of conditions 

caused in propellant combustion by the particulate nature of the oxidizer 

and the associated combustion effects must be studied by other means. 

It is the relative ease of observation of these interface phenomena that 

gives the sandwich its usefulness. 

The laboratory burn rates of these two-dimensional samples are 

unique and reproducible. Characteristic oxidizer deflagration rates are 

obtained far from the binder-oxidizer interface. The sandwich regresses 

at its maximum rate normal to the surface near the interface. 

The two-dimensional sandwich is a convenient test geometry for the 

observation of the region of action of various burn rate catalysts. The 

normal mode of catalyst addition would be simulated by adding the material 

to the binder layer. This can be accomplished with a sandwich. Another 

method of catalyst addition can be obtained by restricting the catalyst 

to a thin layer at the binder-oxidizer interface. This might simulate 

a coated oxidizer particle burning in a binder matrix. Another obvious 

mode of catalyst loading would be oxidizer loading. This is accomplished 

by pressing the catalyst in the polycrystalline oxidizer slab. This does 

not simulate any current cast propellant techniques but it allows the ef­

fect of the catalyst on the oxidizer reactions to be insulated and studied 

independently of catalyzed binder-oxidizer reactions. 

If a chemical compound operates effectively on one intermediate 
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reaction and another compound operates on another intermediate reaction, 

then combinations of these compounds can produce resultant effects that 

are additive if the intermediate reactions are independent. If the com­

pounds accelerate the production of reaction intermediates at a faster 

rate earlier in the reaction scheme, then combinations of compounds can 

yield effects much greater than additive processes would produce. The 

inhibition of ammonium perchlorate deflagration by combinations of two 

compounds has been investigated by Glaskova. She denoted the com­

bined effect as a synergistic effect on the inhibition of the deflagra­

tion rate when the effect exceeded the sum of the separate effects. The 

two-dimensional sandwich could be used to effectively test combinations 

of catalysts for catalytic synergistic effects on sample burn rates. 

Following the lines suggested above, four proven catalysts of cast 

propellant burn rate were chosen for investigation in this study. They 

are Harshaw catalyst Cu 0202 P, which is specified as a mixture of 82 

percent cupric oxide (CuO) and 17 percent chromium oxide (Cr„0„); ferric 

oxide (Fe20 ); iron blue (Fe(NH )Fe(CN) ) ; and ferrocene ((C H )2Fe). 

The site of action and the effect on sample burn rate of these 

catalysts were investigated by several experimental methods using the 

two-dimensional solid propellant sandwich. The catalysts were restricted 

to either the binder, oxidizer or a thin layer at the binder-oxidizer 

interface. High speed motion pictures of burning samples were obtained 

at 600 to 2000 psia. The sandwich vertical burn rate and the burn rate 

normal to the oxidizer surface were obtained from these motion pictures. 

The pressure range was chosen to eliminate possible anomalous results 

near the low pressure deflagration limit of ammonium perchlorate and 
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anomalous deflagration phenomena above 2000 psia. 

The surface details of partially burned two-dimensional samples 

were examined with a scanning electron microscope. These samples were 

obtained by terminating the combustion process by rapid depressurization 

of the combustion chamber. Comparative binder melt flows and residual 

binder heights were obtained from electron micrographs of the partially 

burned samples. Surface details of the oxidizer and residual surface 

structure for various catalysts were observed. The possibility of using 

an electron probe x-ray micro analysis technique to identify the chemical 

composition of these residual particles was also explored. 

Pairs of catalysts were added to two-dimensional solid propellant 

sandwiches to determine if there was a catalytic synergistic effect on 

sample burn rate. All combinations of the above mentioned catalysts were 

tested at 600 psia. The two most promising pairs of catalysts and their 

base line samples with single catalysts present were tested over the 300 

to 2000 psia pressure range. 

Synergistic catalytic effects on sample burn rate were obtained 

for the Harshaw catalyst Cu 0202 P - ferric oxide and iron blue - ferric 

oxide systems for the two-dimensional samples. These two combinations 

were added to a cured composite propellant to see if this synergistic 

effect would carry over to the real propellant. 
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CHAPTER II 

PREPARATION AND TESTING OB' SANDWICHES 

Catalysts 

In this study several experimental methods were used to investigate 

the combustion mechanisms of composite solid propellants when catalysts 

were present. The four catalysts which have been investigated in previous 

2 20-22 
studies ' at Georgia Tech have been used again in all phases of this 

investigation. They are Harshaw catalyst Cu 0202 P (CC), ferric oxide 

(10), iron blue (IB) and ferrocene (F). These chemical compounds have 

been investigated in other studies, as is evident from Table 8 in Appen­

dix A. They were supplied by the Thiokol Chemical Corporation. 

Harshaw catalyst Cu 0202 P is a commercially available, finely 

powdered catalyst. It is a copper chromite catalyst and is also avail­

able in a tablet form. It is capable of selectivity to hydrogenate or 

dehydrogenate functional groups in organic compounds without changing the 

23 
unsaturation or saturation in aromatic rings or alkyl chains. It has 

been one of the most investigated chemical compounds in solid propellant 

combustion, because of its significant catalysis of ammonium perchlorate 

decomposition, deflagration and ignition. Copper chromite catalysts are 

prepared by the thermal decomposition of ammonium copper chromate. This 

g 
may or may not be followed by an acetic acid leach and various heat 

treating cycles. Some contain barium as a stabilizer. Harshaw specifies 

Cu 0202 P as being a mixture of 82 percent cupric oxide (CuO) and 17 
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percent chromium oxide (Cr90„). Copper chromite catalysts are used to 

accelerate both oxidation and reduction processes. 

Ferric oxide, Fe„0 , exhibits as do most transition element com­

pounds, a high degree of catalytic activity. It is used primarily for 

oxidation processes. It has been used as a major catalyst in the synthe­

sis of ammonia from nitrogen and hydrogen and as a hydro cracking cata­

lyst in converting coal to oil. It was used in a finely powdered form. 

Iron blue is also known as Prussian, Chinese or Milori blue. It 

is used commercially as a pigment. It is a complex ammonium iron hexa-

cyanoferrate with the chemical formula, Fe(NH.)Fe(CN),. It has a cubic 

crystalline structure. The iron is present as both ferric and ferrous 

ions in the lattice. It was used in a finely powdered form. 

Ferrocene is an organometallic compound with the chemical name, 

biscyclopentadienyl iron, (Cn.Ht.)„Fe. It is a yellow crystalline solid 

with relatively high thermal stability for an organometallic compound. 

It is used in: 1) oxidation processes, 2) reactions involving destruc­

tion of iron-carbon bonds, and 3) substitution of hydrogen in the cyclo-

pentadienyl rings. It was supplied in a relatively coarse crystalline 

form. It was ground to a fine powder form for use. 

Available Facilities 

Combustion Apparatus 

This investigation was conducted in the Propulsion Laboratory of 

the School of Aerospace Engineering, Georgia Institute of Technology. A 

high pressure combustion apparatus with a variable flow, variable pressure 

nitrogen purge system was used for all phases of this investigation. 
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This basic apparatus was designed by Varney and was used when the com­

bustion process was quenched by rapid depressurization of the test cham­

ber. The central section of the test chamber was replaced by a three 

window section for observation of the sample using cinephotomacrography 

2 

techniques. This window section was designed by Jones. A high inten­

sity light source and high speed motion picture camera were used for the 

cinephotomacrography investigation. The experimental equipment arrange­

ment is shown in Figure 1. 

The maximum working pressure of the nitrogen flow system shown in 

Figure 2 is 3500 psia. The maximum working pressure of the combustion 

bomb section is 6000 psia. All tests, for this investigation were in the 

600 to 2000 psia pressure range. This range was selected to avoid anoma­

lous results near the low pressure deflagration limit of ammonium perchlo-

19 
rate and the unexplained deflagration phenomena above 2000 psia. 

A nitrogen flew of one ft/sec in the window section was used for 

smoke control while taking high speed motion pictures. This flow rate 

2 
was determined experimentally by Jones. There was no apparent edge 

cooling due to the low velocity of the nitrogen flow. 

A small amount of nitrogen was bled from the combustion apparatus 

during quench testing of the propellants. This prevented a build up of 

the combustion chamber pressure as the sample burned. 

Cinephotomacrography 

The high speed motion pictures were obtained by using a Hycam 16 

mm camera with a frame rate of 10 to 11,000 frames per second. All re­

sults in this investigation were obtained at approximately 1600 frames 

per second. The exact; camera speed was obtained at the section of film 



Figure 1. Combustion Apparatus and Cinephotomacrography Equipment 
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that was used for the burning rate determination. A signal generator 

supplies a voltage to a neon light at a measurable rate which in turn 

exposed the edge of the film. The frequency of this light flash was 

measured to five significant figures. It was adjusted to give approxi­

mately 1000 marks per second. A Vivitar Preset, 85 mm focal length lens 

was used for this investigation. This lens had a maximum aperture of 

f-1.8. A combination of appropriate extension tubes and lens adapter 

was used to give a latent image magnification, the ratio of film image 

to actual sample size, of four to one. A 2500 watt xenon light source 

was used for sample illumination. The motion pictures are viewed using 

a L-W Model 900 Motion Analyzer. 

Quenched Combustion Testing 

The samples for the scanning electron microscope investigation 

were obtained by quenching the combustion process by rapid depressuriza-

tion of the combustion bomb. A rapid change of pressure causes the ex­

tinction of the combustion process when ammonium perchlorate propellants 

were involved. This depressurization was accomplished by using the 

burst diaphragm method developed by Varney. An experimentally deter­

mined number of Mylar disks was used to contain the pressure in the com­

bustion bomb. A .010 inch nichrome wire was inserted between the outer 

Mylar disks. This wire was used to heat and melt a sufficient number of 

disks to cause the remaining disks to rupture and depressurize the com­

bustion bomb. The sample observation was carried out in the Physical 

Science Division of the Engineering Experiment Station, Georgia Institute 

of Technology. A Cambridge Stereoscan Scanning Electron Microscope, Mark 

II a, was used for all observations. Magnifications from 18 to 50,000 
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were available. 

Sample Preparation 

The two-dimensional composite solid propellant sandwiches were 

prepared from compacted, polycrystalline disks of ammonium perchlorate 

and layers of hydroxyl terminated polybutadiene binder which was prepared 

following the procedure outlined in Appendix B. The ammonium perchlorate 

for this phase of the investigation was obtained from the Fisher Scien­

tific Company as certified to have less than .004 percent total impuri­

ties. This was later down graded to less than .018 percent total im­

purities by Fisher. The ammonium perchlorate was analyzed by the Naval 

Weapons Center and as reported by Boggs et al. contained an impurity 

level of .03 weight percent of potassium ion. 

The polycrystalline disks were prepared from this ammonium perch­

lorate. Approximately 1.3 grams of ammonium perchlorate was ground by 

hand in a pyrex mortar and pestle for ten minutes. This produced a par­

ticle distribution suitable for pressing into a polycrystalline disk. 

This ground material was transferred to a mold assembly designed by 

Varney. The diameter of the pressed disk was one inch. The mold assem­

bly was placed in a Carver Laboratory Hydraulic Press capable of exerting 

24,000 pounds of force, which was equivalent to 30,500 psia. The disk 

was subjected to the maximum pressure for one hour. No measurable change 

of burning rate was noted if the pressure was maintained for longer inter­

vals of 8 or 24 hours. These disks were approximately .050 inch thick. 

All disks and prepared samples were stored in a desiccator until tested. 

Multilayered sandwiches were prepared from these polycrystalline 

disks by bonding them together in layers, using hydroxyl terminated 
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polybutadiene. The thickness of the binder was maintained uniform by a 

Teflon shim of .005 inch thickness. This yielded a binder thickness of 

.005 - .006 inch (120-150 (im). The uncured samples were clamped between 

two 1/16 inch sheets of Teflon using a number of alligator clips and 

placed in the curing oven for seven days at 60°C. 

For dispersal of the burning rate modifiers in the oxidizer, two 

percent by weight was added to the ammonium perchlorate prior to the 

grinding and pressing into polycrystalline disks. For loading in the 

binder, the same volumetric loading as occurred in the ammonium perch­

lorate was mixed into the binder prior to curing. For hydroxyl termi­

nated polybutadiene this was 4.37 percent by weight. 

Two methods of sample preparation were used in tests in which this 

burning rate modifier was to be concentrated at the binder-oxidizer inter­

face. Initially the material was suspended in methyl alcohol and painted 

2 20 
on one surface of an oxidizer disk. ' The amount of material adhering 

to the oxidizer surface could not be controlled,, It was impossible to 

obtain a uniform coating with the iron blue and ferrocene using this 

method. Therefore these samples were prepared by pressing a thin layer 

of the catalyst mixed with an equal amount of ammonium perchlorate onto 

the surface of a lightly pressed ammonium perchlorate disk. This com­

posite disk of burning rate modifier and ammonium perchlorate was then 

processed as a normal polycrystalline oxidizer disk. The result was a 

narrow-band interface burning rate modifier layer that adhered well to 

the oxidizer and binder. This layer of high concentration of burning 

rate modifier (50 percent by weight) was approximately .002 inch thick. 
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CHAPTER III 

BURNING RATES OF SANDWICHES 

A cinephotomacrographic investigation of the four catalysts has 

been conducted using the oxidizer, binder and interface loading of the 

catalysts as described above. Tests were conducted at 600, 1000, 1500 

and 2000 psia. High speed motion pictures with a latent magnification 

of two to one (image to actual) were taken at a rate of 1600 or 3200 

frames per second. 

These motion pictures were used to obtain an accurate value of the 

sample burning rate,. Sample data reductions and sketches of actual burn­

ing samples are included in Appendix D. Burning rate data were taken 

only after a steady profile had been achieved and was clearly visible 

over a substantial portion of the run. Characteristic sandwich profiles 

are shown in Figure 3. Two burn rates were obtained for each sandwich. 

For a steady profile, the sandwich vertical, burn rate, r, is the same re­

gardless of the perpendicular distance from the binder-oxidizer interface 

although it is measured at the point of maximum regression of the sample. 

The burn rate normal to the oxidizer surface, r , is indicative of the 
n 

oxidizer deflagration rate, and is related to the sandwich vertical burn 

by the cosine of the surface slope angle. That is 

r = r cos9 . 
n 

The slope of the oxidizer surface must be determined at a sufficient 
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distance from the binder-oxidizer interface for the oxidizer surface to 

have a definable constant slope. 

The pure AP-HTPB double sandwich has been sketched in Figure 3a. 

The oxidizer surface slope is very small. The residual binder height 

has been indicated. This was the binder remaining on the quenched com­

bustion samples. It was measured on the electron micrographs obtained 

from the scanning electron microscope investigation. As long as the 

sample was symmetrical, that is, the oxidizer layers were identical, and 

the binder layer thickness remained constant, the residual binder height 

measurement was a meaningful quantity.. 

' The profile shown in Figure 3b was obtained when unsymmetrical 

double sandwiches were burned. One oxidizer layer has been loaded with 

an effective burn rate catalyst. The point of maximum sandwich regres­

sion, P, has moved closer to the binder-oxidizer interface for the oxi­

dizer loaded with catalyst. The AP flame and the binder-AP diffusion 

flame are also shown in Figure 3b. 

Triple sandwiches consisting of three oxidizer layers and two 

binder layers were used to reduce the total number of tests necessary for 

the evaluation of all four catalysts. A typical sandwich profile is 

shown in Figure 3c. A pure AP layer was always used to separate the cata 

lysts. This type of sandwich was used when ferrocene and iron blue were 

loaded in the oxidizer and for all catalysts loaded in the binder. 

An isometric drawing of a burning double sandwich is shown in 

Figure 3d. This would be for a symmetrical, oxidizer loaded sample. The 

binder char layer visible in the high speed motion pictures is shown. 

This was removed during the quench process leaving a residual binder 



17 

height. The extent of the binder melt flow from the binder-oxidizer 

interface out onto the oxidizer surface has been shown. 

Almost all of the burn rate data presented in this dissertation 

have been normalized by dividing the burn rates of interest by the burn 

rate of the corresponding pure, uncatalyzed sample of AP-HTPB. The un-

catalyzed two-dimensional sandwiches burned with a relatively flat pro­

file; therefore, both the sandwich vertical burn rate and the burn rate 

normal to the oxidizer surface were the same. In the figures of burn rate 

ratio as a function of pressure, the solid curves are the ratio of the 

sandwich vertical burn rates. The dashed curves are the ratio of the 

burn rates normal to the oxidizer surface. These normal burn rates re­

flect any acceleration or inhibition of the burn rate of the ammonium 

perchlorate alone due to the modifiers and results should be compared 

systematically with those of other AP deflagration experiments (Fried-

man and Boggs ). 

Catalyst Added to Oxidizer 

The burn rates for the four catalysts added to the oxidizer at 

two weight percent are shown in Figure 4. They have been normalized by 

dividing by the burn rates of uncatalyzed AP-HTPB sandwiches. Again it 

should be noted that the same ammonium perchlorate with the same impurity 

level and obtained from Fisher Scientific Company was used for all two-

dimensional sandwiches. The data for Harshaw catalyst Cu 0202 P and 

ferric oxide were also reported in Ref. 21. 

Harshaw catalyst Cu 0202 P augments the sandwich vertical burn 

rate and the burn rate normal to the oxidizer surface over the entire 
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pressure range. Iron blue and ferrocene retard the burn rate normal to 

the oxidizer surface for the entire pressure range. Ferric oxide retards 

this normal burn rate for pressures less than 1200 psia. Even though 

these three catalysts retard the burn rate normal to the oxidizer surface, 

they do augment the sandwich vertical burn rate to some degree over the 

entire pressure range. 

The separation of the solid and dashed curves in Figure 4 for each 

catalyst is representative of the amount of catalytic activity taking 

place in the binder-oxidizer reactions. This separation is greatest for 

both iron blue and ferrocene and it decreases for both ferric oxide and 

Harshaw catalyst Cu 0202 P as the pressure increases. This indicates 

that both iron blue and ferrocene might be most effective if they are 

restrained to the binder-oxidizer interface. 

24 
Friedman et al. have studied the effect of Harshaw catalyst 

Cu 0202 P and ferric oxide on the deflagration of ammonium perchlorate 

with no fuel present. Their tests were conducted with three weight per­

cent of catalyst added to the ammonium perchlorate. In the pressure range 

they studied, their burn rates were above the burn rates normal to the 

oxidizer surface for this investigation for Harshaw catalyst Cu 0202 P 

and below for ferric oxide. Since the deflagration rate is a function of 

the concentration level, it was difficult to compare Friedman's results 

with the results of this investigation which were at concentrations of 

two weight percent. 

Boggs et al. have also studied Harshaw catalyst Cu 0202 P and 

ferric oxide at the same weight ratio, two weight percent, as in these 

tests, but in simple oxidizer deflagration, i.e. no binder present. 
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Their data at 1000 and 1500 psia are shown in Figure 4. Their results 

for Harshaw catalyst Cu 0202 P were considerably below the burn rates 

normal to the oxidizer surface (dashed curve) for this investigation. 

They did not maintain deflagration below 1000 psia. Their ferric oxide 

data are close to the sandwich vertical regression rate for this investi­

gation but above the burn rates normal to the oxidizer surface (dashed 

curve). Boggs' data should agree with the dashed curves. The difference 

between the two results was unexplained. It did lead to further testing 

of the ammonium perchlorate. 

The ammonium perchlorate disks used in the preparation of the two-

dimensional sandwiches for this investigation were analyzed by Boggs. An 

20 
impurity level of .03 weight percent of potassium ion was found. The 

burn rates for two-dimensional sandwiches using the ammonium perchlorate 

with .03 weight percent of potassium ion impurity are shown as triangles 

in Figure 4. The deflagration rate data for ultra-pure ammonium perch-

25 
lorate (99.99 percent pure) of Boggs and Zurn are also shown. Again 

this is for simple oxidizer deflagration, i.e. no binder present. When 

they tested this same AP with .03 weight percent potassium ion impurity 

added, the dashed curve was obtained. The impurity increased the defla­

gration rate of the oxidizer at pressures below 1500 psia and decreased 

it from 1500 to 2000 psia. 

Two-dimensional sandwiches were prepared from ultra-pure ammonium 

perchlorate supplied by Boggs. The burn rates for these sandwiches are 

included as squares in Figure 5. They were consistently below the sand­

wich burn rates for the samples made of impure ammonium perchlorate. This 

is consistent with the impurity effect on simple AP deflagration rate at 
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pressures below 1500 psia, but does not follow the reversal of impurity 

effect observed at higher pressures. 

The burn rates for the AP-HTPB sandwiches using the AP with .03 

weight percent of potassium ion impurity were used to normalize all burn 

rates of catalyzed samples prepared from the impure ammonium perchlorate. 

At the conclusion of this phase of the cinephotomacrographic investiga­

tion of oxidizer, binder or binder-oxidizer interface catalytic loading, 

all subsequent propellant samples were fabricated using ultra-pure ammo­

nium perchlorate supplied by Boggs. The burn rates described above for 

the samples prepared from ultra-pure ammonium perchlorate were used to 

normalize all burn rates of catalyzed samples prepared from the ultra-

pure ammonium perchlorate. This included both the two-dimensional sand­

wich and the cast, bimodal propellant samples. All uncatalyzed sample 

burn rates are shown in Figure 5. 

The purity of the ammonium perchlorate was initially investigated 

to determine if it could account for the difference between the results 

of this investigation for Harshaw catalyst Gu 0202 P and ferric oxide 

added to the oxidizer and the results of Boggs et al. at 1000 and 1500 

psia. The sandwich vertical burn rate did decrease as the purity of 

ammonium perchlorate increased. This could account for a slight lowering 

of the Harshaw catalyst Cu 0202 P results in Figure 4, but the burn rates 

would still not agree with Boggs et al. For the ferric oxide samples 

the correction would be in the wrong direction. 

Catalyst Added to the Binder 

The burn rate ratios for the case of catalyst added to the binder 
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are shown in Figure 6. Within the accuracy of the experimental techniques 

there were no detectable angles from the horizontal present in the oxi­

dizer. This indicates very little catalytic activity taking place in the 

vicinity of the binder-oxidizer interface. The scatter of the sandwich 

vertical burn rate ratios about a ratio of unity in the 1000 to 2000 psi 

range is indicative of the test to test accuracy of this sample configu­

ration. There is no significant visible effect on the sandwich deflagra­

tion process with catalyst present compared to the pure AP-HTPB sandwich. 

At 600 psia, however, there is a catalytic effect indicated for ferrocene 

and iron blue but there was no inclination of the surface to the hori­

zontal. This is an unexplained phenomenon, since an increase in vertical 

rate for a fixed oxidizer normal regression rate would require an inclina­

tion of the oxidizer to the horizontal. 

Catalyst at the Binder-Oxidizer Interface 

The burn rate ratios for the samples with catalyst restricted to 

the binder-oxidizer interface are shown in Figure 7. As was mentioned 

above, two methods of sample preparation were used for this type of 

catalyst loading. A measurable amount of iron blue and ferrocene (two 

weight percent of the disk) was located at the binder-oxidizer interface. 

Considerably less Harshaw catalyst Cu 0202 P and ferric oxide were de­

posited at the binder-oxidizer interface due to a painting procedure. 

Iron blue consistently augmented the sandwich vertical burn rate 

over the entire pressure range. The separation between the solid and 

dashed curves increased as the pressure was increased. This was expected 

considering the indication of increased binder-oxidizer reactions in 
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Figure 4. Ferrocene was also an effective augmenter of the sandwich 

vertical burn rate over this pressure range, except at 1500 psia. Ferric 

oxide continuously increased the sandwich vertical burn rate from a re­

tarded burn rate at 600 psia to an augmented burn rate for pressures 

greater than 1200 psia. Again this was indicated in Figure 4. 

Harshaw catalyst Cu 0202 P was as effective as iron blue and ferro­

cene in augmenting the sandwich vertical burn rate at 600 and 1000 psia. 

It was considerably less effective at 1500 and 2000 psia. The burn rate 

normal to the oxidizer surface should not be affected by the presence of 

catalyst at the binder-oxidizer interface; therefore, the scatter of 

these burn rates may be considered to be an indication of the test to test 

fluctuation of data for these interface sandwiches. This experimental 

band of data fluctuation is larger than that for the catalyst loaded in 

the binder (see Figure 6). The interface samples were more difficult to 

prepare. The ingredients and disks required more handling. 

The lower bounds of this region of burn rates normal to the oxi­

dizer surface are determined by the ferric oxide and Harshaw catalyst 

Cu 0202 P tests. This may be due to the fact that less catalyst was 

present at the interface or it may be due to coating the disk with the 

catalyst suspended in a methyl alcohol solution. No further investiga­

tion of this type of sample preparation was attempted since the thin 

layer of catalyst pressed on the oxidizer disk resulted in a reproducible 

sample for all catalysts used. 
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Summary 

The cinephotomacrography study of four catalysts loaded in the 

oxidizer, binder or at the binder-oxidizer interface resulted in several 

conclusions. 

1. Harshaw catalyst Cu 0202 P is the most effective catalyst of 

the ammonium perchlorate deflagration process in the sandwich configura­

tion (Figure 4). It also exhibits the greatest augmentation of the sand­

wich vertical burn rate. 

2. Iron blue and ferrocene inhibit the ammonium perchlorate de­

flagration process over the entire pressure range studied (Figure 4). 

3. Ferric oxide retards the ammonium perchlorate deflagration 

rate below 1200 psia (Figure 4). 

4. Iron blue and ferrocene show a greater catalysis of binder-

oxidizer reactions when loaded in the ammonium perchlorate (Figures 4 and 

7). 

5. There was no augmentation of the sandwich vertical burn rate 

when the catalyst was loaded in the binder (Figure 6). 

6. All catalysts were effective in augmenting the sandwich verti­

cal burn rate when restricted to the binder-oxidizer interface for pres­

sures greater than 1500 psia (Figure 7). 
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CHAPTER IV 

SURFACES OF QUENCHED SAMPLES 

Experimental Program 

The sample fabrication techniques for this phase of the investi­

gation were perfected during the cinephotomacrography experiments. 

Ultra-pure AP (99.99 percent) was used to prepare the polycrystalline 

disks of oxidizer for this phase of the investigation and all work re­

ported in later chapters. The four catalysts, Harshaw catalyst Cu 0202 P, 

ferric oxide, iron blue and ferrocene, were loaded in the oxidizer, bin­

der and at the binder-oxidizer interface. Partially burned samples were 

obtained for scanning electron microscopy by terminating combustion by 

rapid depressurization using the burst diaphragm method. An electronic 

timer circuit, Figure 8, was used to obtain accurate, reproducible time 

delays between the ignition of the sample and interruption of burning of 

the sample. The timer was modified to allow delays of from 22 millisec­

onds to three seconds. The initial estimates for the time delays were 

obtained from the cinephotomacrography burn rate data of Chapter III. 

The sample observation was carried out in the Physical Science 

Division of the Engineering Experiment Station, Georgia Institute of 

Technology. A Cambridge Stereoscan Electron Microscope, Mark II a, was 

used for all observations in this chapter. Magnifications from 18 to 

50,000 were available. A focused electron beam of .01 |im in diameter was 

used to scan the samples which were placed in the specimen holder under a 
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high vacuum. The high energy beam stimulates the emission of the secon­

dary electrons or backscattered electrons, x-rays and, sometimes, light 

photons from the sample surface. If the sample is electrically non­

conducting, it will gradually accumulate an electrical charge and cause 

an additional scattering of the electron beam. Since the composite pro-

pellant samples were non-conducting, they had to be coated with a con­

ducting coating before the surface could be examined with the scanning 

electron microscope. A combined coating of carbon and gold-palladium 

(60-40) was placed on the samples by vacuum deposition. This coating 

varied from 300 to 400 A in thickness. It would not be detected unless 

magnifications in excess of 50,000 were used. 

The electrical signal generated by the collected secondary or 

backscattered electrons is used to control the brightness of a cathode 

ray tube which is synchronized to the scan of the electron beam. The 

photograph of the cathode ray tube is referred to as the electron micro­

graph. The x-rays emitted by the sample are characteristic of the ele­

ments present in the sample and can be collected and analyzed. Both the 

chemical identify and spatial distribution of the elements in the region 

of the electron beam can be determined. Iron is always indicated due to 

its presence in the construction of the microscope. For non-conducting 

samples the coating materials are also detected. This analysis was used 

to determine the high iron content of particles visible in the AP-I0 

4 
samples. The spatial resolution of this measurement is 10 times better 

than the electron microprobe investigation described in Chapter V, but 

the number of elements that can be detected is limited and the quantita­

tive results are not as accurate as with the microprobe. 
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The entire compilation of the results of this investigation is 

available in Ref. 22. This consists of a series of 106 electron micro­

graphs covering the surface details of 32 partially burned samples. 

These sampled were burned at 600, 1000, 1500 and 2000 psia in a dry nitro­

gen atmosphere. There were 13 electron micrographs of four pure AP-HTPB 

samples and 39 electron micrographs of 13 samples with catalyst added to 

the AP. Triple sandwiches of three AP disks and two layers of HTPB 

binder were prepared for the catalyst added to the binder and the cata­

lyst located at the binder-oxidizer interface. There were 27 electron 

micrographs of eight triple sandwiches with catalyst added to the binder 

and 27 electron micrographs of seven triple sandwiches with catalyst lo­

cated at the binder-oxidizer interface. 

Partially burned samples were obtained for all four catalysts and 

loading in the oxidizer, binder or at the binder-oxidizer interface ex­

cept for iron blue and ferrocene located at the binder-oxidizer interface 

at 1500 psia. Both of these catalysts were tested in the same triple 

sandwich. 

The electron micrographs obtained from the scanning electron micro­

scope have been studied carefully. The oxidizer surface has been observed 

and any unusual surface characteristics have been noted. The surface 

slope and its uniformity have been measured. The condition of the re­

sidual binder layer was observed. If the sandwich was symmetrical about 

the binder, then there was a residual binder height due to the excessive 

thickness of the binder layer. The extent of this binder height was mea­

sured. It would be impossible to extend this measurement to real propel-

lants, because of different geometric ratios of oxidizer to binder thick-
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nesses. It is known from the cinephotomacrography that there is a sub­

stantial binder char layer, which is apparently removed from the sandwich 

during the quench process. The less viscous binder is probably also 

ejected. This would also alter the residual binder height. 

There is a binder melt that flows over the oxidizer surface as the 

sandwich burns. The extent of this flow has been measured for each sam­

ple. The oxidizer surface slope and the point of maximum sandwich re­

gression were also measured. Because of qualitative similarity, electron 

micrographs of all samples are not shown here. They are presented in 

Ref. 22. 

Uncatalyzed Sandwiches 

A set of four AP-HTPB sandwiches was included in this study for 

comparison purposes. Two electron micrographs are shown in Figure 9a and 

b. The results for all four samples are summarized in Table 1. 

Table 1. Summary of Results from Scanning Electron Microscopy 
of Pure AP-HTPB Composite Solid Propellant Sandwiches 

Pressure Figure Binder Melt Binder 
No. Flow Height 

psia 1-im - - ^m 

600 

1000 

1500 

2000 

9a 

9b 

200-260 

60-250 

50-270 

90-370 

130-310 

250-310 

260-430 

340-650 

These observations are in accord with the experiments of Boggs et al. 

9f) 
over the 600 to 2000 psia pressure range. 

19, 
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