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ABSTRACT  

The burning rate of barium chromate-boron delay com-

positions is shown to be related to the 10 percent particle 

size point on the particle size distribution curve (particle 

size vs. percent greater than size) for either of the com-

ponents. The burning rate is also shown to be inversely pro-

portional to the 10 percent point of the barium chromate; and 

to follow a hyperbolic type relationship with the 10 percent 

of the boron, decreasing asymptotically as the 10 percent 

point increases. No correlations were found between the 

burning rate of the compositions and the average particle 

diameter, the mean particle diameter, or the 50 percent point 

for either component. 

The average particle diameter (APD) as determined with 

the Fisher Sub-Sieve Sizer, is presently specified as the 

measure of the particle size of the components of barium 

chromate-boron delay compositions. As the validity of the 

APD is subject to question, other methods of particle size 

analysis were considered. The Mine Safety Appliances (MSA) 

Particle Size Analyzer was thus selectedf or the determina-

tion of the particle size distribution of barium chromate 

and boron. 

The APD was found to be closely related to the product 

of the uniformity index of the sample and either the NSA 50 



percent point of the ESA dm (mean particle diameter.) For 

barium chromate the APD's were approximately equal to the 

modified ESA values. A low degree of inequality between 

the NSA and APD values existed for the boron samples. 
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I. INTRODUCTION  

Pyrotechnic delay compositions are physical mixtures 

of one or more metal powders (fuel) and one or more powdered 

oxidizing agents. These mixtures ignite and react exotherm-

ally at a predetermined rate upon the application of heat or 

flame; and are characterized by high reaction temperatures, 

solid combustion products, and the evolution of very small 

quantities of gas. The oxygen necessary for combustion of 

the fuel is supplied by the decomposition of the oxidizing 

agent, thus the combustion of these compositions is not 

affected by the presence or lack of air. 

Time delay fuzes containing pyrotechnic delay compos-

itions loaded under pressure are used in a wide variety of 

military and non-military; explosive and non-explosive items, 

due to their simplicity of design, low cost, compactness and 

resistance to physical abuse. Typical of these compositions 

is the barium chromate-boron system used in the delay fuze 

of the M112A1 Photoflash Cartridge (Figure 1), which is fired 

from aircraft for the purpose of ground illumination during 

aerial photography missions. The delay fuze, (Figure,2) 

upon initiation by the black powder expelling charge, delays 

the functioning of the photoflash charge for 1, 20  or 4 
seconds, depending on the intended delay interval. The 

black powder charge simultaneously expels the charge case 



FIGURE 1. M112A1 PHOTOFLASH CARTRIDGE ASSEMBLY- ORDNANCE DRAWING F8348546 



FIGURE 2. FUZE ASSEMBLY - ORDNANCE DRAWING C8843544 



assembly from the cartridge case so that the flash charge 

will explode safely away from the aircraft after the delay 

composition has burned. The delay times must have little 

variation as the photoflash cartridges must be synchronized 

with the photographic equipment used. 

The requirements for this particular application are 

fulfilled by a 95/5 barium chromate-boron delay composition 

and a 90/10 barium chromate-boron igniter composition. The 

95/5 mixture provides the proper burning rate for the desired 

delay time, and the 90/10 mixture provides the necessary heat 

to ignite the delay composition with a high degree of reliability. 

A graph depicting the burning time and heat of reaction as a 

function of composition for the barium chromate-boron system 

is shown in Figure 3 (18). 

Barium chromate and boron react in two separate reactions: 

(1) 2BaCrO4 4. 2B --b. Cr203 Ba2B205 

(2) BaCr04 t 2B —.per Ba(B02
)
2 

Reaction (1) corresponds closely to the reaction of the 

95/5 blend, while reaction (2) corresponds to the reaction or 

the 90/10 blend. 

The stoichiometric compositions contain 4.09 percent 

boron and 7.87 percent boron, respectively, but consideration 

is given to the fact that boron with as low as 8L percent 

elemental amorphous boron is specified for use in these 





compositions. A maximum of about 92 percent elemental 

amorphous boron is the best purity now commercially available. 

Amorphous boron, and not crystalline boron, is intended for 

use in the barium chromate-boron system because of lower 

ignition and burning time reproducibility encountered with 

crystalline boron. 

Little is known at present about the mechanism of solid- 

solid reactions such as those under consideration. However, 

for reproducible burning times, ease of ignition, and propagation 

of burning, one of several variables that must be controlled 

is the particle size of the components of the composition 

(5, 6). 

The particle size of the components is specified as the 

average particle diameter (hereafter referred to as APD) 

as determined by the Fisher Sub-Sieve Sizer (1, 3). Comyn, 

et al (6) show that reproducibility of burning rates of delay 

compositions prepared in dilute slurries is related not only 

to the average particle size, but to the particle size 

distribution of the components as well. For instance, a 

delay component with an acceptable APD may contain large 

particles which would prevent that component from blending 

properly with the other components of the composition and 

also cause the particles to segregate with handling before 

pressing into delay fuzes, thus causing erratic burning 

times of the pressed compositions. A method of specifying 



the particle size distribution of the barium chromate and 

boron may therefore be necessary, in lieu of specifying 

the APD as the measure of the particle size parameter. 

Thus, the particle size distribution-burning rate 

relationship must be investigated in two steps:, 

(1) Using a suitable method for determining the particle 

size distribution of barium chromate and boron, compare the 

results of these analyses to the APD of the samples. 

(2) Determine the effect of the particle size distribution 

or parameters derived from the distribution on the burning 

rate of the delay compositions blended with various samples 

of barium chromate and 'boron. 



II. EXPERIMENTAL  

A. Dispersion of Barium Chromate and Boron  

1. Method of dispersion. A general method of dispersing 

difficult-to-disperse small particle size materials was  

developed for both barium chromate and boron. This method, 

a combination of methods recommended by several investigators 

(6, 12, 14) is described as follows: 

A 0.2 gram sample of barium chromate (or boron) to be 

dispersed was placed on a 4-inch watch glass and moistened 

with portions of 25m1 of a 0.01 percent stock solution of 

the dispersing agent undergoing evaluation. The moistened 

sample was worked into a smooth paste, using a glass rod with 

a rubber policeman. The paste was washed through a 325 mesh 

(44 micron) sieve into a Waring Blendor with the remainder of 

the dispersing agent and sufficient water to dilute the slurry 

to 250 ml. The blendor was operated for three minutes to 

complete the dispersion of the sample. 

A coarse barium chromate sample, Mineral Pigments 1357, 

batch 31801, was blended for an additional 4, 7, and 14 

minutes, while performing a particle size analysis on the 

sample after each time period to ascertain that the action 

of the blendor had not fractured any of the particles. 

2. Selection of disPersi_ng acronts. Using the method 

of dispersion just described, various anionic, cationic, 



and nonionic surface-active agents (surfactents), (Table 1) 

and combinations of anionic and nonionic surfactents were 

evaluated as dispersing agents for barium chromate and boron. 

As suggested by the Mine Safety Appliances Company (14), the 

concentration of the surfactents was maintained at about 0.02 

percent. The criteria for evaluation of the quality of 

dispersion were as follows: 

(1) No indication of agglomeration, either visually or 

under, microscopic examination. 

(2) Minimum amount of sediment at the bottom of the test 

tube initially, after one to three hours, after one day, 

and after one week. 

(3) Maximum density of dispersion initially, after two to 

three hours, after one day, and after one week, as deter-

mined by the color of the dispersion and the transmission 

of a light beam through the suspension. 

Of the individual surfactents, the nonionic surfactents, 

Tenlo 70 and Ethofat C/15, and the anionic surfactents, 

Tamol SN and Lomar PW, appeared to be best for , dispersing 

barium chromate. Ethofat 0/15- Lomar PW, Ethofat C/15-

Tamol SN, Triton X-100- Tamol SN, and Tenlo 70- Lomar PW 

mixtures containing 50 percent of each surfactent produced 

more stable dispersions than any of the individual surfactents, 

with the most stable dispersion provided by the 0.01 percent 

Ethofat C/15- 0.01 percent Tamol SN combination. 



TABLE 1 

WETTING AND DISPERSING AGENTS 

Trade Name Chemical Type Manufacturer 

Nonionic 

Triton X-100 Alkyl aryl polyether (x=10) alcohol Rohm & Haas 

Ethofat 0/15 Polyethoxy (x=5) ester of coco fatty acid Armour 

Ethofat 0-15 Polyethoxy (x=5) ester of oleic acid Armour 

Span 60 Sorbitan monostearate Atlas 

Span 80 Sorbitan monooleate Atlas 

Tween 60 Polyoxyethylene (20) sorbitan monostearate Atlas 

Tween 80 Polyoxyethylene (20) sorbitan monooleate Atlas 

Tenlo 70 Fatty acid amides Nopco 

Brij 78 Polyoxyethylene (20) stearyl ether Atlas 

Polyoxyethylene glycol (400) monolaurate Kessler 

Anionic 

Lomar PW Sodium salt of naphthalene sulfonic acid J. Wolf 

Nopeosant. L Nopco 

Tamol SN Sodium salt of condensed aryl sulfonic acid Rohm & Haas 

Tamol 850 Rohm & Haas 

Cationic 

Bromat Cetyl trimethyl ammonium chloride Fine Organics 

Dibactol Dimethyl benzyl higher alkyl ammonium chloride Fine Organics 



Preliminary evaluation of individual surfactents for 

dispersing boron indicated that the best nonionic-anionic 

combination was Triton X-100 and Tamol 850. Boron was found 

to be much more difficult to disperse, and to keep dispersed, 

than barium chromate. This was overcome by adding a small 

quantity of ammonium hydroxide to the surfactent combination 

and by increasing the concentration of the Tamol 850 from 0.01 

percent to 0.20 percent. Ultimately, an aqueous solution 

containing 0.01 percent Triton X-100, 0.20 percent Tamol 850, 

and 0.08 percent ammonium hydroxide provided the most stable 

dispersions of boron samples. 

B. Use of the Mine Safety Appliances (MSA) Particle  

Size Analyzer  

1. Equipment and procedure. The Mine Safety Appliances 

(MSA) Particle Size Analyzer was selected as the most suitable 

equipment for analysis of materials smaller than 0.5 micron 

in size, as was anticipated for the barium chromate and boron 

under investigation. Illustrations of this equipment are shown 

in Figures L to 6. The general description of the use of this 

equipment can be found in "MSA Particle Size Analyzer-Operating 

Procedures and Applications" (14). 

The layer sedimentation technique was used in the analytical 

procedure, so that all settling particles would travel the same 

verticle distance during sedimentation, providing an undistorted 

particle size distribution. This method involved placing a thin 



FIGURE 4. FEEDING CHAMBER AND CENTRIFUGE TUBE 
Tube has been filled with ink to show inside contour. 
Note the line at top Of the ink level, to which 
sedimentation liquid has been filled. 



FIGURE 5. CENTRIFUGE TUBES 
DURING ANALYSIS RUN 



FIGURE 6. CENTRIFUGE TUBE IN PROJECTOR 
FOR READING OF SEDIMENT HEIGHT 



layer of feeding liquid containing the sample being analyzed 

on top of the sedimentation liquid in the centrifuge tube. 

This required the feeding liquid to be approximately 10 percent 

less dense, 50 percent more viscous, and also miscible with 

the sedimentation liquid. The feeding and sedimentation 

liquids must also be excellent dispersants for the samples 

to be analyzed. The sedimentation liquid was selected dur-

ing the investigation of the dispersion methods as distilled 

water containing 0.01 percent - 0.02 percent Ethofat C/15 

and 0.01 percent - 0.20 percent Tamol SN. In order to main-

tain the density and viscosity of the liquid constant, the 

temperature of the analysis room was maintained at 77+/-1°F by 

regulating the air conditioner and steam heat supply. The 

dispersing properties of ethanol with the proper surfactents 

were known, as this liquid had been included in the evaluation 

of dispersing agents for the barium chromate. Thus a 50 percent 

aqueous solution of ethanol (with surface-active agents) was 

selected as the feeding liquid. 

Selection of the proper feeding liquid has to be accom-

plished before proceeding with the analyses. Pure liquids 

that met all the requirements set forth for the feeding 

liquids were not available, consequently mixtures were 

investigated. The ethanol-water system provided the great-

est promise because of a maximum on the viscosity-composition 

curve resulting in a viscosity of 2.38 centipoises at 770P 



and 50 percent ethanol by volume, rather than 1.05 centi-

poise- if the system had behaved as an ideal liquid. The 

density of this mixture is 0.93 grams per cc. These values 

compare satisfactorally to the criteria that the viscosity 

be about 50 percent greater than that of the sedimentation 

liquid, or 1.5 centipoise, minimum, and that the density be 

about 10 percent lower than that of the sedimentation liquid,  

or 0.90 grams per cc. 

The centrifuge time reading schedule was determined for 

the barium chromate-water system, starting with Stokes' Law, 

previously expressed by the equation: 

t = 18.37v108µ0h/(p)gd2. (1) 

Equation (1) reduces to t = K h*102/gd2, where 

K
g 
= 18:37w106µ0/ (Ap). 

For the centrifuge tubes being used, h = 10 cm., thus 

t=KK10.102/980d2, or t = Kg 103/9800. (2) 

Rounding off, equation (2) becomes: t = Kg/d2, which applies 

for gravity settling only. 

For sedimentation under the influence of centrifugal • 

force,  Ks = Kcent Kg,where Kcen
t is a constant for the 

centrifuge being used and s indicates the centrifuge speed 

in RPM. In turn, is  = (1.394/d2)Ks (3). The complete 

centrifuge time reading schedule for the barium chromate-

water system was then calculated, using equation (3). 

(Table 2). 



TABLE 2 

READING SCHEDULE FOR ANALYSIS OF BARIUM CHROMATE 

Particle Size 
(microns) 

Centrifuge Speed 
(RPM) 

Reading Time Sediment 
(min sec) Height 

20 300 :16 

10 :49 

7 1:08 

5 600 :41 

3 2:05 

2.5 1:28 

2.0 2:36 

1.5 1200 1:29 

1.0 3:55 

0.9 1:45 

0.7 1800 2:56 

0.5 6:26 

0.4 7:17 

0.3 15:14 

0.2 3600 11:04 

0.1 57:09 



It was recommended (l-) that the concentration of the 

barium chromate be high enough to almost fill the capillary 

tube with settled barium chromate at the conclusion of an 

analysis run. However, the 0.75 mm centrifuge tubes required 

so high a concentration of barium chromate in order to obtain 

a reasonable sediment height in the capillary, that the 

particles re—agglomerated in the narrowing section of the 

tube just above the capillary. substitution of 0.5 mm tubes 

for the 0.75 mm tubes decreased the necessary concentration 

of 'barium chromate by 50 percent, to about 0.7 percent, 

resulting in the elimination of the tendancy of the barium 

chromate to agglomerate. 

After the barium chromate was dispersed as previously 

described, a medicine-dropper—full was quickly removed from 

the Waring Blendor and placed in the feeding chamber, which 

was transferred to a centrifuge tube filled to_,the bottom of the 

feeding chamber with sedimentation liquid. The feeding 

chamber was then removed, leaving a sharp layer of feeding 

liquid containing the dispersed sample on top of the sedimen—

tation liquid. 

Although the tubes were cleaned, gravity settling resulted 

in barium chromate particles coming to rest on the sloping 

portion of the sedimentation tube. Upon spinning the tube 

in the 300 RPM centrifuge for even a few seconds, this material 



settled into the capillary. It was concluded that the 

normal friction between the sloping wall of the tube and 

the tiny particles was too great to be overcome by gravity. 

Gravity settling was thus dispensed with and replaced by short,  

carefully-timed runs with 300 RPM centrifuge. The centrifuge 

tube was transferred, in turn, to the 600/1200, 1800, and 

3600 RPM centrifuges for sedimentation runs, as per the sched-

ule in Table 2. After each run the tube was placed in the 

projector and the height of the sediment was read. 

A constantly re-occurring problem during the analyses 

was the fouling of the capillary bore with lint and other 

foreign matters. In order to eliminate this, the following 

steps were taken: 

(l) All solutions were filtered with membrane filters and 

kept covered. 

(2) Centrifuge tubes were covered with aluminum foil during 

analysis of a sample. 

(3) Ethofat 0/15 solutions were prepared fresh daily because 

of the apparent hydrolysis of the surfactent, forming a 

solid residue. 

(4) Centrifuge tubes with the sedimentation liquid were pre-

centrifuged at 3600 RPM for at least one minute to ascertain 

that there was no dust or lint in the tube. 

Distilled water (with surfactents) was used as the 

sedimentation liquid for boron even though the expected fine 



particles (less than 0.1 micron particle size) would require 

an excessively long time for analysis because: 

(1) Considerable numbers of large particles (greater than 20 

microns) were anticipated for most of the borons and any "lighter" 

liquid would have resulted in initial sedimentation at too high 

a rate. 

(2) A degree of familiarity had been gained with the water: 

ethanol-water system used for barium chromate analyses. Thus, 

50 percent aqueous ethanol was again used as the feeding liquid. 

The centrifuge time reading schedule for the analysis of boron 

is shown in Table 3. 

Most of the technique developedf or the barium chromate 

particle size analyses was applicable to the analysis of the 

boron samples. However, boron re-agglomerated much more readily 

than barium chromate, requiring several corrective measures: 

(1) Because of the lower density of boron, the sample size 

was reduced to 0.6 grams per 250 ml of feeding liquid. This 

resulted in filling the capillary tube to about 40 to 60 percent 

of the total height. However, in order to counter the readiness 

of the boron to re-agglomerate, the sample size was cut to 0.35 

grams for the most dense boron, and to 0.15 grams for the least 

dense boron. 

(2) The dispersing power of the surfactent was increased by 

increasing the concentration of the dispersing agent. The 

concentration of the surfactent used was 0.01 percent Triton X-100, 



TABLE 3 

READING SCHEDULE FOR ANALYSIS OF BORON 

Particle Size 
(microns) 

Centrifuge Speed 
(RPM) 

Reading Time 
min:sec) 

Sediment 
Height 

20 300 :43 

10 2:09 

5 600 2:19 

2 1200 3:57 

1.0 1800 6:29 

0.8 5:01 

0.6 10:09 

0.2!.  3600 7:35 

0.3 10:22 

0.2 27:37 

0.16 30:09 

0.12 59:21 

0.10 59:21 



0.20 percent Tamol 85Q, and 0.08 percent ammonium hydroxide. 

Several of the boron samples contained gritty material 

that would not pass through the 325 mesh sieve during the 

dispersion of the samples. This material appeared to consist 

of discrete particles, and thus was washed into the blendor 

for inclusion in the ensuing particle size analyses. 

2. Results. Tables 15 through 24 present the data obtained 

from the particle size analyses of the barium chromate and 

boron samples. The particle size distribution, expressed as 

"percent greater than particle size-d" was calculated and 

tabulated on the same tables. The particle size distribution 

curve for each sample of barium chromate and boron (Figures 27 

through 36) was drawn on three-cycle log-probability graph 

paper, with "particle size-d" plotted on the logarithmic 

scale from 0.1 micron to 100 microns, and "percent greater 

than particle size-d" plotted on the probability scale from 

0.01 percent to 99.99 percent. As no experimental points 

were obtained beyond the one percent point, the particle 

size distribution line (or curve) was extrapolated out to 

the 0.01 percent point. 

The particle size curves for the three boron samples 

containing + 325 mesh (greater than WI  microns) particles 

were extrapolated toward the intercept at a point greater 

than )1  microns particle size. All other curves (or lines) 



were extrapolated toward the intercept at a point less than 

44 microns particle size. 

These curves (Figures 27 to 36) provided the data (Tables 25 

to ) for drawing the size-frequency curves (weight percent 

in particle size class vs. particle size-d)(Figures 37 to 46). 

C. Preparation of Delay Composition and Fuzes  

1. Selection of barium chromate and boron samples. In 

order to determine the effect of particle size and particle 

size distribution on the burning rate of barium chromate boron 

delay compositions, all other variables must be held constant. 

This may be accomplished in two ways: 

(1) By using a number of samples that have been synthesized 

from one process, by one manufacturer. 

(2) By starting with a sample having a wide particle size 

distribution, and separating the sample into fractions of 

various particle sizes. 

Assuming that there would be little difference in the 

nature of impurities or other characteristics on a batch-to-

batch basis, samples of barium chromate were obtained from 

Mineral Pigments Corporation, J.T. Baker Chemical Company, 

and Barium and Chemicals Company, while samples of boron were 

obtained from American Potash and Chemical Company, Shieldalloy 

Corporation, and United Minerals and Chemicals Corporation. 

These samples were classified according to APD as determined 

by the Fisher Sub-Sieve Sizer. The average particle sizes 



ranged from 0.7 micron to 2.6 microns for the barium chromate, 

and from 0.5 micron to 2.4 microns for the boron (Table 4). 

It was theorized that by separating one sample into particle 

size fractions, the purity of the fractions should be identical 

and the only variable would be particle size. Separation of 

a sample by sieving using micromesh sieves, filtration using 

millipore porous membrane filters, air elutriation of a fluidized 

bed, and fractionation by liquid sedimentation was evaluated. 

The only method which offered promise of a separation was the 

liquid sedimentation method. Although a rough separation of 

a barium chromate sample was obtained (MP28303, with an APD 

of 1.3 micron, was separated into 1.1 micron and 1.9 micron 

fractions) this method was found tobe impractical because 

sedimentation of the fine particles required a long time to 

separate and purify the sample, as well as the necessity for 

handling large amounts of liquid by virtue of the dilute slurries 

that must be used to prevent premature agglomeration of the 

dispersed particles. 

Because of limited time and facilities, this endeavor was 

re-appraised and it was decided to use instead the commercial 

samples, unaltered, for this study. Use of the commercial 

barium chromate and boron samples meant that factors other than 

particle size, such as purity and density, had to be considered 

when determining burning rate correlations, thus chemical analyses 

of these samples were performed (Tables 5 and 6). 



TABLE 4 

FISHER APD FOR BARIUM CHROMATE AND BORON SAMPLES 

Lot Designation 

Barium Chromate 

Fisher APD (microns) 

MP 1357-B28303 1.3 

NP 1355-B28511 0.9 

MP 1358-B32500 2.1 

MP 1357-B25160 0.8 

MP 1357-B31801  2.6 

MP 1355-B30701 0.7 

BAKER 26428 1.1 

BAKER 30388 0.9 

BAKER 25894 1.1 

BAKER 91104 0.8 

B&C FINE 1.1 

BORON 

UMC 1992 2.4 

UMC 1993 1.75 

TRONA 571 0.7 

TRONA 419 0.75 

HCST 873 1.0 

HCST 900 0.6 

HCST 95L. 0.5 



TABLE 5 

CHEMICAL ANALYSES OF BARIUM CHROMATE SAMPLES 

Lot 
Designation 

Purity 
(%) 

Sulfate 
(%) 

Chloride 
(0 

Volatile 
matter 

at 100°C 
(%) 

Water 
soluble 
matter 
(%) 

Loss on 
ignition 
at 900°C 
(%) 

Bulk 
density 
(gm/cc) 

MP 1357- 
B28303 99.0 0.28 0..00 0.00 0.01 0.14 0.49 

BAKER 26428 99.5 0.02 0.00 0.00 0.00 0.00 -- 

BAKER 30388 99.6 0.04 0.00 0..00 0.00 0.01 0.68 

MP 1355- 
B28 511 98.4 0.13 0.06 0.03 0.08 o.64 o.66 

MP 1358- B32500 99.0 0.23 0.03 0.00 0.11 0.40 0.75 

BAKER 25894 99.9 0.02. 0.00 0.00 0.01 0.00 0.57 

MP 1357- 
B25160 98.7 0.32 0.01 0.04 0.01 0.51 0.51 

B&C FINE 98.1 0.04 0.02 0.00 0.05 0.41 0.37 

MP 1357- 
B31801 99..1 0.16 0.00 0.00 0.00 0.55 0.88 

BAKER 91104 99.2 0.O5 0.00 0.03 0.00 0.29 0.50 

MP 1355- 
B30701 98.6 0.20 0.06 0.04 0.02 0.72 0.50 



TABLE 6 

CHEMICAL ANALYSES OF BORON SAMPLES 

Lot 
Designation 

Amorphous 
boron 
(%) 

Moisture 
(%) 

Total 
boron 
(%) 

Insoluble 
matter 
(%) 

Magnesium 
(%) 

Bulk 
density 
(gm/cc) 

TRONA 571 87..5 0.92. 90.9 0..5 3.6 0.21 

TRONA 419 84,3 1.99 86.3 0.0 4.9 0.17 

HCST 873 84.5 0.80 87.4 4.9 0.5 0.36 

HCST 900 81.9 2.48 86..9 0.5 0.6 0.15 

HOST 954 86.3 2.42 87.6 0.0 0.1 0.12 

UMC 1992 69.7 0.53 91.2. 22..6 0.0 0.34 

UMC 1993 61.4. 0..68 87.5 32.3 0.1 0.28 



2. Blending of Compositions. Eleven samples of barium 

chromate and seven samples of boron were used in the prepa-

ration of twenty delay compositions. 

Boron is a hygroscopic material, being capable of absorbing 

2.55 percent moisture at 30 percent relative humidity and 5.88 

percent absorption at 70 percent relative humidity. In order 

to minimize absorption of boron and yet facilitate manufacture, 

all blending and loading operations involving barium chromate-

boron delay compositions are generally performed under controlled 

atmosphere conditions of 40 percent maximum relative humidity. 

The relative humidity was actually maintained between 17 and 

30 percent during blending of the compositions used in this study. 

The barium chromate and boron were dried in a circulating 

forced air oven at 135°  - 145°F for 16 hours, minimum, and then 

allowed to cool to roam temperature in sealed containers. 

The barium chromate was passed through a 40 mesh sieve to break 

up small lumps, preparatory to the blending operation. 

A mixture of 166.7 grams barium chromate, 8.3 grams boron, 

and approximately 75 ml anhydrous, 99 percent ethanol was 

blended in a polyethylene cup, using a rubber spatula, until 

uniform and dry enough for screening. The partially dry 

composition was then passed through a 40 mesh sieve and air 

dried until no ethanol vapors could be detected, followed by 

further drying at 135°  - 145°  F for 16 hours, minimum, in a 

circulating forced air oven. The hot, dried composition was 



then sealed into a rubber powder container and allowed to 

stand for a minimum of three weeks before being pressed into 

delay fuzes. 

So that all 20 compositions would have the same blending 

history, this series of operations was followed without 

deviation for each composition. These compositions are listed 

in Table 7. 

3. Loading of Delay Fuzes. The delay compositions 

were loaded into one-second delay housings - Ordnance drawing 

C8848543 (Figure 7), in accordance with Ordnance drawing C8848544, 

titled "Fuze Assembly" (Figure 2), with modifications as speci-

fied below. All fuze housings were dried at 130°F for two 

hours and cooled down to room temperature before being loaded 

with delay composition. 

A fuze housing was placed in the loading fixture (Figure 8) 

which was then positioned in the Four-Ton Dennison Multi-Press 

(Figure 9). The loading pressure was set at 36,000 psi. Four 

equal increments of delay powder ranging from 490 to 575 milli-

grams and one - 100 milligram increment of 81/19 igniter powder 

were pressed into the fuze housing with the intention of deter-

mining the amount of delay powder that should be loaded per 

increment, for each delay composition, so as to obtain the 

longest burning time possible for the complete fuze. Once 

the proper amount of delay powder was determined (Table 7). 



FIGURE 7. DELAY FUZE HOUSING - FROM ORDNANCE 
DRAWING C8848543 



FIGURE 9. DENNISON 
FOUR-TON MULTI-PRESS 

FIGURE 8. FUZE HOUSING AND LOADING FIXTURE ASSEMBLY 



TABLE 7 

SUMMARY OF DELAY COMPOSITIONS 

Composition Barium Chromate Lot Boron Lot 

1 BAKER 30388 TRONA 571 

2 MP 1357-B28303 TI 

3 MP 1355-B30701 " 

4 BAKER 91104 " 

5 BAKER 26428 " 

6 MP 1358-B32500 " 

7 B&C FINE " 

8 BAKER 25894 " 

9 MP 1355-B28511 " 

10 NP 1357-B31801 " 

11 MP 1357-B25160 " 

14 BAKER 30388 HCST 954 

15 " HCST 873 

16 " UMC 1992 

17 " UMC 1993 

19 " TRONA 419 

20 " HOST 900 

21 MP 1355-B30701 HOST 954 

23 MP 1358-B31801 UMC 1992 

24 MP 1358-B31801 HOST 954 



25 delay fuzes were loaded. To aid in proper consolidation 

a two second minimum dwell time on each increment was used 

during the pressing operation. As the powder, by virtue of 

its boron content, was hygroscopic, care had to be taken when 

weighing and pressing the powder, in order to prevent unnecessary 

exposure of the powder to atmospheric moisture. This was accom-

plished by removing such small portions of powder from the main 

sealed container that the duration of time between removal from 

the container, weighing the increments, and pressing did not 

exceed ten minutes. Also, the relative humidity was maintained 

below 30 percent. In order to calculate the burning rate of 

the composition in each fuze, the depth of powder was measured 

with a depth micrometer before and after loading the igniter 

increment (Tables 43 to 62). 

The completed fuzes, after marking and measuring, were 

sealed into powder cans containing dessicant bags, and held 

until required for burning rate testing. 

D. Burning Rate Testing  

1. Equipment. Figure 10 shows the equipment set-up 

used for the burning rate determinations. The components 

included a starter circuit, a delay-relay circuit, a twenty-

four volt source (two-twelve volt storage batteries connected 

in series), a chronograph and the test fixture. 

The test fixture (Figure 11), was a steel box with an 

opening at the top for insertion of the delay fuze. In 



FIGURE 10. BURNING RATE TESTING EQUIPMENT 

FIGURE 11. DETAILS OF TEST FIXTURE, SHOWING PHOTOCELL, 
FUZE IN TOP OF BOX, 90/10 SQUIB, AND LEDGE FOR PLACING 
PHOTOCELL 



addition it contained a photocell to pick up the light as the 

delay burned through, thus sending a signal to stop the chronograph. 

The purpose of the removable shelf was to allow the photocell to 

be placed close to delay fuzes that would not emit enough light 

to energize the photocell from a greater distance. An adapter 

washer prevented light from leaking around the fuze in the box, 

causing premature activation of the photocell. A light-proof 

sliding door was located on the front of the box for servicing 

the photocell. 

The fuze was ignited by a 90/10 electric squib (Figure 12), 

which was in turn initiated by a pulse from the battery. The 

starter switch simultaneously started the chronograph and sent 

a pulse to the squib. The squib, containing 70 milligrams of 

90/10 barium chromate-boron igniter powder, ignited the 81/19 

barium chromate-boron first-fire charge in the delay fuze, which 

in turn generated enough heat after burning to ignite the delay 

composition. 

The chronograph used was a model 456 - 1.6 Megacycle Counter 

Cronograph, manufactured by the Potter Instrument Company. An 

auxiliary timer was connected to the chronograph to indicate 

time in multiples of whole seconds of burning time, while the 

chronograph indicated the decimal part of the burning time. 

2. Procedure. With the photocell on'the top shelf in 

the test box and the front door closed, the fuze to be tested 

was placed in the fuze insert of the box. A 90/10 squib was 



FIGURE 12 , 90/10 SC, 1-10DI.F1 ED ORDNANCE 
Cr 08879892 



connected into the ignition circuit and positioned above the 

delay fuze so that it was close to, but did not touch the fuze. 

The chronograph and auxiliary timer were re-set at zero time 

and a safety jack was plugged into the delay-relay circuit to 

complete the circuit. The starter switch was closed, ener- 

gizing the timing and ignition circuits. After reading the 

burning time of the fuze from the chronograph and the second 

timer, the safety jack was removed, breaking the continuity 

of the circuit. After all the fuzes were burned, ten 90/10 

squibs were ignited to determine the squib burning time contri-

bution to the total burning time. In addition, the burning time 

of ten fuzes loaded with 500 mg of 81/19 igniter composition 

was tested to determine the burning rate of the igniter compos-

ition, thereby permitting the calculation of the igniter burning 

time contribution to the total burning time. 

3. Results. Tables 43 to 62 present the burning rate test 

data for the 20 compositions tested, along with the depth of 

the delay and igniter compositions. 



III. DISCUSSION  

A. Dispersion of Barium Chromate and Boron  

The most time consuming phase of this study was the 

evaluation of dispersing methods and agents for barium 

chromate and boron; and also the dispersion of the samples 

being analyzed for particle size distribution. Improper 

or inadequate dispersion of the samples would have led to 

erroneous results for the particle size analyses, thus 

affecting the final correlations of particle size of the 

components and the burning rate of the compositions. The 

need for proper dispersion is increased by the reported 

tendency of particles smaller than five microns to re-

agglomerate after being dispersed (4, 6,  7); this tendency 

becoming greater as the particle size decreases. 

Several investigators (7, 12, 14) had recommended the use 

of a Waring Blendor for dispersing extremely fine powders. 

Before adopting the use of a Waring Blendor, the question 

of the fracture of discrete particles as a result of the 

violent action of the blendor had to be considered. Cadle (4) 

found that it was difficult to break up particles smaller 

than 15 microns by any mechanical means. Since most particles 

of the samples under consideration were smaller than 15 microns, 

attrition of discrete particles was not considered to occur. 

To support this, particle size analyses of Mineral Pigments 

1357, batch 31801 barium chromate, containing 35 percent of 



greater than 15 micron particles, which was blended for 

3, 7, 10, and 17 minutes, indicated no change in the 

concentration of coarse particles as the blending time 

increased. 

Although development of a suitable method of dispersion 

resulted in a high degree of dispersion, the selection of 

an optimum surfactent (or combination of surfactents) was 

necessary, mainly to prevent re-agglomeration of the dispersed 

sample while settling. 

Nonionic surfactents, such as Ethofat C/15, Triton X-100, 

and Tenlo 70, owe their dispersing power to their ability to 

"wet" the particles to be dispersed by reducing the surface 

tension of water from 72 dynes /cm2  to 25-35 dynes/ cm2. 

Anionic surfactents such as Tamol SN, Tamol 850, and Lomar PW 

do not significantly reduce the surface tension and thus 

"wet" the particles, but disperse them by placing a negative 

charge on each particle, causing the particles to repel each 

other. Since the wetting of the particles is an important 

preliminary step toward preparing a stable dispersion, 50:50 

mixtures of nonionic and anionic surfactents were evaluated. 

As expected, the 0.01 percent Ethofat - 0.01 percent 

Tamol SN combination was thus selected as the dispersant 

for the barium chromate. Boron exhibited a greater tendancy 

to re-agglomerate than did barium chromate so that it was 

necessary to increase the dispersing power of the surfactent 



solution for the preparation of boron dispersions. This 

was achieved by increasing the concentration of the anionic 

surfactent from 0.01 percent to 0.20 percent and by adding 

dilute ammonium hydroxide to the surfactent mixture, 

B. Evaluation of Particle Size Analysis Equipment  

The specifications for both barium chromate (MIL-B550A) 

(1) an3. boron (PA-PD-451) (3) specify that the APD shall 

be 122 micron and 1.0 micron maximum, respectively, as 

determined with the Fisher Sub-Sieve Sizer. This apparatus 

measures the flow rate of air through a powder bed under a 

controlled pressure differential, and automatically relates 

the flow rate to an average particle size of the sample with 

the aid of a calculator chart attatched to the instrument 

(Figure13,). 

The practice of using the Fisher Sub-Sieve Sizer for 

particle size analysis of barium chromate and boron is felt 

to be erroneous for the following reasons: 

(1) The desired APD is at or below the lower limit of 

usefulness of the Fisher Sub-Sieve Sizer. 

(2) The value obtained is an average particle diameter and 

does not indicate the particle size distribution which could 

vary, depending on the manufacturing process. 

(3) Since the APD is based on the total surface area, the 

reading will be biased toward a low APD, as the smaller 

particles with a large surface area will have a dispro- 



FIGURE 13. FISHER SUB-SIEVE SIZER 



portionately large effect on the total surface area. 

(4) The Fisher Sub-Sieve Sizer might also be expected 

to be inadequate for the determination of the APD of a 

sample with a multi-modal distribution in the one micron size 

range, as the instrument would be sensitive to the APD of 

the smallest particle size mode of the sample. 

Because of the shortcomings of the Fisher Sub-Sieve 

Sizer and the values obtained from its use, a more suitable 

method of particle size analysis was deemed necessary. 

As the value of an average particle size is questionable, 

the evaluation of particle size analysis equipment was 

limited to particle size distribution analyzers. 

Table 8 summarizes the methods of analysis of particle 

size distribution commonly used. Of these, sieving and 

gas sedimentation are immediately discarded as the antic- 

ipated particle size range of barium chromate and boron 

is below the normal particle size range that can be analyzed 

by these methods. 

Microscopic examination has the advantage of being the 

most direct method of absolute particle size determination. 

The method involves the dispersion of a very small portion 

of the sample and mounting it on a slide or a grid, depending on 

whether an optical or electron microscope was being used. 

As an electron microscope was not available, further 



TABLE 8 

METHODS OF ANALYSIS OF PARTICLE SIZE DISTRIBUTION 

Method Equipment Required Normal Size 
Range (microns) 

Sieving U. S. Standard Sieves 
Electroformed sieves 

44 - 2000 
5 - 40 

Gas 
Sedimentation 

Sharples Micromerograph 5 - 200 

Change in 
electrostatic 
resistivity 

Coulter Counter 0.5 - 100 

Microscopy Optical microscope, using 
visible light 
Electron microscope 

0.2 - 100 

0.001 - 5 

Liquid 
sedimentation 

a. Gravitational 
Eagle-Picher Turbidimeter 

0.5 - 300 

b. Centrifugal 
Mine Safety Appliances 
(MSA) Particle Size 
Analyzer 

0.05 - 50 



This apparatus (15), which utilizes the principle of gravita-

tional sedimentation, consists of a condensed light source, 

a rectangular sedimentation cell, and a photocell and micro-

ammeter for measuring the transmitted light. A dilute (approx-

imately 0.02 percent) dispersion of the sample being analyzed 

is placed in the sedimentation cell and allowed to settle. 

It is assumed that the particles act as spheres, both when 

settling and when absorbing light. The rate of settling 

is in accordance with Stokes' Law, given by the equation: 

t = 18.37)4 108µ0h/(Ap)gd21  where 

µo = absolute viscosity of the sedimentation liquid-poise 

t = time in seconds to settle distance h 

(Op) = difference in density between sedimentation liquid 

and settling particles-gm/cm3 

d = particle diameter-micron 

g = gravitational constant-980 cm/sec2  

The particle size distribution is thus a function of the 

change in concentration of the suspension at a definite level 

below the surface with time, as measured with a light beam 

passing through the suspension and energizing the photocell. 

The lower limit of usefulness of this method is about 0.5 microns, 

requiring several hours to reach this point. 

The Coulter Counter measures the change in resistance 

of an electrically conductive liquid in an orifice as part-

icles in suspension pass through the orifice and displace 



consideration could not be given to this equipment, even 

though it would be capable of indicating particles as small 

as 0.001 microns. Another draw-back would be the extreme 

tediousness of measuring a sufficent number of particles to 

obtain a distribution curve. 

A Bausch and Lomb Research Metallograph was available for 

particle size analysis (Figume14). This instrument is 

theoretically capable of 2000 x magnification and a limit of 

resolution of 0.20 micron. However, due to the wave length 

of ordinary white light and the diffraction of light around 

small particles, the actual limit of resolution is about 0.5 

micron or higher, thus the smaller particles would not be 

included in the analysis. Also, as with electron microscopy, 

the use of the optical microscope is very time-consuming. 

Photographing the sample, followed by measuring and count-

ing the particles appears to be a simple operation, however, 

photographs taken at 2000x magnification were of a very 

poor quality and could not be used for analytical purposes. 

Because of the very short depth of focus at this magnification, 

particles larger than 2 microns would be out of focus when 

measuring the smallest particles, thus the focus must be contin-

ually adjusted when analyzing a sample. 

Comyn, et al (5) has recommended the use of the 

Eagle-Picher Turbidimeter for obtaining the particle size 

distribution of components of delay powders. 



FIGURE 14. BAUSCH AND LOMB RESEARCH METALLOGRAPH 



an equal volume of electrolyte while settling in accordance with 

Stokes' Law, thus producing a voltage pulse proportional to the 

particle volume. The instrument is intended for analysis of 

particles as small as 0.5 micron, however, several investigators 

(9, 13) have reported that the Coulter Counter produced results 

which indicated that analyzed samples were two to three times 

coarser than when analyzed by sedimentation or microscopy. 

The Mine Safety Appliances (MSA) Particlo Size Analyzer, 

a recent introduction to the particle size analysis field, consists 

of four constant speed centrifuges (300 RPM, 600/1200 RPM, 1800 RPM, 

and 3600 RPM) and other accessory equipment (Figure 35). The 

operational principal is Stokes?' Law liquid sedimentation, with 

the rate of settling augmented by centrifugal force. This method 

brings the analysis of particles as small as 0.1 micron within the 

range of practicability, as well as decreasing considerably the 

time necessary to perform particle size analyses of other, larger 

materials. The centrifuges have been specifically designed for 

particle size analysis and have the following special features: 

(1) Constant speed obtained through the use of high quality 

hysteresis type synchronous motors. 

(2) Stable starting and stopping characteristics, including a 

maximum rate of acceleration of five radians per second. 

(3) Ability to be stopped and started by an interval timeg. 

The particle size distribution data can be obtained by placing 

the sample in the centrifuge tube filled with the sedimentation 



FIGURE 15. MSA PARTICLE SIZE ANALYSIS EQUIPMENT 
(Left to right) Two 3600 RPM centrifuges, projector, 
300 RPM, 600/1200 RPM, and 1800 RPM centrifuges. 



liquid and centrifuging at predetermined speeds and time intervals 

until all of the sample has settled in the capillary tube while 

measuring the height of sample in the centrifuge tube capillary 

bore at the end of each time interval. 

In a final comparison of the methods of particle size 

analysis; microscopy, gravitational liquid sedimentation, and 

electrostatic resistivity change cannot be considered to be adequate, 

mainly because of the limitation of these methods to a low particle 

size of about 0.5 micron. (This apes not include electron micro= 

sco,,Jy, since this method was not considered due to the unavail-

ability of an electron microscope). APD's as determined by the 

Fisher Sub-Sieve Sizer range as low as 0.5 micron for the samples 

being evaluated in this study, indicating that the small particles 

in these samples will be smaller than 0.5 micron. 

The only method which appears to be suited for analysis of 

particle size distribution for particles smaller than 0.5 micron 

is centrifugal liquid sedimentation, using the MSA Particle 

Size Analyzer. Consequently, the decision was made to use the 

MSA Particle Size Analyzer for the particle size analysis of 

barium chromate and boron. 

C. Particle Size Distribution of Barium Chromate and Boron  

Inspection of Figures 27 to 36 and 37 to 46 shows that the 

samples of barium chromate and boron which were not represented 

by approximately straight lines between the "85 percent and 15 

percent greater than particle size=d" points on the log-probability 



TABLE 9 

SUMMARY OF PARTICLE SIZE ANALYSIS RESULTS 

Lot designation 
and code number 

Fisher APD 
(microns) 

M S A Uniformity 
index 
(U) 

U),(M S A) 
50 percent 
point 

(microns) 

dm 
(microns) 

50 percent 
point 

(microns) 

dm 
(microns) 

Barium Chromate 
MP 31801 (1) 2.6 10.4 6.38 .293 3.05 1.87 

MP 32500 (2) 2„..1 110  6.98 .286 3.15 2.00 
MP 28303. (3) 1.3 3.60 3.65 .477 1.72 1.74 
BAKER 26428 (4) 1.1 1.92. 1.99 .513 0.99 1.02 
BIC FINE (5) 1.1 2.52 2.50 .507  1.28 1.26 
MP 25160 (6) 0.8 2,55 2,34 .485 1.24 1.21 
BAKER 91104 (7) 0.8 1.67 1.70 .586 0.98 1.00 
BAKER 36388 (8) 0.9 1.52 1.54 .607 0.92 0.94 
MP 28511 (9) 0.9 1.27 1.75 .383 0.49 0.67 
BAKER 25894 (10) 1.1 2.16 2.13 .551 1.19 1.17 
MP 30701 (11) 

• Boron 

0.7 1.08 1.69 .300 0.32 0.51 

UMC 1992 (1) 2.4 8.3 7.32. .442 3.67 3.23 
UMC 1993 (2) 1.75 5.45 5.35 .433 2.36 2.31 

HOST 873 (3) 1.o 1.90 1.73 .450 o.86 0.78 
TRONA 419 (4) 0.75 2.47 2.21 .429 1.06 0.95 
TRONA 571 (5) 0.7 2.90 2.58 .412 1.19 1.06 
HOST 900 (6) 0.6 2.4o 2.53 • .373 0.90 0.94 
HOST 954 (7) 0.5 2.09 2.05 .381 0.80 0.78 



graphs, exhibited definite bimodal particle size distribution 

on the size-frequency graphs. The remaining samples were 

represented by variations of the normal "bell-shaped" curve. 

The barium chromate samples from J.T. Baker exhibited normal 

particle size distribution with a high degree of uniformity. 

On the other hand, the Mineral Pigments barium chromate samples, 

including four with a bimodal particle size distribution, were 

less uniform than the Baker samples. 

The uniformity of the components was at first qualitatively 

estimated from the range of the particle size distribution and 

the shape of the rize-frequency curve for each. sample. An 

algebraic function of the particle size distribution, termed the 

unifovviity index, expresses the particle size uniformity of the 

samples as a quantitative value. The uniformity indices of the 

barium chromates range from .286 to .485 for the Mineral Pigments 

samples and from .5l3 to .607 for the Baker samples, while the 

uniformity indices for the boron samples range from .373 to .450. 

The range of the uniformity index scale is from 1.0 for a sample 

containing only one particle size species, to zero for a sample 

with an infinitely wide particle size distribution. 

The general difference in particle size distribution between 

manufacturers of barium chromate led to inquiries as to any 

differences in the method of manufacture of barium chromate. 

J.T. Baker manufactures barium chromate as a high purity reagent 

grade chemical, as indicated b7 the one-step reaction: 



Cr203 t 2Ba ( OH )2 2BaCr04 3H2 

The Mineral Pigments process is represented by the 

following reaction: 

BaCl2 t Na2Cr04 BaCrOL t 2NaCl 

This reaction requires an in-process pH adjustment (no elaboration 

could be obtained) so that the reaction will proceed toward 

completion. Consequently, this reaction may take place in two 

separate steps, depending on the timing of the pH adjustment, and 

result in a bimodal particle size distribution. The chemical 

analyses specified by MIL-B-550A (1) and TL-PD-1014. (2) were 

performed to determine the effects of the different methods of 

manufacture on the chemical purity (Table 5 ) 

The J.T. Baker barium chromate was found to have a higher 

purity than the Mineral Piments barium chromate and contained 

little or no chloride, sulfate, volatile matter,, or moisture; 

with little or no loss on ignition at 900°C. The Mineral Pigments 

barium chromate samples had a discernable chloride content as a 

result of the synthesis reaction, a high sulfate content due to 

the use of city water for processing, rather than distilled water 

(the sulfate in the Baker barium chromate comes from the small 

amount of sulfate impurity in the chromic anhydride), and a high 

loss on ignition at 900°C, resulting from the volatility of the 

sodium chloride and any moisture, or gases that were not removed 

in normal drying. 

With the exception of a low sulfate content, the barium 



chromate sample from Barium and Chemicals Corporation (B w C Fine) 

had a purity level and impurity content which classified it with 

the Mineral Pigments samples. This suggested that the Barium 

and Chemicals process was similar to the Mineral Pigments process, 

but with greater control of the reaction rate and the use of 

distilled processing water. 

After consideration of the chemical differences of the Baker 

and Mineral Pigments barium chromate samples, it was felt that 

classification of the two types might be useful for better 

correlation of particle size and burning rate results. 

In order to compare and evaluate the two methods of particle 

size analysis, the following graphs were drawn for both barium 

chromate and boron: 

(1) Fisher APD versus NSA 50 percent point (Figures 16 and 17). 

(2) Fisher APD versus MSA dm (log mean particle diameter) (Figures 

18 and 19). 

The MSA 50 percent point was indicated as the particle diameter 

at the point where the log-probability curve intersected the 

"50 percent greater than d" line, while the MSA dm was the mean 

particle size obtained by integrating the area under the size-

frequency curve. For comparison, the"Fisher APD=MSA dm" and 

the "Fisher APD=MSA 50 percent point" lines were drawn on the 

appropriate graphs for both barium chromate and boron. In all 

cases, the experimental points lay below the theoretical "Fisher 

APD=MSA" line implying that either the Fisher readings were biased 











toward the low end of the particle size range or that the NSA 

readings were biased in favor of the larger particles, possibly 

because of re-agglomeration of the samples. It is believed that 

the former is actually the case, based on several facts and 

observations: 

(1) As the APD as determined by the Fisher Sub-Sieve Sizer is 

related to the total surface area of the sample, the particle 

size determination will be strongly influenced by the small 

Particles which have a large surface area. This phenomenon would 

be more pronounced, the smaller the size of the smallest particles 

in the sample and the larger the particle size range of the sample. 

(2) Since the method of dispersion used was a combination and also 

an improvement on each of several individual methods of dispersion 

(4, 12), and since any visible re-agglomeration was eliminated by 

controlling the concentration of the sample being analyzed, it is 

improbable that re-agglomeration was responsible for the higher 

readings obtained with the NSA equipment. The NSA readings also 

coincided with estimations of the particle size range as deter 

mined by microscopic examination. In addition, Irani (12) states 

that, for a particle size range below 10 microns, if the proper 

dispersion is achieved, and if the layer technique is utilized, 

the NSA equipment and the electron microscope repeatedly gave 

identical particle size distributions. 

The barium chromate samples from J.T. Baker and all of the 

boron samples except HCST873 follow a straight line relationship 

when plotted on either the Fisher APD=MSA dm or the Fisher APDzMSA 



50 percent point graphs. On both graphs, the Baker barium 

chromate follows the relationship: NSA dm (or MSA 50 percent 

point) = 1.9 Fisher APD. The two Mineral Pigments bimodal samples 

the primary mode in the large particle range, ie., MP 32500 

and KP 31801, exhibit the greatest deviation from either the Fisher 

APD=MSA dm or the Fisher APD=MSA 50 percent point lines. It will 

be recalled that one of the shortcomings of the Fisher Sub-Sieve 

Sizer is that the APD's so obtained are biased in favor of small 

particles. The smallest particles of these samples are further 

removed from the value of the mean diameter or the 50 percent point 

of each sample, as compared to more uniform samples with a normal 

distribution. The APD for each sample is thus much smaller than 

the MSA values (NSA 50 percent point =1],.5APD). Conversely, the 

two Mineral Pigmentsbi-modal samples with the primary mode in the 

small particle range, ie, MP 30701 and MP 28511, exhibit the least 

deviation from the Fisher APD=MSA dm and the Fisher APD=MSA 50 

percent point lines. Again, it is reasoned that the size of the 

smallest particles is relatively close to both the mean diameter 

and the 50 percent point, the MSA values will not be much larger 

than the APD's (MSA 50 percent point = 1.5 APD). The two remain-

ing Mineral Pigments samples, MP 28303 and MP 25160, as well as 

the B & C Fine sample, indicated normal size distributions with 

the exception that the particle size range was greater than the 

particle size range for the Baker barium chromate samples. The 

slope of the MSA-APD lines for this group of samples should be 

intermediate between the two bimodal groups and slightly less 



than the slope of the MSA-APD lines. for the Baker samples. 

Examination of Figures 16 and 18 show that, as expected, the 

relationships are: MSA 50 percent point (or MSA dm)= 2.5 APD. 

The boron samples were not segregated as to method of 

manufacture. Table 6 shows the results of the chemical analyses 

performed on the boron samples. The Trona and HOST samples were 

similar in purity and composition while each of the UMC samples 

had a low amorphous boron content. The low amorphous boron 

content, coupled with the large particle size, high percentage 

of insolube matter, "gritty" feeling, and total boron content 

similar to all other boron samples, led the investigator to believe 

that the UMC samples contained a high percentage of crystalline 

boron. All'boron samples followed the straight-line relationships 

NSA dm  := 3.1 APD and MSA 50 percent point 3.3 APD (Figures 17 

and 19), with two qualifications: 

(1) HCST 873 deviated from these lines because of its bimodal 

nature, as.was explained for the bimodal barium chromate samples. 

(2) The boron samples with the APDTs of less than 0.7 micron show 

a tendency to deviate from the MSA-APD line to a greater extent 

because of the sensitivity of the Fisher SubSieve Sizer to pro-

gressively smaller particles. 

In order to compensate for the apparent effect of the particle 

size distribution on the Fisher - APD's as a result of the non-

tniformity of the samples, the product of the NSA dm  or NSA 50 

percent point and the uniformity index was plotted against the 



Fisher APD for each sample,  as indicated in Figures 20 to 23:. 

The graphs for barium chromate indicate that the Fisher 

APD is approximately equal to both the modified PISA dm and the 

modified MSA 50 percent point. There still appear to be 

devitions because of the degree of non-uniformity of the samples, 

but the application of the uniformity index definitely does 

provide a close correlation between the Fisher APD and both 

the NSA dm and the MSA 50 percent point. Similarly, all boron 

samples with the exception of HCST 873 provided a straight 

line, indicating the relationship: 

UgMSA 50 percent point (or UNMSA dm) = 1.4 APD. 

D. Relationship Of Burning Rate of Barium Chromate-Boron  

Delay Compositions to the Particle Size of the Components  

Twenty different 95/5 barium chromate-boron delay com-

positions (Table 7 ) were pressed into delay fuzes and tested 

for burning time. The test data is shown in Tables 43 to 62 

and the calculated results are summarized in Table 10. 

Two major"families" of compositions were represented 

among the twenty compositions. One "family" included seven 

compositions in which one lot of boron was blended with eleven 

different lots of barium chromate. The other major family in-

cluded seven compositions in which a single lot of barium 

chromate was blended with seven lots of boron. 

Because of the differences in particle size distribution 



TABLE 10 

SUMMARY OF BURNING RATE CALCULATIONS 

Composition No. of 
samples. 

Corrected 
burning 
time (sec) 

Height 
of delay 

composition 
(in..) 

Average 
(in./sec) 

Burning Rate 
Standard 
deviation 
(in./sec) 

Coefficient 
of variation 

(%) 

1 8 0.940 0.764 .810 
2 25 1.064 .775 .728- .0117 1.61 
3.  25.  1.121 .769 .687 .0237 3.45 
4.  23 1.065 .767 .720 .0192 2.67 
5 23 1.065 .751 .704 .0165 2.34 
6 25 1.292 .755 .585 .0061 1.04 
7 23 0.982 .761 .771 .0182 2.36 
8 25 1.048 .773 .738 .0100 1.35 
9 19 1.147 .771 .673 .0120 1.78 
10 20 1.306 .771 .590 .0067 1.13 
11 24 1.313 .757 .577 .0114 1.98 
14 8 2.800 .766 .277 
15 9 2.260 .761 .338 
16 11 4.076 .769 .189 .0026 1.35 
17 18  5.326 .753 .142 .0016 1.16 

19 20 0.911 .767 .842 .0148 1.76 
20 19 2.311 .776 .336 .0067 1.96 
21 19 2.255 .782 .347 .0062 1.92 
23 18 4,820 .772 .160 .0023 1.41 

24 20 2.907 .769 .264 .0032 1.23 











and chemical purity as a result of the different methods of 

manufacture, the compositions containing Baker barium chromate 

were separated from the compositions containing Mineral 

Pigments barium chromate. This step was taken to minimize 

the effect of variables other than particle size parameters 

of the components on the burning rate of the compositions. 

The MSA 50 percent point of each component was compared 

to the burning rate of the compositions for Baker barium 

chromate (Table 11) and for Mineral Pigments barium chromate 

(Table 12). These tables have been arranged so as to show 

the variation of burning rate of the composition as the 

particle size of either component increases. These tables 

indicate a general trend toward decreasing burning rate of 

the compositions as the particle size of either component 

increases, with several important exceptions. Examination 

of Table 11 shows that, if burning rate does actually in-

crease as the particle size decreases, Trona 571 and Trona 

419 boron samples should be finer than the HOST samples. 

Table l2shows that Trona 571 boron should be the finest of 

the borons in this table, and that B & C Fine barium chromate 

should be the finest of the Mineral Pigments group of barium 

chromates, followed by the MP 28303 sample. Similarly, the 

MSA dm  and the Fisher APD show only limited correlation to 

the burning rate of the compositions. 

Assuming that no other variables, such as purity, density, 



TABLE 11 

RELATIONSHIP OF THE NSA 50 PER CENT POINT FOR BARIUM CHROMATE AND BORON COMPONENTS 
TO THE. BURNING RATE OF THE DELAY COMPOSITION (BAKER BARIUM CHROMATE) 

Barium Chromate 
Lot designation 
MBA 50 percent 
point 

BAKER 30388 
1.52 
microns 

BAKER 91104 
1.67 
microns 

BAKER 26428 
1.92 
microns 

BAKER 25894 
2.16 
microns 

HCST 873 
1.90 microns 

0.338 
in./sec  

Boron HCST 954 
2.09 microns 

0.277 
in./sec 

HCST 900 
2.40 microns 

0.336 
in./sec 

TRONA 419 
2.47 microns 

0.842 
in./sec  

TRONA 571 
2.90 microns 

0.810 
in./sec 

0.720 
in./sec 

0.704 
in./sec 

0.738 in./sec 

UMC 1992 
5,45 microns 

0.142 
in./sec 

UMC 1993 
8.3 microns 

0.189 
in./sec 



TABLE 12 

RELATIONSHIP OF THE MSA 50 PERCENT POINT FOR BARIUM CHROMATE AND BORON COMPONENTS 
TO THE_ BURNING RATE OF THE DELAY COMPOSITION (MINERAL PIGMENTS BARIUM CHROMATE) 

Boron 
Lot designation 
MSA 50 pprcent 
point 

HCST 954 
2..09 

microns 

TRONA 571 
2.90 
microns 

UMC 1992- 
8.3 

microns 

MP 30701 
1.08 microns 

0.347 
in./seC 

o.687 
in./sec 

Barium 
Chromate 

MP 28511 
1.27 microns 

0.673 
in./sec 

B&C FINE_ 
2.52 microns 

0.771 
in./sec 

7.7 MP 25160 ' 
2.55 microns 

0.577 
in./sec 

MP 28303 
3.60 microns 

0.727 
in./sec 

MP 31801 
la.k,microns 

0.264 
in./sec 

0,590 
in./sec 

0.160 
in./sec 

4P212,!00 
11.0 microns 

0.585 
in./sec 



or degree of crystallinity are involved, the burning rate 

of the composition should be related to the component par-

ticle size only if the composition contains a single particle 

size for the component, for a theoretical uniformity index of 

1.0. This statement is limited to compositions with a par-

ticle size small enough to react upon the application of 

heat for initiation. Consequently, it is felt that a rela-

tionship between the burning rate of the compositions and an 

average particle size of the components can not be expected 

if the uniformity of the components falls below some empir-

ically determined point. 

The particle size distribution curves (Figures 27 to 36) 

were examined for a correlation to the burning rate of the 

compositions. As the "x percent was greater than d" point - 

decreased, the correlation of that particle size to the burn-

ing rate became more apparent. At the 10 percent point there 

was a definite correlation between the particle size and 

burning rate, indicating that the burning rate is limited by 

the amount of slower burning, coarse particles present. 

(Tables 13 and 14, Figure 24 and 25.) 

The burning rate of the compositions decreases as the 

particle size (10 percent point) of the barium chromate 

increases according to a virtually linear relationship (Figure 

24). For Mineral Pigments barium chromate samples this rate 

of decrease is independent of the boron blended with the 



TABLE 13 

RELATIONSHIP OF THE MSA 10 PERCENT POINT FOR BARIUM CHROMATE AND BORON COMPONENTS 
TO THE BURNING RATE OF THE DELAY COMPOSITION (BAKER BARIUM CHROMATE) 

Barium Chromate 
Lot designation 
MSA 10 percent 

point 

BAKER 30388 
3.0. 
microns 

BAKER 91104 

3.9 
microns 

BAKER 25894 
4.7 

microns 

BAKER 26428 
• 5.1 
microns 

TRONA 419 
7.7 microns 

0.842 
in./sec 

Boron. TRONA 571 
8.8 microns 

0.810. 
in./sec 

0.720 
in./sec 

0.738 
in./sec 

- 0.704 in./sec 

HCST 900 
11.0 microns 

0.336 
in./sec  

HCST 873 
6.3 Microns 

0.338 
in./sec 

HCST 954 
10..5 microns 

0.277 
in./sec  

UMC 1992. 
20.0 microns 

0.189 
in./sec 

UMC 1993 
15.6 microns 

0.142 
in./sec 



TABLE 14 

RELATIONSHIP OF THE NSA 10 PERCENT POINT FOR BARIUM CHROMATE AND BORON COMPONENTS 
TO THE BURNING RATE OF THE DELAY COMPOSITION (MINERAL PIGMENTS BARIUM CHROMATE) 

Lot designation 
MSA 10 percent 
point 

TRONA 571 

8.8 
microns 

HCST 954 

10.5 
microns 

UMC 1992 

20.0 
microns 

B&C- FINE 
6.10 microns 

0.771 
in./sec 

MP 28303 
10;'2_microns 

0.728 
in./sec 

MP 28511 
10.2 microns 

0.673 
in./sec 

MP 30701 
12.5 microns 

0.687 
in./sec 

0.347 
in./sec 

,MP .31801 
23 microns 

0.590 
in./sec 

,.: 0.264 
in./sec 

0.160 
in./sec 

MP 32500 
27.0 microns 

0.585 
in./sec 







barium chromate, as evidenced by the slope of the Trona 571 

and HCST 954 lines (Mineral Pigments barium chromate) being 

approximately equal. Figure 24 shows that the burning rate of 

the composition decreases as the uniformity of the barium 

chromate decreases, providing further evidence that the burn-

ing rate of the compositions is dependent on the coarseness 

of the components. 

The burning rate of the compositions is strongly affected 

by the boron which is blended with the barium chromate, regard-

less of -the source of the barium chromate (Figure 25). For 

fine boron samples, the burning rate decreases sharply with 

an increase in the particle size. However, as the particle 

size (10 percent point) increases beyond approximately 11 

microns, the burning rate decreases only slightly, suggesting 

a hyperbolic type relationship between burning rate and the 

particle size of the boron. The significance of these results 

as applied to actual compositions is as follows: 

(1) As the particle size of the boron increases, the burning 

rate will level out at a very low burning rate until event-

ually nonignition of the composition is reached. This is 

supported by the occurance of two incompletely burned fuzes 

out of twenty tested for composition no. 23, containing UMC 

1992 boron, the coarsest boron used in this study. 

(2) As the particle size of the boron decreases to a limit-

ing particle size in the low range, the burning rate will be-

come infinite, corresponding-to spontaneous combustion. This 



is in fact, one of the actual dangers to be considered when 

dealing with extremely fine boron, both unmixed or when 

blended in a delay composition. 

The burning rate of the compositions should be related 

to the particle size only if all other variables were main- 

tained constant. Figure 24 shows that compositions blended 

:ith Mineral Pigments barium chromate would be faster burning 

than Baker Samples of the same particle size. One explanation 

is that the slight amount of barium sulfate present in the 

Mineral Pigments samples tends to increase the burning rate of 

the composition. Other variables, which could either augment 

or detract from the particle size-burning rate relationships 

illustrated in Figures P11 and 25 include purity, density, 

species of impurities, and degree of crystallinity. The 

various boron samples plotted on Figure 25 do not vary to any 

great extent from the general curve drawn to represent the 

data, thus it appears that the particle size expressed as the 

10 percent point provides a close correlation to the burning 

rate, and may be the main factor in the variation of the burn-

ing rate. No conclusions can be drawn at this time as to the 

effect of impurities on the burning rate of the compositions 

used in this study. 

The burning rate standard deviation and coefficient of 

variation (standard deviationx100/ave. burning rate) for 17 

of the compositions tested are listed in Table 10. No specific 



correlations are obvious, but it does appear that as the 

burning rate decreases, both the coefficient of variation 

and the standard deviation decrease, indicating that a portion 

of the burning rate variation is due to an "ignition lad or 

other end effects. These effects were minimized by pressing 

as much delay composition as possible into the fuze housings 

in order to increase the average burning time of the delay 

fuzes. Also, elimination of the relay assembly eliminated 

the possible premature ignition of the heat sensitive relay 

charge by the heat front preceding the actual burning front. 

This "anticipatory effect" has been discussed in detail by 

Gilford, et al (11). 

Another factor that should effect the burning rate 

variation is the amount of gases produced by heating the 

barium chromate, specified as "loss on ignition at 900°C" 

on Table 5 . The generation of gas can cause a pressure 

drop between the burning surface and the outside atmosphere, 

especially if the solid reaction products result in a heavy 

slag formation (Figure 26). Werbel (18) found that, for 

95/5 barium chromate-boron compositions, the burning rate 

increased as the ambient pressure increased. Since the 

pressure drop, and consequently the pressure at the burn-

ing surface, is a function of the porosity of the slag, 

varations in the burning rate will result. No conclusive 

results were observed to substantiate this theory, except 



FIGURE 26. BURNED AND UNBURNED FUZES 
Left - burned fuze showing slag formation; center - loaded 
delay fuze; right.- empty fuze housing. 



that composition no. 3, containing barium chromate with a high 

loss of ignition of 0.72 percent had the highest burning rate 

variation (3.45 percent). 

The delay compositions used in this study were blended 

by spatulation of a thick paste of the composition after 

being wet with ethanol. The uniformity of the blend was 

achieved by breaking down agglomerates with the aid of the 

ethanol, which normally is a dispersing agent for both barium 

chromate and boron. The components tended to re-agglomerate 

together more or less uniformly only by virtue of the con-

centration of the paste and not by any tendency of the liquid 

vehicle to promote agglomeration. 

Complete uniformity of the blends was not achieved, as 

evidenced by the occasional observation of particles of barium 

chromate in the compositions. Non-uniformity of a composition 

could lead to segregation of the components as a result of 

handling between the blending and pressing operations, in 

turn causing variations in the burning rate of the delay com-

positions. The use of barium chromate (or boron) with a high 

degree of non-uniformity, such as the bimodal samples from 

Mineral Pigments, could increase particle segregation. The 

particles at this point are not discrete particles but agg-

lomerates of delay composition. Since the tendency to agg-

lomerate, as well as the size of agglomerates formed, in-

creases as the discrete particle size decreases, the burning 



rate of a delay composition may increase as the apparent 

particle size increases. This statement is contrary to the 

results obtained in this experiment, but is credible when it 

is realized that the large particles are actually agglom-

erates of much smaller discrete particles. It follows that 

the use of barium chromate (or boron) with a high degree of 

non-uniformity, such as the bimodal samples from Mineral 

Pigments, would result in varying degrees of agglomeration 

and, in turn, increased particle segregation. This segre-

gation was not encountered in this study because of the small 

amounts of delay composition made up and the care taken in 

handling this composition. However, this process is used 

widely on a manufacturing scale and the possibility of segre-

gation of particle size is a factor to be considered when 

discussing particle size. 

Another standard method of blending delay powders is the 

dispersion of the components in a dilute liquid slurry, using 

a mixer or blendor (6). Although uniform blends should result 

because of intimate mixing of the particles, it is necessary 

that the particles be of uniform size, otherwise, differing 

rates of settling will cause a non-uniformity of the com-

position, leading to burning rate variations. Further segre-

gation upon handling would be probable. 



IV. CONCLUSIONS  

1. The burning rate of the barium chromate-boron delay 

compositions is not related to the Fisher APD, MSA dm  or 

NSA 50 percent point or either component, but is related 

to the particle size corresponding to the "10 percent 

greater than d" point on the particle size distribution 

curve for the component. 

2. The burning rate of the compositions was found to be 

inversely proportional to the 10 percent point of the barium 

chromate. However, the burning rate of compositions contain-

ing Baker barium chromate decreased at a faster rate with in-

creasing particle size than did 'the burning rate of composi-

tions containing Mineral Pigments barium chromate. This 

suggests that other characteristics of the barium chromate, 

in addition to the particle size, have an effect on the burn-

ing rate of the delay compositions. 

3. The burning rate of the delay compositions followed a 

hyperbolic type relationship when plotted against the 10 

percent point of the boron, with extreme cases of non-igni-

tion of the composition for coarse boron and spontaneous 

ignition for compositions containing fine boron. The indi-

vidual compositions did not deviate from this relationship 

to any great extent, indicating that particle size is the 

main characteristic of boron affecting the burning rate of 



barium chromate-boron delay compositions. 

4. The Mine Safety Appliances (MSA) Particle Size 

Analyzer is the only apparatus now available, which is 

suitable for the routine analysis of the particle size 

distribution of substances containing particles as small 

as 0.1 micron. 

5. The Fisher Sub-Sieve Sizer provides an APD which is 

biased in favor of the low end of the particle size range. 

The deviation of the APD from the MSA dm or the MSA 50 per-

cent point increases as the uniformity of the particle size 

distribution decreases. The presence of a bimodal particle 

size distribution will, based on whether or not the principle 

mode is toward the small particle size end of the distribution, 

either decrease or increase the deviation of the APD from the 

NSA values. This deviation was minimized by multiplying the 

NSA values by the uniformity index of the samples. 

6. The best dispersing agent for the dispersion of barium 

chromate and boron preparatory to particle size analysis is 

a 50-50 mixture of a nonionic wetting agent and an anionic 

dispersing agent. 



V. RECOMMENDATIONS  

It is recommended that: 

1. Further studies be undertaken to investigate the effect 

of particle size distribution on the burning rate of barium 

chromate-boron delay compositions and to determine spec-

ifications for the desired particle size distribution for 

barium chromate and boron. 

2. The particle size distribution as determined with the 

MSA Particle Size Analyzer replace the APD as determined 

with the Fisher Sub-Sieve Sizer for the specification of 

barium chromate and boron for use in pyrotechnic delay 

compositions. 



VI. BIBLIOGRAPHY 

1. Barium Chromate 
Military Specification MIL-B-550A  
25 September 1958. 

2. Barium Chromate 
Purchase Description TL-PD-104  
U.S. Army Munitions Corariand, Harry Diamond Laboratories, 
Washington, D.C., 8 December 1959, with Amendment 1, 

June 1961. 

3. Boron 
Purchase Description PA-PD-1j51  
U.S. Army Munitions Command, Picatinny Arsenal, 
Dover, N.J., 12 November 1954. 

Li.. Cadle, R.D. 
Particle Size Determination  
New York, Interscience Publishers, Inc., 1955. 

5. Comyn, R.H., Couch, M.L., and Mc Intyre, R.E. 
Measurement of Particle Size of Components of Gasless  
Mixtures  
TR-636, U.S. Army Munitions Command, Harry Diamond 
Laboratories, Washington, D.C., 28 August 1958. 

6. Comyn, R.H., Couch, M.L., and Mc Intyre, 
Specification of Barium Chromate for Use in Gasless  
Mixtures  
TR-635, U.S. Army Munitions Command, Harry Diamond 
Laboratories, Washington, D.C., 17 September 1958. 

7. Comyn, R.H., Marcus, I.R., and Mc Intyre, R.E. 
"Agglomerate Mixing" 
Industrial and Engineering Chemistry, 52, 995-998. 
December 1960. 

8. Dubrow, Bernard 
Determination of the Particle Size and Distribution  
of Sub-Sieve Powders  
Research and Development Lecture No. 13, U.S.Army 
Munitions Command, Picatinny Arsenals  
Dover, N.J., March 1955. 

9. Bigsti, D.R., and Dwiggins, R.D. 
Particle Size Measurement and 'Effect of Particle Site  
on the Burning Time of Chemical Delay Compositions  
Navweps Report 7304, U.S. Naval Ordnance Laboratory, 
White Oak, Silver Spring, ED., 16 November 1960. 



10. Pi  Tern, Dr. H. 
Modern Pyrotechnics  
New York, Chemical Publishing Company,. Inc., 1961. 

11. Gilford, 11.0  Werbel, B., Weingarten, G., and Key, L. 
The Anticipatory Effect, A Study of the Burning  
Mechanism of Delay-Relay Columns  
PATR-3047, U.S. Army Munitions Command, Picatinny Arsenal, 
Dover, N.J., March 1964. 

12. Irani, R.R., and Collis, C.F. 
Particle Size Measurement, Interpretation and Application  
New York, John Wiley and Sons, Thc.-r7b3 

13. Loveland, R.P. 
"Methods of Particle Size Analysis" 
Symposium on Particle Size Measurement  
Philadelphia, American Society for Testing Materials, 
1959. 

14. NSA Particle Size Analyzer: Operating Procedures and 
Applications, Pittsburgh, Mine Safety Appliances Company. 

15. Musgrave, J.R., and Harner, H.R. 
Turbimetric Particle Size Analysis  
Joplin, Eagle-Picher Research Laboratories, 1958. 

16. Orr, C., and Dallavalle, J.M. 
Pine Particle'Measurement  
New York, The Macmillan Company, 1959. 

17. Osipow, L.I. 
Surface Chemistry-Theory and Industrial Applications  
New York, Reinhold Publishing Corporation, 1962. 

18. Werbel, B., and Lopatin, S. 
Development of Delay Powders  
PATH. 477, U.S. Army Munitions Command, 
Picatinny Arsenal, Dover, N.J., April 1958. 



VII. APPENDIX  



TABLE 15 

MSA PARTICLE SIZE ANALYSIS OF BARIUM CHROMATE-LOTS BAKER 30383 AND BAKER 91104 

Particle 
Size, d 
(microns) 

Centrifuge 
Speed 
(RPM) 

Centrifuge 
Time 

(min:sec) 

•J BAKER 30388 BAKER 91104 
Sediment 
Height 

Percent 
Greater Than 

d 

Sediment 
Height 

Percent 
Greater Than 

. d hi 112  hi h2 
• %I. %2 0 

20 300 :16 .0 .0 ..0 .0 .0 .0 .0 .0 
10 :49_ .1 .0 .22 .0 .0 .0 .0 .0 
7 1:08 .5 .7 1.1 2.4 .0 .0 .0 .0 
5 6o0 :41 1.0 1..5 2.2 5.2 2.0 2.5 4.3 5.8 
3 a:o5 5.0 2_.8 11.2 9..8 6.5 8.9 14.4 20.5 
2.5 1:28 7.9 5.0 17.7 17.5 10.5 12.3 23.2 28.5 
2.0 2:36 13.5 8.0 30.2 28.0 16.9 17.6 37.3 40.5 
1.5 1200 1:29 __ _ 14.0 ___  49.0 24.0 25.4 53.0 58.7 
1.0 3:55 37.2 23.2 83.3 81.2 37.6 35.5 82.2 82.9 
.9 1:45 40.0 24.2 89.6 84.7 39.0 37.0 86.0 85.6 
.7 1800 2:56 42.0 26.6 94.0 93.0 42.5 40.5 93.7 93.7 
.5 6:26 43.7 28.0 97.7 97.9 45.1 42.7 99.3 98.5 
.4 7:17 44.4 28.5 99.4 99.5 145.3 43.0 109e0 99.3 
.3 15:14 44.5 28.5 99.6 99.5 43.3 100.0 
.2 3600 11:04 44.7 28.6 100. 100.0 



TABLE 16 

MSA PARTICLE SIZE ANALYSIS OF BARIUM CHROMATE-LOTS BAKER 25891+ AND BAKER 26428 

Particle 
Size, d 
(microns) 

Centrifuge 
Speed 
(RPM) 

Centrifuge 
Time 

(min:sec) 

BAKER 25894 BAKER 26428 
Sediment 
Height 

Percent 
Greater Than 

d 

Sediment 
Height 

Percent 
Greater Than 

d h1  h2  hi, h2  
%I %2 %i %2 

20 300 :16 .0 .0 .0 .0 .0 .0 .0 .0 
10 :49 .9 .0 119 .0 1.4 1.3 2.7 2.4 
7 1:08 2.3 1.5 4.9 3.3 3.7 2.3 7.0 4.2 
5 6000 :41 4.6 4.3 9.9 9.6 6.0 4.8 11.4 8.8 
3 2:05 12.3 11.0 26.5 24.5 14.8 12.8 28.2 23.4 
2.5 1:28 18.3 16.3 39.4 36.3 28.6 26.7 54.4 48.7 
2.0 2:36 26.7 23.9 57.4 53.2 34.8 33.0 66.2 60.3 
1.5 1200 1:29 31.5 30.5 67.7 67.8 47.5 47.0 90.3 85.8 
1.0 3:55 42.0 40.0 90.3 88.9 48.0 49.0 91.3 89.4 

._9 1:45 44.5 41.0 95.7 91.3 50.0 52.0 95.2 94.7 

.7 1800 2:56 45.0 44.o 96.8 97.8 51.5 54.5 98.o 99.3 
.5 6:26 46.0 44.3 99.0 98.4 52.0 54.5 99.0 99.3 
.4 7:17 46.4 44.5 99.8 98.8 52.3 54.6 99.4 99.4 
.3 15:14 46.5 44.7 100.0 99.3 52.6 54.9 100.0100.0 
.2. 3600 11:04 45.0 100.0 



TABLE 17 

MSA PARTICLE SIZE ANALYSIS OF BARIUM CHROMATE-LOTS MP 25160 and MP 28303 

Particle 
Size, d 
(microns) 

Centrifuge 
Speed 
(RPM) 

Centrifuge MP 25160 MP 28303 
Time 

(min:sec) 
Sediment 
Height 

Percent 
Greater Than 

Sediment 
Height 

Percent 
Greater Than 

h1 h2 d hl  h2 d 
%1 %2 %.1. %2 

20 300 :16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
10 :49 0.0 0.0 0.0 0.0 7.0 3.2 1447 7.1 
7 1:08 2.3 3.5 4.4 5.7 12.0 9.0 25.2 20.0 
5 600 :41 9.5 13.7 18.1 22.3 17.7 15.2 37.2 33.8 
3 2:05 20.6 28.5 39.3 46.3 28.3 25.7 59.5 57.2 
2.5 1:28 24.5 32.7 46.7 53.1 33.1 30.3 69.6 67.4 
2;0 2:36 29.8 39.2 56.7 63.7 39.7 35.6 83.5 78.2 
1.5 1200 1:29 35.0 47.0 66.7 76.3 41.3 38.4 86.8 85.4 
1.0 3:55 45.0 53.0 85.7 86.1 46.0 43.0 96.7 95.7 
.9 1:45 45.0 54.5 85.7 83.9 46.6 43.4 97.8 96.7 
7 1800 2:56 47.0 56.5 89.5 91.7 46.6 43.9 97.9 97.7 

5 6:26 51.0 59.5 97.2 96.7 47.3 44.5 99.5 99.0 

.4 7:17 51.5 60.0 98.o 97.5 47.5 44.9 99.8 100.0 

3 15:14 52.2 60.6 99.3 98.3 47.6 44.9 100.0 100.0 

.2 3600 11:04 52.4 61.0 99.8 99.1 
a 57.99 52.5 61.6 100.0 100.0 



TABLE 18 

NSA PARTICLE SIZE ANALYSIS OF BARIUM CHROMATE-LOTS MP 32500 AND MP 28511 

Particle 
Size, d 
(microns) 

Centrifuge 
Speed 
(RPM) 

Centrifuge 
Time 

(min:sec) 

MP 32500 MP 28511 
Sediment 
Height 

Percent 
Greater Than 

d 

Sediment 
Height 

Percent 
Greater Than 

d .h1  h2  h1  h2 
%I. 102 %J. %z 

20 300 :16 12.5 18.0 30.9 40.0 .0 .0 .0 .0 
10 :49 22.5 25.0 55.6 55.6 4.5 6.3 10.3 12. 
7 1:08 24.6 26.o 60.7 57.8 9.3 9.4 18.  21.4 

5 600 :41 27.8 31.0 68.7 68.8 10.3 10.6 23.7 21.0 
3 2:05 29.5_32.7 72.8 72.7 11.7 13.7 26.9 27.1 
2.5 1:28 30.3 33.5 74.8 75.5 12.6 15.6 29.0 30.9 
2.0 2:36 31.3 34.9 77.3 77.7 14.7 18.4 33.8 36.4 
1.5 1200 1:29 32.4 36.o 80.0 80.0 20.7 21.0 47.6 41.6 
1.o 3:55 37.0 40.0 91.3 89.0 29.5 28.0 67.8 55.3 
0.9 • 1:45 37.0 40.5 91.3 90.0 32.o 31.0 73.6 61.3 
.7 1800 2:56 38.0 42.0 93.8 93.3 37.o 41.0 85.0 81.2 
.5 6:26 39.5 43.7 97.6 97.2 41.0 44.5 94.3 88.2 
.4 7:17 39.7 44.4 98.0 98.7 47.5 48.4 97.8 95.8 
.3 15:14 40.0 44.7 98.8 99.3 43.3 49.5 99.7 98.0 
.2 3600 11:04 40.5 45.0 100. 100. 43.5 50.5 100. 99.0 
.1 57:09 50.5 100.0 



TABLE 19 
NSA PARTICLE SIZE ANALYSIS OF BARIUM CHROMATE-LOTS MP 31801 AND MP 30701 

Particle Size,
d 

(microns) 

Centrifuge 
Speed 
(RPM) 

Centrifuge MP 31801 MP 30701 
Time 

(min:sec) 
Sediment 
Height 

Percent 
Greater Than 

d 

Sediment Height Percent 
Greater Than 

d h1 h2 h1  h2  
%I. %2 %1 %2 

20 300 :16 11.0 28.6 1.2 0.9 2.8 1.9 
10 :49 20.0 51.8 6.8 7.0 15.8 14.8 
7 1:08 24.0 e. 62.3 9.8 9.1 22.8 19.2 
5 600 :41 17.0 24.4 60.0 63.3 11.7 11.5 27.2 24.3 
3 2:05 18.5 27.4 65.2 71.2 14.4 13.8 33.5 29.1 
2.5 1:28 18.8 29.4 66.3 76.3 15.3 15.8 35.6 33.3 
2.0 2:36 19.4 31.6 68.3 82.0 16.8 16.9 39.1 35.6 
1.5 1200 1:29 22.7 32.4 80.0 94.2 18.0 37.9 
1.0 3:55 24.0 35.3 84.6 91.7 24.0 25.0 55.8 52.7 
0.9 1:45 25.5 35.8 90.0 93.0 27.3 27.7 63.5 58.3 
0.7 1800 2:56 26.5 35.9 93.5 93.3 31.0 33.4 72.2 70.0 
0.5 6:26 27.5 37.4 97.0 97.0 36.2 40.0 84.2 84.3 
0.4 7;17 28.3 37.8 97.7 98.2 39.5 42.0 91.8 88.5 
0.3 15:14 28.4 38.2 100. 99.2 41.0 44.5 95.3 93.8 
0.2 3600 11:04 38.5 100.0 41.5 45.7 96.5 96.3 
0.1 57:09 43.0 47.4 100.0'100.0 



TABLE 20 

PARTICLE SIZE ANALYSIS OF BARIUM CHROMATE-LOT B&C FINE 

Particle 
Size, d 
(microns) 

Centrifuge 
Speed 
(RPM) 

Centrifuge. 
Time 

(min:sec) 

B&C FINE 
Sediment 
Height 

Percent 
Greater Than 

d hl h2 
or 
/01 

a % 

20 300 :16 0.2 0.1 0.4 0.2 
10 :49 1.8 2.4 3.2 4.2 
7 1:08 3.0 4.4 5.3 7.7 
5 600 :41 9.0 7.6 16.0 13.3 
3 2:05 19.0 21.5 33.9 37.7 
2.5 1:28 24.8 29.0 44.2 51.0 
2.0 2:36 32.6 37.5 58.2 65.8 
1.5 - 1200 1:29 43.2 46.5 77.0 81.7 
1.0 3:55 51.0 54.5 91.0 95.8 
.9 1:45 52..0 55.5 92.8 97.5 
.7 1800 2:56 53.6 53.7 95.6 97.8 
.5 6:2.6 55.1 56.5 98.2 99.2 
.4 7:17 55.5 56.6 98.9 99.3 
.3 15:14 55.6 56.7 99.1 99.6 

.2 3600 11:04 ,56.1 56.9 100.0 100.0 



TABLE 21 

MSA PARTICLE SIZE ANALYSIS OF B6RON-LOTS TRONA 419 AND ThONA 571 

s Particle 
Size, d 
(Microns) 

Centrifuge 
Speed 
(RPN) 

Centrifuge 
Time 

(min:sec) 

TRONA 419 TRONA 571 
Sedimeni; 
Height 

Percent 
Greater Than 

d 

Sediment 
Height 

Percent 
Greater Than 

d hi h2 hi h2 

20 300 ;43 
15 1:17 0.0 0.0 0.0 0.0 0.0 0.0 

10 2:09 0.9 4.2 _1.5 2.5 10.2 6.9 

5 600 2:19 6.6 31.0 _ 8.7 6.3 35.5 28.9 
g 1200 3:57 12.3 57.7 _ 14.6 13.6 59.6 62.3 
1.0 1800 6:29 16.7 78.3 _ 20.0 18.5 81.6 84.8 
0.8 5:01 17.6 87.6 _ 20.5 19.0 83.6 87.2 
0.6 10:09 18.3 85.8 21.91.2.5 Se.5 89.4 
0.4 36o0 7:35 20;1 _ 94.3 - 23.5 21®0 95.9 96.3 
0.3 10:22 20.9 _ 98.0 - 24.0 - 97.8 - 
0. 27:37 21.1 99.0 24.4 21.3 99.5 97.8 
0.16 30:09 21.2 99.6 - 24.4 21.6 99.5 99.2 
0.12 59:21 21.2 _ 99.6 - 24.5 21.8 no.° nao 
0.10 59:21 21.3 _ 100.0 - 



TABLE 22 

MSA PARTICLE SIZE ANALYSIS OF BORON-LOT HCST 873 

Particle 
Size, d 
(microns) 

Centrifuge 
Speed 
(RPii) 

Centrifuge 
Time 

(min:sec) 

LOT HCST 873 
Sediment 
Height 

Percent 
Greater Than 

d hi h2  
fo1 %2 

20 300 :43 0.0 0.0 0..0 0.0 
10 2:09 -0.0 0.1 0.0 0.7 
5 600 2:19 2.9 3.0 19.1 19.9 
2 1200 3:57 7.5 7.3 49.3 48.3 
1.0 1800 6:29 10.4 10.2 68.5 67.7 

.8 5:01 11.0 10.9 72.3 72.3 

.6 10:09 11.5 11.3 75.7 74.8 
.4 3600 7:35 14.2 14.0 93.4  92.8 
.3 10:22 14.5 14.2 95.3 94.1 
.2 27:37 15.0 15.0 98.8 99.3 
.16 30:09 15.2 15.1 100.0 100.0 



TABLE 23 

MSA PARTICLE SIZE ANALYSIS OF BORON-HCST 900 AND HOST 954 

Particle 
Size, d 
(microns). 

Centrifuge 
Speed 
(RPM) 

Centrifuge 
Time 

(min:sec) 

HCST 900 HOST 954 
Sediment 
Height 

Percent 
Greater Than 

Sediment 
Height 

Percent 
Gpeater Than 

d hl h2 d hl h2 
1 %2 %.2. /0 2 

20 300 :43 1.01  5.61  0.51  2.31  
15 1:17 1.7 7.2 1.3 6.2 
10 2:09 2.2 2.7 12.4 11.5 2.0 2.1 9.2 10.0 
5 600 2:19 5.2 5.4 2.9.L 23.0 6.1 5.6 28.0 26.7 
2 1200 3:57 10.0 12.6 56.4 53.7 .12.0 10.5 55.0 50.0 
1.0 1800 6:29 13.9 19.5 78.5 82.8 16.0 15.1 73.3 71.8 
.8 5:01 16.1 20.0 90.8 85.2 17.0 15.6 77.9 74.2 
.6 10:09 16.2 21.3 91.5 90.6 17.9 16.5 82.1 78.6 
.4 3600 7:35 17.5 22.9 98.8 97.3 19.6 17.3 89.8 82.3 
•3 10:22 17.6 23.0 99.3 97.8 20.1 20.0 92.2 95.2 
.2 27:37 17.7 23.5 100. 100.0 20.4 20.2 93.5 96.2 
.16 30:09 20.7 20.7 20.4 96.3 97.2 
.12 59:21 
.10 59:21 21.8 21.0 100.0 100.0 

1  Small portion of sample would not pass through the 325 mesh sieve before being 
washed directly into the Waring Blendor, thus a portion of the greater than 20 
microns portion of the sample was actually larger than 44 microns. 



TABLE 24 

NSA PARTICLE SIZE ANALYSIS OF BORON-LOTS UMC 1992 AND UMC 1993 

Particle 
Size, d 
(microns) 

Centrifuge 
Speed 
(RPM) 

Centrifuge 
Time 

(min:sec) 

UMC 1992 UMC 1993 
Sediment 
Height 

Percent 
Greater Than 

Sediment 
Height 

Percent 
Greater Than 

d hi h2 d hi, h2  

25 300 :28 .,,, 1..5 4.1 
20 :43 3..4 8.0 0.9 4.41  
15 1:17 2.5 13.4 - 
10 , 2:09 20.6 14.5 48.7 39.2 2.5 4.5 12.3 24.1 
5 - 600 2:19 29.1 26.3 68:7,, 71.0 13.0 10.5 63.7 56.2 
2 1200 3:57 38.5 34.1 91.0 92.2 18.0 16.3 88.2 87.2 
1.0 1800 6:29 41.8 36.7 98.8 99.2 19.8 18.4 97.2 98.3 
.8 5:01 42.0 36..9 99.3 99.7 20.2 18.6 99.0 99.3 
.6 10:09 42.3 37.0 100.0 100.0 20.3 18.6 99.5 99.3 
.4 3600 7:35 20.4 18.7 100.0 100.0 

1A small amount of this sample would not pass through the 325 mesh sieve before 
being washed directly into the Waring Blendor, thus a portion of the greater than 
20 microns sample was actually larger than 44 microns. 























TABLE 25 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT BAKER 30388 

Particle Size,d 

(microns) 

Mean Particle Size,d 

(microns) 

log a Percent 
Greater Than 

d 

Frequency 
(percent) 

10 12.6 1.1 .12 

6.3 7.9 .9 1.85 1.73 

4.0 5.0 .7 5.3 3.45 

2.5 3.2 .5 16.7 11.4 

1.6 2.0 .3 46.0 29.3 

1.0 1.26 .1 79.0 33.0 

.63 .79 -.1 95.4 16.4 

.40 .50 -.3 99.38 3.98 

.25 .32 -.5 99.95 .57 



TABLE 26 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT BAKER 91104 

Particle 
Sized 

(microns) 

Mean Particle Size,d 

(microns) 

log d  Percent 
Greater Than 

d 

Frequency 
(percent) 

6.3 7.9 .9 .8 

4.0 5.0' .7 9.3 8.5 

2.5 3.2 .5 26.5 17.2 

1.6 2.0 .3 53.0 26.5 

1.0 1.26 .1 81.3 28.3 

.63 .79 -.1 96.6 15.3 

.40 .50 -.3 99.83 3.23 



TABLE 27 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT BAKER 25894 

Particle Size,d 

(microns) 

Mean Particle 
Size, a 

(microns) 

log d Percent 
Greater Than 

d 

Frequency 
(percent) 

25 32 1.5 .00 

16 20 1.3 .04 .04 

10 12.6 1.1 .54 .50 

6.3 7.9 .9 3.7 3.16 

4.0 5.0 .7 15.3 11.6 

2.5 3.2 .5 40.0 24.7 

1.6 2.0 .3 68.2 28.2 

1.0 1.26 .1 89.3 21.1 

.63 .79 -.1 97.6 8.3  

.40 .50 -.3 99.7 2.1 

.25 .32 -.5 99.98 .28 



TABLE 28 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT BAKER 26428 

Particle Size,d 

(microns) 

Mean Particle Size,d 

(microns) 

log d Percent 
Greater Than 

d 

Frequency 
(percent) 

40 50 1.7 

25 32 1.5 .0 

16 20 1.3 .22 .22 

10 12.6 1.1 2.4 2.18 

6.3 7.9 .9 6.6 4.2 

4.0 5.0 .7 15.0 8.4 

2.5 3.2 .5 34.0 19.0 

1.6 2.0 .3 61.0 27.0 

1.0 1.26 .1 84.7 23.7 

.63 .79 -.1 96.1 11.4 

.40 .50 -.3 99.4 3.3 

.25 .32 -.5 99.95 .55 



TABLE 29 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT MP 28303 

Particle 
Size, d 

(microns) 

Mean Particle Size,d 

(microns) 

log d Percent 
Greater Than 

d 

Frequency 
(percent) 

25 32 1.5 .0 

16 20 1.3 .7 .7 
1.0 12.6 1.1 10.5 9.8 

6.3 7.9 .9 25.5 15.0 

4.0 5.0 .7 44.5 19.0 

2.5 3.2 .5 68.0 23.5 

1.6 2.0 .3 86.3 18.3 

1.0 1.26 .1 96.10 9.8 

.63 .79 -.1 99.30 3.2 

.40 .50 -.3 99.92 .62 



TABLE 30 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT MP 25160 

Particle Size,d 

(microns) 

Mean Particle Size,
d 

(microns) 

log d  Percent 
Greater Than 

d 

Frequency 
(percent) 

10 12,6 1.1 .0 

6.3 7.9 .9 10.0 10.0 

4.0 5.0 .7 29.0 19.0 
2.5 3.2 .5 50.7 21.7 

1.6 2.0 .3 70.0 19.3 
1.0 1.26 .1 84.4 14.4 

.63 .79 -.1 93.3 8.9 

.40 .50 -.3 97.4 4.1 

.25 .32 -.5 99.28 1.88 

.16 .20 -.7 99.81 .53 



TABLE 31 
SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT MP 28511 

Particle 
Size,d 

(microns) 

Mean Particle 
Size,d 

(microns) 

log d  Percent 
Greater Than 

d 

Frequency 
(percent) 

25 32 1.5 

16 20 1.3 .25 .25 

10 12.6 1.1 10.4 10.15 

6.3 7.9 .9 20.7 10.3 
4.0 5.0 .7 24.2 3.5 
2.5 3.2 .5 30.0 5.8 

1.6 2.0 .3 41.3 11.3 

1.0 1.26 .1 62.0 20.7 

.63 .79 -.1 86.1 24.1 

.40 .50 -.3 97.0 10.9 
.25 .32 -.5 99.67 2.67 

.16  .20 -.7 99.98 .31 



TABLE 32 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT MP 30701 

Particle Size,d 

(microns) 

Mean Particle 
Size,d 

(microns) 

log d Percent 
Greater Than 

d 

Frequency 
(percent) 

40 50 1.7 .02 

25 32 1.5 .58 .56 

16 20 1.3 5.0 4.42 

10 12.6 1.1 15.0 10.0 

6.3 7.9 .9 22.7 7.7 
4.0 5.0 .7 28.7 6.0 

2.5 3.2 .5 34.2 '5.5 
1.6 2.0 .3 40.0 5.8 

1.0 1.26 .1 53.5 13.5 
.63 .79 -.1 75.5 22.0 

.40  .50 -.3 90.04 14.9 

.25 .32 -.5 97.4 7.0 

.16 .20 -.7 99.54 2.14 



TABLE 33 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT MP 32500 

Particle Size,d 

(microns) 

Mean Particle Size,d 

(microns) 

log a Percent 
Greater Than 

d 

Frequency 
(percent) 

40 50 1.7 .15 

25 32 1.5 13.3 13.15 

16 20 1.3 35.0 21.7 

10 12.6 1.1 53.0 18.0 

6.3 7.9 .9 64.0 11.0 

4.0 5.0 .7 70.0 6.0 

2.5 3.2 .5 74.8 4.8 

1.6 2.0 .3 80.4 5.6 

1.0 1.26 .1 89.0 8.6 

.63 .79 -.1 95.3 6.3 

.40 .50 -.3 98.4 3.1 

.25 .32 -.5 99.67 1.27 

.16 .20 -.7 99.91 .24 



TABLE 34 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT MP 31801 

Particle Size,d 

(microns)' 

Mean Particle 
Size,d. 

(microns) 

log a Percent 
Greater Than 

d 

Frequency 
(percent) 

25 32 1.5 6.2 6.2 

16 20 1.3 32.0 26.0 

10 12.6 1.1 51.5 19.5 

6.3 7.9 .9 61.0 9.5 
4.0 5.0 .7 66.0 5.0 

2.5 3.2 .5 71.2 5.2 

1.6 2.0 .3 79.4 8.2 

1.0 1.26 .1 88.6 9.2 

.63 .79 -.1 96.4 7.8 

.40 .50 -.3. 99.3 2.9 

.25 .32 -.5 99.93 .63 



TABLE 35 

SIZE FREQUENCY DATA FOR BARIUM CHROMATE-LOT B & C FINE 

Particle Size,
d 

(microns 

Mean Particle Size,d 

(microns) 

log a Percent 
Greater Than 

d 

Frequency 
(percent) 

40 50 1.7 

25 32 1.5 .06 .06 

16 20 1.3 .43 .37 
10 12.6 1.1 2.3 1.87 

6.3 7.9 .9 9.3 7.0 

4.0 5.0 .7 24.7 15.4 

2.5 3.2 .5 50.5 25.8 

1.6 2.0 .3 73.8 23.3 

1.0 1.26 .1 90.6 16.8 

.63 .79 -.1 97.6 7.0 

.40 .50 -.3 99.58 1.98 

.25 .32 -.5 99.95 .37 



TABLE 36 

SIZE FREQUENCY DATA FOR BORON-LOT TRONA 571 

Particle Size,d 

(microns) 

Mean Particle 
Size,d 

(microns) 

log a Percent 
Greater Than 

d 

Frequency 
(percent) 

16 20 1.3 .0 

10 12.6 1.1 6.4 6.4 

6.3 7.9 .9 22.2 15.8 

4.0 5.0 .7 39.0 16.8 

2.5 3.2 .5 55.0 16.0 

1.6 2.0 .3 69.0 14.0 

1.0 1.26 .1 81.2 12.2 

.63 .79 -.1 89.8 8.6 

.40 .50 -.3 95.2 5.4 

.25 .32 -.5 98.1 2.9 

.16 .20 -.7 99.32 1.2 

.10 .126 -.9 99.8 .5 



TABLE 37 

SIZE FREQUENCY DATA FOR BORON-LOT TRONA 419 

Particle Size,d 

(microns) 

Mean Particle 
Size, a 

(microns) 

log d Percent 
Greater Than 

d 

Frequency 
(percent) 

16 20 1.3 .0 

10 12.6 1.1 3.5 3.5 

6.3 7.9 .9 16.0 12.5 

4.0 5.0 .7 32.3 16.3 

2.5 3.2 .5 49.6 17.3 

1.6 2.0 .3 64.6 15.0 

1.0 1.26 .1 77.0 12.4 

.63 .79 -.1 87.4 10.4 

.40 .50 -.3 
 

94.3  6.9 

.25 .32 -.5 97.8 3.5 

.16 .20 -.7 99.43 1.63 

.10 .126 -.9 99.93 .50 



TABLE 38 

SIZE FREQUENCY DATA FOR BORON-LOT HOST 873 

Particle Size,d 

(microns) 

Mean Particle 
Size,d 

(microns) 

log d  Percent 
Greater Than 

d 

Frequency 
(percent) 

16 20 1.3 .00 

10 12.6 1.1 .05 .05 

6.3  7.9 .9 10.02 10.15 

4.0 5.0 .7 28.0 17.2 

2.5 3.2 .5 42.5 14.5' 

1.6 2.0 .3 54.0 11.5 
1.0 1.26 .1 66.6 12.6 

.63 .79, -.1 79.3 12.7 

.40 .50 -.3 91.0 11.7 

.25 .32 -.5 98.0 7.0 

.16 .20 -.7 99.80 1.8 



TABLE 39 
SIZE FREQUENCY DATA FOR BORON-LOT HOST 900 

Particle Size,d 

(microns) 

Mean Particle Sized 

(microns) 

log a Percent 
'Greater Than 

d 

Frequency 
(percent) 

63 .12 

40 50 1.7 .64 .52 

25 32 1.5 2.3 1.66 

16 20 1.3 5.5 3.2 
10 12.6 1.1 11.6 6.1 

6.3 7.9 .9 20.8 9.2 

4.0 5.0 .7 32.8 12.0 

2.5 3.2 .5 48.8 16.0 

1.6 2.0 .3 64.0 15.2 

1.0 1.26 .1 79.0 15.0 

.63 .79 -.1 90.05 11.5 

.40 .50 -.3 96.9 6.4 

.25 .32 -.5 99.6 2.7 

.16 .20 -.7 99.99 .39 

.10 .126 -.9 



TABLE 40 

SIZE FREQUENCY DATA FOR BORON-LOT HCST 954 

Particle Size,d 

(microns) 

Mean Particle Size,d 

(microns) 

log d Percent 
Greater Than 

d 

Frequency 
(percent) 

40 50 1.7 .35 
25 32 1.5 1.55 1.2 

16 20 1.3 4.6 3.0 

1.0 12.6 1.1 10.06 6.0 

6.3 7.9 .9 20.0 9.4 

4.0 5.0 .7 31.5 11.5 

2.5 3.2 .5 44.7 13.2 

1.6 2.0 .3 57.4 12.7 

1.0 1.26 .1 70.0 12.6 

.63 .79 -.1 80.4 10.4 

.40 .50 -.3 88.2 7.8 

.25 .32 -.5 93.4 5.2 

.16 .20 -.7 96.6 3.2 

.10 .126 -.9 98.5 1.9 



TABLE 41 

SIZE FREQUENCY DATA FOR BORON-LOT UMC 1992 

Particle Size,d 

(microns) 

Mean Particle 
Size,d 

(microns) 

log d Percent 
Greater Than 

d 

Frequency 
(percent) 

63 .0 

40 50 1.7 .05 .05 

25 32 1.5 4.0 3.95 
16 20 1.3 18.4 14.4 

10 12.6 1.1 41.0 22.6 

6.3 7.9 .9 61.0 20.0 

4.0 5.0 .7 75.5 14.5 

2.5 3.2 .5 88.0 12.5 

1.6 2.0 .3 95.0 7.0 
1.0 1.26 .1 98.8 3.8 

.63 .79 -.1 99.93 1.13 



TABLE 42 

SIZE FREQUENCY DATA FOR BORON-LOT UMC 1993 

Particle Size,d 

(microns) 

Mean Particle 
Sized 

(microns) 

log d  Percent 
Greater Than 

d 

Frequency 
(percent) 

63 .03 

40 50 1.7 .44 .41 

25 32 1.5 2.6 2.16 

16 20 1.3 9.5 6.9 

10 12.6 1.1 24.0 14.5 

6.3 7.9 .9 43.0.  19.0 

4.0 5.0 .7 64.0 21.0 

2.5 3.2 .5 81.0 17.0 

1.6 2.0 .3 92.2 11.2 

1.0 1.26 .1 97.8 5.6 

.63 .79_ -.1 99.68 1.88 

.40 .50 -.3 99.99 .31 























TABLE 43 

BURNING RATE DATA-COMPOSITION 1 

Depth of Column Fuze 
Burning 

Time (sec) 

Conposition 
Burning Rate 

(in./sec) 
Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.049 .015 1.004 .799 

.535 .017 .999 .800 

.056 .019 .998 .797 

.o44 .009 1.011 .798 

.051 .016 .952 .798 

.050 .014 .988 .843 

.048 .015 .967 .812 

.060 .025 .963 .831 



TABLE 44 

BURNING RATE DATA-COMPOSITION 2 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 

(in./sec) 
Before igniter 
Loading (in.) 

After igniter 
Loading (in.) 

.039 .000 1.089 .746 
• n ,t.!, 0 .006 1.125 .719 
.045 .005. , 1.119 .720 
.053 .017 1.056 .755 
.038 .003 1.118 .725 
.041 .003 1.111 .728 
.037 .000 1.115 .728 
.038 .001 1.121 .723 
.037 .001 1.138 .713 
.043 .007 1.132 .711 
.047 .009 1.086 .740 
.046 .012 1.087 .738 
.058 .018 1.098 .732 
.054 .022 1.072 .741 
.052 .018 1.106 .719 
.016 - 1.115 .748 
.042 .006 1.105 .730 
.044 .0o8 1.132 .710 
.038 .004 1.106 , .733 
.035 .001 1.116 .729 
.038 - 1.105 

1.128 
.735 
.715 .042 .007 

.034 - 1.1211 .782 

.041 .005 1.113 .726 

.033 .001 1.112 .732 



TABLE 45 

BURNING RATE DATA-COMPOSITION 3 

Depth of Column Fuze 
Burning 

Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before igniter 
Loading (in.) 

After igniter 
Loading (in,) 

- .045 1.176 .670 
- 
- 

.050 

.047 
1.201 
1.097 

.652 

.718 
- .042 1.132 .700 
- .049 1.132 .694 
- .049 1.087, .723 
- .047 1.085 .726 
- .046 1.113 .708 
- .046 1.171 .672 
- .046. 1.132 .696 
- .042 1.112 .696 
- .051 1.174 .666 
-  .046 1.219 .645 
- .052 1.139 .686 
- .045 1.106 .714 
- .049 1.160 .676 
- .046 1.131 .697 
- .051 1.148 .682 
- .048 1.099 .716 
- .041 1.195 .663 
- .049 1.206 .650 
- .043 :1.156 .684 
- .043 1.123 .704 
- ..044 1.187 .665 
- .049 1.173 .668 



TABLE 46 

BURNING RATE DATA-COMPOSITION L 

Depth of Column Fuze Burning 

Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.01 .01b 1..40 .699 
.045 .013 1.259 .634 

•040  .013 1.098 .729 - 
.04i .016 1.147 .700 
.044 .011 1.111 .724 

.053 .019 1.089 .730 
.055  .018 1.125 .705 

.045 .013 1.086 .739 
.032. .021 1.068 .757 

.00 .011 1.048 .765 

.049 .014 1.085 .738 

.020 .015 1.091 .732 

.00 .014 1.128 .707 
.054 ..019 1.135 .699 

.052 .018 1.108 .718 

.042 .014 1.156 .69)1 
.04V .014 1.116 .716  

.052 .014 1.110 .717 
.052 .013 1.111 .719 

.054 .020 1.101 .721 
.054 .019 1.088 ' .731 
.055 .013 1.156 .687 
.048 .013 1.101 .727 
.050 .016 1.109 .712 



TABLE 47 

BURNING RATE DATA-COMPOSITION 5 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.065 .026 1.134 .691 

.068 .029 1.135 .688 

.064 .023 1.132 .694 

.064 .028 1.098 .714 

.067 .029 1.119 .69 

.059 .026 1.089 .72h 

.063 .022 1.097 .718 

.055 .025 1.085 .730 

.066 .030 1.103 .709 

.060 .024 1.122 .702 

.070 .032 1.154 .674 

.075 .037 1.112 .695 

.079 .039 - 1.092 .705 

.063 .026 1.090 .720 

.067 .033 1.154 .675 

.066 .029 1.079 .725 

.049 .oll 1.126 .711 

.069 .029 1.096' .712 

.075 .040 1.080 .715 

.059 .024 1.104 .715 

.067 .035 1.126 .692 

.073 .032 1.096 .709 

.057 .022 1.130 .699 



TABLE 48 

BURNING RATE DATA-COMPOSITION 6 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.056 .019 1.354 .580  

.061 .022 1.339 .599 

.057 .018 1.3 .585 

.062 .024  1.31 .592  

.056 .019 1.346 .585 

.059 .019 1.348 .582 

.064 .025 1.343 .580 

.067 .028 1.334 .582 

.061 .019 1.340 .584 

.061 .023 1.337 4585 

.066 .028 1.336 .581 

.047 .011 1.355 .587 

.057 .022 1.319 .595 

.056 .019  1.358 .579 

.061 .023 1.341 .583 

.053 .015 1.363 .579 

.064 .030 1.312 ,.593 

.064 .025 1.340 .581 

.059 .022 1.361 .576 

.062 .025 1.354 .576 

.065 .027 1.347' .578 

.060 .022 1.342 .584 

.061 .024 1.325 .590 

.062 .024 1.319 .592 

.061 .022 1.328 .589 



TABLE 49 

BURNING RATE DATA-COMPOSITION 7 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in) 

.048 .011 1.016 .792 

.653 .017 1.026 .778 

.061 .022 1.078 .732 

.055 .017 1.009 .791 

.065 .030 1.018 .771 

.047 .009 1.042 .738 

.059 .022 1.007 .752 

.054 .017 1.012 .788 

.053 .014 1.055 .757 

.053 .005 1.026 .783 

.057 .020 1.042 .762 

.055. .017 1.029 .775 

.063 .0P)  1.001 .789 

.058 

.057 
.069 
.016 

.949 
1.045 

.821 

.761 
.050 .027 1'.034 .780 
.068 .025 1.041 .755 
.05 .021 1.056 .752 
.048 .008 1.032 .789 
.058 .064 1.041 .760 
',052 .014 1.011 .793 
.045 .009 1.038 .776 
.050 .014 1.037 .772 
.045 .008 1.009 .801 



TABLE 50 

BURNING RATE DATA-COMPOSITION 8 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.043 .004 1.079 .749 

.045 .005 1.114 .723 
.044 .019 1.065 .753 
.045 .012 1.085 .741 
.045 .001 1.109 .728 
.040 .006 1.079 .150 
.037 .002 1.084 .750 
.044 .007 1.099 .733 
.046 .004 1.102 .731 
.043 .003 1.083 • .747 
.038 .002 1.114 .728 
.042 .003 1.094 .739 
.047 .010 1.088 .738 
.040 - 1.111 .730 
.042 .002 1.109 .730 
.037 .002 1.109 .732 
.036 .015 1.113 .726 
.045 .010  1.085 .741 

.044 - 1.104 .732 

.045 .002 1.088 .743 

.045 .002 1.106 .730 

.045 .006 1.060 .761 



TABLE 51 

BURNING RATE DATA-FOR COMPOSITION 9 

Depth of Column Fuze 
Burning 
Time (see) 

Composition 
Burnin Rate 
(in. see) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.043 . .010 1.188 .666 

.042 .007 1.215 .652 

.057 .018 1.141 .683 

.042 .007 1.166 .680 

.051 .017 1.198 .653 

.049 .011 1.163 .677 

.043 .014 1.182 .668 

.044 .007 1.188 .666 

.011 11 .007 1.165  .680 

.046 .010 1.136 .695 

.042 .009 1.186 .668 

.045 .010 1.173 .673 

.040 .013 , 1.190 .666 

.049 .014 1.164 .675 

.040 .008 1.175 .675 

.0/1/i .003 1.219 .653 

.043 .010 1.149 .689 

.042 .007 1.164 .681 

.042 .019 1.153 .684 



TABLE 52 

BURNING RATE DATA-COMPOSITION 10 

Depth of Column Fuze 
Burning 

Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.043 .006 1.330 .594 .  

.039 .016 1.329 .594 

.046 .011 1.329 .592 

.048 .017 1.318 .594 

.044 .019 1.321 .594 
.044 .007 1.349 .585 
.045 .007 1.371 .575 

.048 .010 1.335 .589 

.043 .007 1.352 .584 

.045 .008 1.340 .588 

.048 .005 1.342 .587 

.047 .013 1.299 .605 
.044 .006 1.336  .591 

.043 .004 1.339 .591 

.050 .009 1.327 .590 

.041 .016 1.312 .601 
.044 .006 1.353 .584 

.053 .013 1.340 .583 

.040 .006 1.333 .594 

.045 .013 1.327 .593 



TABLE 53 

BURNING RATE DATA-COMPOSITION 11 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.055 .029 1.317 .588 

.056 .010 1.370 .569 

.055 .024 1.415 .548 

.057 .025 1.338 .579 

.054 .007 1.340 .584 

.062 .011 1.348 .575 

.063 .032 1.350 .569 

.069 .014 1.296 .594 

.052 .020 1.325 .588 

.053 .022 1.325 .587 

.053 .020 1.344 .579 

.058 .004 1.392 .560 

.059 .026 1.325 .583 

.054 .029 1.344 .577 

.062 .029 1.318 .584 

.057 .024 1.326 .584 

.059 .024 1.319 .586 

.065 .032 1.382 .554 

.059 .025 1.340 .577 

.060 .030 1.345 .568 

.058 .026 1.325 .584 

.062 .011 1.334 .581 

.060 .028 1.351 .567 

.060 .026 1.331 .576 



TABLE 54 

BURNING RATE DATA-COMPOSITION 14. 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.051 .014 2.860 .270 

.042 .006 2.832 .276 

.037 .003 2.836 .277 

.064 .074 2.3)111 .322 

.075 .038 2.471 .303 

.038 .003 2.831 .277 

.035 .001 2.817 .280 

.055 .024 2.567 .299 

.062 .026 2.596 .294 

.066 .050 2.912 .259 

.058 .022 2.591 .296 

.033 .001 2.839 .278 

.038 .002 2.801 .280 

.072 .037 2.513 - 

.050 .016 2.801 .276 

.037 .002 2.587 - 



TABLES 55 

BURNING RATE DATA-COMPOSITION 15 

Depth of Column 
Before Igniter After Igniter 
Loading (in.) Loading (in.) 

Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

.055 .020 2.283 .340 

.068 .036 2.380 .320 

.055 .021 2.354 .329 

.055 .023 2.231 .348 

.055 .027 2.383 .325 

.058 .025 2.290 ..337 

.057 .029 2.346 .329 

.052 .020 2.325 .335 

.042 .020 2.220 _ 



TABLES 56 

BURNING RATE DATA-COMPOSITION 16 

Depth of Column Fuze 
Burning 

Tine (sec) 

Composition 
Burning Rate 
(in./sec). 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.03? .013 4.154 .189 

.039 .012 4.101 .191 

.035 - 4.291 .183 
- .024 4.062 .188 
.062 .039 4.041 .188 
.043 .012 4.167 .187 
.046 .015 4.077 .190 
.048 .016 4.032 .192 
.040 .010 4.137 .189 
.064 .010 3.964 .192 



TABLES 57 

BURNING RATE DATA-COMPOSITION 17 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.067 .029 5.372 .141 

.060 .026 5.341 .143 

.064 .028 5.341 .142 

.064 .025 5.320 .143 

.069 .031 5.370 .140 

.067 .030 5.413 .140 

.062 .028 5.410 .141 

.064 .017 5.276 .144 

.057 .022 5.517 .139 

.067 .029 5.357 .141 

.056 .022 5.425 .141 

.065 .027 5.273 .144 

.063 .026 5.301 .143 

.055 .018 5.414 .142.  

.065 .029 5.262 .144 

.065 .029 5.403 .140 

.060 .026 5.499 .139 

.062 .026 5.406 .141 



TABLES 58 

BURNING RATE DATA-COMPOSITION 19 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.037 - .945 .867 

.051 .010 .967 .832 

.050 .006 .974 .829 

.018 .003 .983 .824 

.047 .008 .983 .822 

.064 .o12 .949 .840 

.054 .014 .949 .846 

.050 .005 .961 .842 

.051 .006 .970 .832 

.045 .003 .967 .840 

.047 .006 .982 .823 

.057 .015 .930 .862 

.050 .007 .960 .842 

.049 .007 .955 .847 

.051 .009 .978 .823 

.045 .005 .963 .843 

.040 .001 .947 .862 

.048 .008 .947 .854 

.046. .005 .936 .867 

.043 .002 .955 .852 



TABLES 59 

BURNING RATE DATA-COMPOSITION 20 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.035 .003 2.391 .333 

.039 .005 2.325 .341 

.049 .016 2.359 .331 

.051 .010 2.353 .332 

.037 .003 2.371 .335 
.044 .010 2.384 .330 
.041 - 2.368 .334 
.037 .004 2.320 .342 
.036 .002 2.330 .341 
.044 .001 2.354 .335 
.041 - 2.427 .326 
.035 .005 2.387 .333 

. .038 .002 2.387 .332 
.041 .001 2.291 .346 
.038 .002 2.462 .322 
.041 .001 2.355 .336 
.035 .003 2.402 .331 

.0 44 .010 2.255 .349 
.044 .006 2.369 .332 



TABLES 60 

BURNING RATE DATA-COMPOSITION 21 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.045 .035 2.267 .348 

.027 .015 2.347 .343 

.048 .033 2.318 .339 

.034 - 2.326 .343 

.030 .019 2.340 .342 

.030 .017 2.356 .340 

.034 .018 2.389 .334 

.030 - 2.274 .352 

.033 .022 2.283 .350 

.034 .029 2.215 .359 

.032 .024 2.304 .346 

.041 .029 2.272 .348 

.035 .025 2.284 .349 

.035 .021 2.268 .352 

.034 .025 2.258 .353 

.036 .019 2.314 .345 

.032 - 2.367 .338 

.035 .020 2.284 .350 

.029 .017 2.242 .358 



TABLES 61 

BURNING RATE DATA-COMPOSITION 23 

Depth of Column 
Before Igniter After Igniter 
Loading (in.) Loading (in.) 

Fuze 
Burning  
Time (sec) 

Composition 
Burning Rate 
(in./sec) 

.052 .015 4.874 .158 

.048 .012 4.872 .159' 

.042 .004 4.954 .158 

.043 .009 4.823 .162 

.044 .005 4.884 .160 

.046 .009 4.894 .159 

.048 .010 4.905 .158 

.046 .006 4.881 .159 

.040 .004 4.874 .161 

.046 .001 4.814 .162 

.046 .007 - - 

.050 .010 4.790 .162 

.044 .005 4.783 .163 

.041 .002 5.009 .156 

.039 .007 4.787 .164 

.041 .004 4.945 .158 

.044 .004 4.858 .160 

.039 .002 - - 

.039 .002 4.844 .162 

.040 .001 4.811 .163 



TABLES- 62 

BURNING RATE DATA-COMPOSITION 214. 

Depth of Column Fuze 
Burning 
Time (sec) 

Composition 
Burning Rate 

(in./sec) 
Before Igniter 
Loading (in.) 

After Igniter 
Loading (in.) 

.046' .006 2.960 .264 

.043 .006 3.021 .260 

.057 .017 2.930 .263 
.044 .003 2.908 .270 

.048 .007 3.008 .259 

.047 .006 3.019 .259 

.060 .022 2.909 .264 

.047 .009 2.939 .266 

.053 .012 2.913 .266 

.057 .017 2.991 .258 

.047 .010 2.939 .266 

.043 .006 2.927 .268 

.046 .005 2.944 .266 

.046 .010 2.953 .265 

.040 .025 2.975 .264 

.045 .005 2.926 .268 

.045 .002 2.942 .267 

.047 .005 2.968 .263 

.055 .017 2.940 .263 

.047 .001 2.956 .265 



GLOSSARY 

APD 

Average Particle Diameter, as determined with the Fisher 

Sub-Sieve Sizer. 

B&C 

Barium and Chemicals Corporation. 

Baker  

J. T. Baker Chemical Company. 

HCST 

Hermann C. Stark Company, Division of Shieldalloy 

Corporation. 

MP 

Mineral Pigments Corporation. 

MSA 

Mine Safety Appliances Company. 

NSA dm  

Mean particle diameter, calculated by integration of the 

particle size - frequency curves. 

MSA 50 Percent Point  

Point corresponding to intersection particle size dis- 

tribution curve (particle size vs. percent greater than size), 



drawn from MSA particle size analysis results, and "50 percent 

greater than size" line. 

Trona  

American Potash and Chemical Company. 

UMC 
United Minerals and Chemicals Corporation. 


	Effect of particle size and particle size distribution on the burning rate of barium chromate-boron pyrotechnic delay compositions
	Recommended Citation

	Copyright Warning & Restrictions
	Personal Information Statement
	Title Page
	Approval of Thesis
	Abstract (1 of 2)
	Abstract (2 of 2)

	Acknowledgements
	Table of Contents (1 of 2)
	Table of Contents (2 of 2)
	I. Introduction
	II. Experimental
	III. Discussion
	IV. Conclusions
	V. Recommendations
	VI. Bibliography
	VII. Appendix

	List of Illustrations (1 of 3)
	List of Illustrations (2 of 3)
	List of Illustrations (3 of 3)

	List of Tables (1 of 4)
	List of Tables (2 of 4)
	List of Tables (3 of 4)
	List of Tables (4 of 4)


