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ABSTRACT 

Pyrotechnic formulas designed to produce 
colored flames are well known, but the trends in 
color quality due to individual formula compo-
nents are less well understood. This paper pre-
sents spectrometer work done to record spectra 
and processes them into chromaticity coordi-
nates. Major formulas of the basic additive col-
ors of red, green, and blue were tested and 
compared. Impact sensitivities were gathered for 
those major formulas. Then single suitable for-
mulas were chosen for the basic colors, which 
were then systematically altered and measured 
for color quality performance. The formulas 
were altered to investigate the role of oxidizer 
to fuel ratio, chlorine donor content, colorant 
content, and colorant source.  

Keywords: color purity, chromaticity diagram, 
chromaticity coordinate, star formula, flame 
emission 

Introduction 

Pyrotechnics are used to create light, heat, 
sound, smoke, ash, metal, or gas. Within the 
visible light effects, the creation of colored 
flames is one of the most commonly recognized. 
The pyrotechnic compositions of this class are 
used in fireworks and civilian and military py-
rotechnics.[1] In any usage, the efficient forma-
tion of a desired color is paramount. Depth of 
color, or saturation, is usually a prerequisite of 
correct device function. In addition to the pleas-
ing aesthetic effect of a deep, saturated color 
star in a firework application, high quality colors 
permit observer discrimination between similar 
signal flares at extreme distances. Because of 
the importance placed on function of these com-
positions, studies have been conducted to un-
derstand factors affecting their performance.[2–5] 

In the formation of a colored flame, some 
species are desirable to have in the flame, and 
some species are not desirable. The desirable 
species are those that emit light at or near the 
hue intended for that formula. Other atomic or 
molecular emitters in the flame, which emit at 
wavelengths that detract from the intended hue, 
will hinder performance. Also undesirable are 
certain solid and/or liquid combustion products 
that can glow in an incandescent fashion. When 
these materials emit radiation, it is not radiation 
of a specific electronic transition, but rather a 
broadband radiation across a very large wave-
length range. This is called blackbody, graybody, 
or continuous radiation. When the temperature 
of the glowing matter is high enough, it can 
emit light across the entire visible spectrum. 

The desired emitters for most colored flames 
are well known.[2,7] For forming a red flame, the 
molecular emitter strontium monochloride (SrCl) 
is responsible for the deepest red color, with 
emissions at 635, 660, and 673 nm.[7–9] Stron-
tium monohydroxide (SrOH) emits at 606 nm, 
which contributes an undesirable orange-red 
light.[7] For forming a green flame, the molecu-
lar emitter barium monochloride (BaCl) is re-
sponsible for emissions at 514 and 525 nm.[7–9] 
A contributing barium emitter is the triatomic 
barium monohydroxide (BaOH), which emits 
desirable light at 487, 515, and 527 nm.[3] For 
forming blue flames, the molecular emitter cop-
per(I) chloride (CuCl) is responsible for emis-
sions at 430, 436, 484, 489, and 527 nm.[7–9] As 
an aside, copper(II) oxide (CuO) has a weak 
molecular emission at 609 nm,[8] widely recog-
nized as orange-red tips on otherwise blue 
flames. While there are smaller peaks in the 
spectra, the overwhelming contribution to the 
flame hue is from the emitters mentioned. Other 
detrimental emitters are present as well. As ex-
amples, there are the ubiquitous sodium atomic 
emission at 589 nm[10] and the sometimes-present 
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calcium monochloride (CaCl) at 594, 619, and 
621 nm.[7] Both are caused by contamination of 
chemicals used in the formula. The sodium con-
tamination arises because many oxidizer salts 
are produced by a double displacement reaction 
with sodium salt. The calcium contamination is 
typically found in ammonium perchlorate where 
tricalcium phosphate is used as an anti-caking 
additive.[11] In some orange flame formulas, the 
CaCl emitter is desired; however this work will 
not address orange, yellow or other non-primary 
flames. 

Objective of Present Work 

Study of the conditions that give rise to the 
desirable species is important, because under-
standing those conditions will allow tuning of a 
composition at the formulation stage. Past stud-
ies that were conducted have used elegant and 
ingenious techniques to show intensity and 
wavelength information[4,12,13] and to correlate 
that data to chemical species.[3] In fact, work to 
demonstrate the spectra due to emitters is ongo-
ing.[14] Chromaticity coordinates have also been 
generated for colored flame formulas[3] in an 
effort to show the change in color purity as a 
function of formula. This study attempts to add 
to this field, by acquiring spectra with a spec-
trometer suited for visible range flame emission, 
and processing the spectra into CIE color coor-
dinates. The 1931 CIE Chromaticity Diagram is 
shown in Figure 1.[7,15] Further, systematic ex-
periments are performed, which follow the 
flame color quality as a function of formula, to 
identify trends in performance. These experi-
ments are also designed to give insight into the 
relative importance and roles of the components 
of typical color formulas. 

Experimental 

Experiments were performed using a PC2000 
spectrometer from Ocean Optics, Inc., which 
was outfitted with a grating optimized for the 
visible range, and which was especially suited 
to color measurements. Its blaze wavelength, 
which is the wavelength of greatest efficiency, 
was located at 500 nm. The spectrometer could 

read from 340 to 860 nm, with relative efficien-
cies of at least 40% from 380 to 700 nm. A high 
temperature quartz collimating lens was em-
ployed to gather light from the sample, directed 
into a 400 µ diameter, 8 m long fiber optic cable, 
which transmitted the sample light to the spec-
trometer. The system was calibrated using an 
Ocean Optics, Inc. 3100 K color temperature 
tungsten lamp. The Ocean Optics 16-bit OOI-
Base V1.5 proprietary software, which was 
packaged with the spectrometer, was used to 
control the spectrometer and collect spectra. An 
Excel spreadsheet program was used to calculate 
CIE coordinates from wavelength-intensity data 
exported from the spectrometer.  

For all experiments, chemicals were used as 
supplied straight from the source bottle, without 
pretreatment. Chemicals were obtained from 
Skylighter Pyrotechnic Supply, except for the 
strontium peroxide, barium peroxide, and cop-
per(I) chloride. The strontium and barium per-
oxides were obtained from Firefox Enterprises, 
and the copper(I) chloride was obtained from 
Acros Organics. The compositions were pre-
pared by first passing the components through a 
100-mesh sieve, to break up any clumps.[16,17] 
Components that were too coarse to pass a 100-
mesh sieve, were reduced with an alumina mor-
tar and pestle, and then passed through the sieve. 
To achieve homogeneous mixtures, components 
were shaken in a 500 mL Velostat™ antistatic 
container, and then passed through the sieve. 
This procedure was repeated 3 times. Blended 
components were stored in airtight high-density 
polyethylene bottles. The formulas chosen for 
testing will be described in the Results section. 

The samples were compacted into pellets for 
the data collection procedure. Cylindrical pel-
lets were formed having a diameter of 3/8 inch 
(9.5 mm), and sufficient composition was used 
to form cylinders 3/8 inch (9.5 mm) in length. 
The samples were hydraulically pressed at 
1000 psi (145 kPa), with 110 pounds (50 kg) of 
force applied to the ram. To facilitate consoli-
dation, the compositions were dampened with 
2% by weight distilled water. After ejection 
from the die, the pellets were allowed to dry for 
at least 48 hours before being used. 
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The pellets tested were held above rather 
than set on a surface so that ash could fall away. 
They were ignited with a nichrome hotwire, so 
that remote ignition and collection were possi-
ble. Once a stable burn was achieved, the sam-
ple spectra were frozen and recorded. The 
chamber they were burned in was painted flat 
black to avoid reflections, as was the tunnel 

between the sampling lens and the chamber. 
Also, a cross-flow ducting system was con-
structed that carried the smoke away to avoid 
attenuation by the particulate matter. It was also 
hoped that the moving air would further simu-
late an operational condition. The airflow ve-
locity was not measured, though a rough esti-
mate would be 3 to 5 feet (1–2 m) per second. 

 
Figure 1.  1931 CIE Chromaticity Diagram. The sail-shaped area encompasses all colors visible to 
 the human eye. The outside edge of the area defines perfect purity and complete saturation at a given 
wavelength. The straight line between the 700 nm right corner and the 380 nm left corner is the  
“nonspectral line” where purples, magentas, and other artificial red-blue blends are located. The 
“equal energy” (ICI Illuminant “C”) point is located at x = 0.33, y = 0.33 and defines perfectly  
balanced white light. 
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Sensitivity Testing 

Drop hammer impact sensitivity tests were 
performed on the 17 standard color formulas. 
The samples for impact sensitivity testing were 
taken from the larger samples blended for spec-
tral acquisition. Samples were not desiccated 
prior to testing, which would certainly have 
caused them to be more sensitive. Also, to con-
solidate the sample and then granulate the mate-
rial before testing would give an interesting 
comparison with the values reported here. The 
impact tester employed complied with the Modi-
fied Type 12 Impact Tool description.[18] The 
drop height results are reported as an H50, which 
gives the height at which a 2.5 kg mass dropped 
on the sample has a 50% chance of initiating 
the sample. The Bruceton Up-Down calculation 
method was used to obtain the H50 values.[18] 

Results and Discussion 

Standard Formulas Tested 

Compositions tested were in two series: a 
series of known traditional formulas, and a se-
ries of experimental color formulas. For the 
known traditional formulas, some of the litera-
ture central in the field[1,6,7,16,19–23] was surveyed 
to identify classes of formulas for the primary 
additive colors of red, green, and blue. For ex-
ample, there are numerous formulas for red fire 
both accepted and proposed, but a majority of 
those formulas belong to 6 major types or classes. 
Six classes of green and five classes of blue 
were identified. There are indeed some color 
formulas that do not fit perfectly in any of these 
classes, but they are a minority and are reserved 
for future treatment. 

The major red classes identified are: 

1) SrCO3 and KClO4, with no metal fuel 

2) SrCO3 and KClO4, with metal fuel 

3) SrCO3 and KClO3, with no metal fuel 

4) SrCO3 and KClO3, with metal fuel 

5) Sr(NO3)2 , with metal fuel 

6) SrCO3 and NH4ClO4 

Note: a table of chemical formulas and chemi-
cal names is included at the end of this article. 
 

 Red Flame Formulas 
Symbol →       

Chemical  1 2 3 4 5 6 
KClO4 66 54     
KClO3  70 58.5   
NH4ClO4     41 
K2Cr2O7     1.9
Sr(NO3)2    55  
SrCO3 12 10 15 9.8  9.5
Al   19.5   
Mg    28  
Mg/Al 14     
Mg(coated)     33.3
PVC 2    17  
Parlon™ 13     
Red Gum 13 4 10   9.5
Lampblack 2      
Airfloat C   2.4   
Dextrin 5 5 4 4.9  4.8
Shellac   4.9   
Reference 6 16 16 19 16 6 

 

 
Figure 2.  Red flame formula performances. 

Table 1a.  Chromaticity Coordinates of  
Standard Red Compositions. 

 
Formula

 
Symbol

x-
Coordinate 

y-
Coordinate

1  0.622 0.339 
2  0.528 0.342 
3  0.518 0.328 
4  0.504 0.364 
5  0.585 0.331 
6  0.581 0.340 
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The red flame formulas were processed and 
tested, and their performance plotted on a 
chromaticity diagram shown in Figure 2. Their 
chromaticity coordinates are given in Table 1a. 
The equal energy point at (x,y) = (0.33,0.33) 
shows the location of perfect white on the dia-
gram. The outside boundary of the diagram de-
fines perfect saturation at that color. Thus, it 
can be seen that the best performing composi-
tion in terms of color purity is red formula 1, de-
noted by the solid circle, while the worst is red 
formula 4, which is denoted by the open trian-
gle. 

The major green classes identified are: 

7) Ba(NO3)2, with metal fuel 

8) Ba(NO3)2 and KClO4, with no metal fuel 

9) Ba(NO3)2 and KClO4, with metal fuel 

10) Ba(ClO3)2 and BaCO3, with no metal fuel  

11) BaCO3 and NH4ClO4  

12) Ba(ClO3)2, with no metal fuel  
 

 Green Flame Formulas 
Symbol→       

Chemical  7 8 9 10 11 12 
KClO4  47.2 10   
Ba(ClO3)2    72  87.8
NH4ClO4    41  
K2Cr2O7    1.9  
Ba(NO3)2 55 28.3 50   
BaCO3    4 9.5  
Mg 16     
Mg/Al   13   
Mg(coated)    33.3  
PVC 29     
Parlon™  4.7 15   
Red Gum  14.2 7 12 9.5  
Airfloat C    8   
Dextrin  5.6 5 4 4.8 2.45
Shellac     9.75
Reference 16 6 16 16 6 20 

 
Figure 3.  Green flame formula performances. 

Table 1b.  Chromaticity Coordinates of  
Standard Green Compositions. 

 
Formula

 
Symbol

x-
Coordinate 

y-
Coordinate

7  0.408 0.462 
8  0.369 0.454 
9  0.320 0.537 

10  0.336 0.542 
11  0.376 0.455 
12  0.291 0.580 

 

 
The green flame formulas were tested, and 

their chromaticity coordinates are shown in 
Figure 3 and listed in Table 1b. Formula 12 dis-
played the best color purity followed closely by 
green formula 10. Formulas 10 and 12 were 
both of the same type; that is, a barium chlorate 
formula having no metal fuel. The poorest per-
forming green flame composition was green 
formula 7. 
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The major blue classes identified are: 

13) KClO4 based, with no metal fuel 

14) KClO4 based, with metal fuel 

15) KClO3 based, with no metal fuel 

16) KClO3 based, with metal fuel 

17) NH4ClO4 based 

The performances of the blue flame formu-
las are shown in Figure 4, and their chromaticity 
coordinates are given in Table 1c. The two best 
formulas tested were 14 and 17. Formula 14 is 
the blue primary from the Veline color system, 
while 17 is a formula including ammonium per-
chlorate. The lowest performance for a blue for-
mula was recorded for blue formula 15.  

Impact Sensitivities 

The results of the standard formula impact 
sensitivity testing are shown in Table 2. For 
points of reference, on impact machines with 
the same tooling and falling mass, trinitrotolu-
ene (TNT) has an H50 of 100 cm, and pentae-
rythritol tetranitrate (PETN) has an H50 of 
17 cm.[24] TNT is widely regarded as a rela-
tively safe secondary explosive in terms of han-
dling, while PETN is deemed the most sensitive 
secondary explosive, bordering on classification 
as a primary explosive. From the results, it is 
not obvious that potassium chlorate or barium 
chlorate based formulas are more sensitive than 
formulas with other oxidizers. In fact, the most 
sensitive formulas appear to be those with am-
monium perchlorate. The least sensitive seem to 
be based on metal nitrates such as barium and 
strontium nitrate. It is highly likely that friction 
sensitivity would show potassium chlorate and 
barium chlorate formulas are the most sensitive, 
but that will be left for future work.  

Experimental Formulas Tested 

To show the change in color quality as a 
function of composition, suitable formulas were 
chosen for further study. Formula 2 was chosen 
for experiments with the color red, formula 8 
for the color green, and formula 13 for the color 
blue. With these formulas, the fuel to oxidizer 
ratio, chlorine donor percentage, colorant per-
centage and colorant source were varied and 
spectral and chromatic performance data were 
collected. 

Blue Flame Formulas 
Symbol→      

Chemical  13 14 15 16 17 
KClO4 66.5 55   39 
KClO3   54.2 68  
NH4ClO4     29 
CuO 13.4 15    
Shellac   1.7   
CuCO3     14 
Mg/Al  6    
Al   13.6   
Paris Green   27.1 22  
Colophony 
Resin    6  

Parlon™ 5.4 15    
Red Gum 9.9 9   14 
Dextrin 4.8 4 3.4 4 4 
Reference 6 22 19 16 16 

 
Figure 4.  Blue flame formula performances. 

Table 1c.  Chromaticity Coordinates of  
Standard Blue Compositions. 

 
Formula

 
Symbol

x-
Coordinate 

y-
Coordinate

13  0.311 0.264 
14  0.235 0.165 
15  0.428 0.362 
16  0.265 0.229 
17  0.238 0.165 
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Red Formula Experiments 

The experimental formula variations begin 
with the fuel to oxidizer ratio experiments, 
starting with red formula 2. The fuel to oxidizer 
ratio experiments were undertaken to assess the 
effect of excess oxygen in a formula, as well as 
excess fuel. The chromaticity coordinates of the 
experimental mixtures are shown in Figure 5. 
One would expect the coordinates to lie on a 
straight line connecting the equal energy point 
and the point on the saturated border corre-
sponding to the overall hue. This would be be-
cause color quality mainly depends on the bal-
ance between desirable emitters and undesirable 
broadband radiators. While there is some sem-
blance of a linear positioning, the formula with 
the lowest oxidizer content moved towards the 
yellow region. This is likely because organics 
released from the fuel-rich pellet were burning 
in the air with a typical yellow hydrocarbon 
flame caused by incandescent soot.  

 

 

 

 

Table 2.  Impact Sensitivity of Compositions. 

Formula Color Effect Oxidizer, Fuel H50 (cm) 
1 Red  KClO4, Red Gum 49 
2 Red  KClO4, Mg/Al 30 
3 Red  KClO3, Red Gum 83 
4 Red  KClO3, flake Al 58 
5 Red  Sr(NO3)2, Mg 229 
6 Red  NH4ClO4, Mg 23 
7 Green  Ba(NO3)2, Mg > 300 
8 Green  KClO4, Ba(NO3)2, Red Gum 86 
9 Green  KClO4, Ba(NO3)2, Mg/Al 42 

10 Green  Ba(ClO3)2, Red Gum 37 
11 Green  NH4ClO4, Mg 26 
12 Green  Ba(ClO3)2, Shellac 34 
13 Blue  KClO4, Red Gum 32 
14 Blue  KClO4, Mg/Al  34 
15 Blue  KClO3, flake Al 180 
16 Blue  KClO3, Colophony Resin 57 
17 Blue  NH4ClO4, Red Gum 34 
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Variation of Oxidizer to Fuel Ratio Based on 
Red Formula 2. 

 Red Oxidizer to Fuel Ratio - ROFX
Symbol→      

Chemical  1 2 Orig. 3 4 
KClO4 37.0 46.8 54.0 59.5 63.8 
Mg/Al 19.2 16.2 14.0 12.3 11.0 
Parlon™ 17.8 15.1 13.0 11.5 10.2 
SrCO3 13.7 11.5 10.0 8.8 7.9 
Dextrin 6.9 5.8 5.0 4.4 3.9 
Red Gum 5.5 4.6 4.0 3.5 3.1 

 

 
Figure 5.  Red oxidizer to fuel ratio  
experimental composition performances. 

Table 3.  Chromaticity Coordinates for  
Oxidizer to Fuel Ratio Experimental Red 
Compositions. [ROFX-#] 

Oxidizer 
(%) 

 
Symbol 

x-
coordinate 

y-
coordinate

37.0  0.539 0.371 
40.8  0.584 0.352 
54.0  0.528 0.342 
59.5  0.516 0.352 
63.8  0.564 0.344 

 

The next experiments performed were varia-
tions of the chlorine donor content. Those spec-
tra are shown in Figure 6, and the chromaticity 
results are shown in Figure 7. Note that the peak 
at 606 nm is due to SrOH emissions. As the 
amount of chlorine in the flame increases, the 
SrOH is converted to SrCl. However, it seems 
that as long as some chlorine is present, the per-
formance seems to be about the same. 
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Figure 6.  Spectra of red chlorine donor ratio 
experiments. The top spectrum, number 1, is of 
the mixture RCDX1, with the least chlorine 
 donor. Spectrum 5, at the bottom, is of RCDX4, 
with the highest fraction of chlorine donor. 
Note the gradual suppression of the SrOH peak 
at 606 nm as more chlorine is present in the 
flame. The chromaticity points computed from 
these spectra are shown in Figure 7. 
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Variation of Chlorine Donor Percentage 
Based on Red Formula 2. 

 Red Chlorine Donor % - RCDX- 
Symbol→      

Chemical  1 2 Orig. 3 4 
Parlon™  7.0 10.1 13.0 15.7 18.2 
KClO4 57.8 55.8 54.0 52.4 50.8 
Mg/Al 15.0 14.5 14.0 13.6 13.2 
SrCO3 10.7 10.3 10.0 9.7 9.4 
Dextrin 5.3 5.1 5.0 4.8 4.7 
Red Gum 4.3 4.1 4.0 3.9 3.8 

 
Figure 7.  Red chlorine donor percentage  
experimental composition performances. 

Table 4.  Chromaticity Coordinates for  
Percentage Chlorine Donor for  
Experimental Red Compositions. [RCDX-#] 

Chlorine 
Donor (%) 

 
Symbol 

x-
coordinate

y-
coordinate

7.0  0.520 0.520 
10.1  0.525 0.525 
13.0  0.528 0.528 
15.7  0.510 0.510 
18.2  0.531 0.531 

The amount of colorant in the formula was 
then varied, and the results of those experiments 
are shown in Figure 8. Interpreting these results, 
the amount of colorant in a formula is indeed 

Variation of Colorant Percentage Based on 
Red Formula 2. 

Red Colorant % – RCPX- 
Symbol→      

Chemical 1 2 Orig. 3 4 
SrCO3 5.3 7.7 10.0 12.2 14.3 
KClO4 56.8 55.4 54.0 52.7 51.4 
Mg/Al 14.8 14.4 14.0 13.7 13.4 
Parlon™ 13.6 13.3 13.0 12.6 12.3 
Dextrin 5.3 5.2 5.0 4.9 4.8 
Red Gum 4.2 4.1 4.0 3.9 3.8 

 
Figure 8.  Red colorant percentage  
experimental composition performances. 

Table 5.   Chromaticity Coordinates for  
Percentage Colorant for Experimental Red 
Compositions. [RCPX-#] 

Colorant 
(%) 

 
Symbol 

x-
coordinate 

y-
coordinate

5.3  0.486 0.347 
7.7  0.590 0.355 

10.0  0.528 0.342 
12.2  0.567 0.344 
14.3  0.578 0.359 
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important; however, once a certain amount is 
attained, adding more does not improve per-
formance. Once the amount of colorant in the 
formula was at or above the level in the original 
formula, the color performance changes were 
very slight. A likely reason for this is that as 
more colorant is added, the heat generated by 
the fuel and oxidizer is lost in melting and va-
porizing excess colorant, cooling the flame be-
low the optimum temperature for the emitting 
species excitation.  

Finally, the effect of changing the source of 
colorant was explored, and the results of those 
experiments are shown in Figure 9. The mass 
percentage of each colorant source was deter-
mined by calculating the mass required to offer 
the same number of moles of colorant atoms as 
the number that the reference colorant supplied. 
Strontium chloride and strontium peroxide ap-
pear to act as very good strontium donors. Stron-
tium carbonate and strontium nitrate both had 
similar performance.  

Variation of Colorant Source Based on Red 
Formula 2. 

 Red Colorant Source – RCSX- 
Symbol→      

Chemical  1 2 Orig. 3 4 
KClO4 50.0 52.8 54.0 51.9 55.0 
Mg/Al 13.0 13.7 14.0 13.5 14.3 
Parlon™ 12.0 12.7 13.0 12.5 13.2 
Dextrin 4.7 4.9 5.0 4.8 5.1 
Red Gum 3.7 3.9 4.0 3.8 4.0 
SrCl2 16.6     
SrSO4  12.0    
SrCO3   10.0   
Sr(NO3)2    13.5  
SrO2     8.3 

 
Figure 9.  Red colorant source experimental 
composition performance. 

Table 6.  Chromaticity Coordinates for  
Colorant Source for Experimental Red  
Compositions. [RCSX-#] 

 
Colorant 

 
(%) 

 
Symbol

x-
coordinate 

y-
coordinate

SrCl2 7.0  0.605 0.309 
SrSO4 10.1  0.555 0.327 
SrCO3 13.0  0.528 0.342 
Sr(NO3)2 15.7  0.523 0.323 
SrO2 18.2  0.582 0.314 

Green Formula Experiments 

Green formula 8 was treated in the same 
way, and results of the oxidizer experiments are 
shown in Figure 10. As with the red experi-
ments, the excess fuel burning in the air drove 
the lowest oxidizer mixture towards the yellow 
region. The rest of the formulas formed a line, 
between a point in the pale yellow, stretching 
towards the green region.  



 

Journal of Pyrotechnics, Issue 17, Summer 2003 Page 11 

When the chlorine donor amount was varied, 
the cluster showed a very slight trend with the 
greatest color quality corresponding to the mix-
ture containing the most chlorine donor. These 
results are shown in Figure 11. 

Variation of Chlorine Donor Percentage 
Based on Green Formula 8. 

 Green Chlorine Donor Ratio - GCDX
Symbol→      

Chemical 1 2 Orig. 3 4 
Parlon™  2.4 3.6 4.7 5.8 6.9 
KClO4 52.1 47.7 47.2 46.6 46.1 
Ba(NO3)2 29.0 28.6 28.3 28.0 27.7 
Red Gum 14.5 14.4 14.2 14.0 13.9 
Dextrin 5.8 5.7 5.6 5.6 5.5 

 
Figure 11.  Green chlorine donor percentage  
experimental composition performances. 

Table 8.  Chromaticity Coordinates for  
Chlorine Donor Percentage Experimental 
Green Compositions. [GCDX-#] 

Chlorine 
Donor (%)

 
Symbol 

x-
coordinate 

y-
coordinate

2.4  0.339 0.488 
3.6  0.334 0.498 
4.7  0.369 0.454 
5.8  0.352 0.490 
6.9  0.329 0.512 

 

Variation of Oxidizer to Fuel Ratio Based on 
Green Formula 8. 

 Green Oxidizer to Fuel Ratio - GOFX
Symbol→      

Chemical  1 2 Orig. 3 4 
KClO4 30.9 40.1 47.2 52.8 57.3 
Ba(NO3)2 37.0 32.1 28.3 25.3 22.9 
Red Gum 18.6 16.1 14.2 12.7 11.5 
Dextrin 7.3 6.3 5.6 5.0 4.5 
Parlon™ 6.1 5.3 4.7 4.2 3.8 

 
Figure 10.  Green oxidizer to fuel ratio  
experimental composition performances. 

Table 7.  Chromaticity Coordinates for  
Oxidizer to Fuel Ratio Experimental Green 
Compositions. [GOFX-#] 

Oxidizer 
(%) 

 
Symbol 

x-
coordinate

y-
coordinate

30.9  0.404 0.503 
40.1  0.328 0.512 
47.2  0.369 0.454 
52.8  0.338 0.492 
57.3  0.342 0.470 
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The amount of colorant was varied, and the 
results from these experiments are shown in 
Figure 12. As can be seen, there is not a great 
deal of order to the results, possibly indicating 
that there is not a great dependence of color 
performance on the amount of colorant.  
 

Variation of Colorant Percentage Based on 
Green Formula 8. 

 Green Colorant Ratio - GCPX 
Symbol→      

Chemical  1 2 Orig. 3 4 
Ba(NO3)2 16.5 22.8 28.3 33.0 37.2 
KClO4 54.9 50.8 47.2 44.1 41.3 
Red Gum 16.5 15.3 14.2 13.3 12.4 
Dextrin 6.5 6.0 5.6 5.2 4.9 
Parlon™ 5.5 5.1 4.7 4.4 4.1 

 
Figure 12.  Green colorant percentage  
experimental composition performances. 

Table 9.  Chromaticity Coordinates for  
Colorant Percentage Experimental Green 
Compositions. [GCPX-#] 

Colorant 
(%) 

 
Symbol 

x-
coordinate 

y-
coordinate

16.5  0.394 0.458 
22.8  0.358 0.516 
28.3  0.369 0.454 
33.0  0.354 0.471 
37.2  0.334 0.494 

The source of colorant was varied, and spec-
tra collected and analyzed. The results of these 
experiments are shown in Figure 13. As in the 

Variation of Colorant Source Based on 
Green Formula 8. 

Green Colorant Source - GCSX 
Symbol→      

Chemical 1 2 Orig. 3 4 
KClO4 48.1 50.7 47.2 48.6 52.4 
Red Gum 14.5 15.3 14.2 14.6 15.8 
Dextrin 5.7 6.0 5.6 5.8 6.2 
Parlon™ 4.8 5.1 4.7 4.9 5.3 
BaCl2 26.9     
BaCO3  22.9    
Ba(NO3)2   28.3   
BaSO4    26.1  
BaO2     20.4 

 
Figure 13.  Green colorant source experimental 
composition performances. 

Table 10.  Chromaticity Coordinates for  
Colorant Source Green Compositions. 
[GCPX-#] 

 
Colorant 

 
(%) 

 
Symbol

x-
coordinate 

y-
coordinate

BaCl2 16.5  0.369 0.454 
BaCO3 22.8  0.469 0.413 
Ba(NO3)2 28.3  0.403 0.474 
BaSO4 33.0  0.466 0.421 
BaO2 37.2  0.393 0.459 
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experiments with the red flame formulas, there 
is obviously a large dependence for perform-
ance on the source of colorant used. The barium 
nitrate, carbonate, and peroxide performed well, 
while the barium sulfate and chloride were 
poor. This is in contrast to the experiments with 
red, where the strontium chloride offered good 
performance. The reason for this may lie in the 
fact that the melting and boiling points of the 
barium chloride are both 100 °C or more higher 
than the same physical state changes for the 
strontium salt. Barium chlorate was shown to 
be an excellent source of colorant, as its de-
composition creates BaCl2. This is a different 
case than introducing solid crystalline BaCl2 
because the decomposition product is already at 
high temperature and needs little additional en-
ergy to decompose into the barium monochlo-
ride emitting molecule.  

Blue Formula Experiments 

Starting with formula 13 for blue, the oxi-
dizer experiments were repeated, and those re-
sults are shown in Figure 14. The results indi-
cate a very definite trend in color quality, in-
creasing as the amount of oxidizer is increased. 
This may, however, have more to do with the 
poor oxygen balance generating a cooler flame, 
than the effect of excess oxygen in the flame 
envelope.  

Variation of Oxidizer to Fuel Ratio Based on 
Blue Formula 13. 

 Blue Oxidizer to Fuel Ratio - BOFX
Symbol→      

Chemical  1 2 Orig. 3 4 
KClO4 49.9 59.8 66.5 71.3 74.9
CuO 20.0 16.1 13.4 11.5 10.0
Red Gum 14.8 11.9 9.9 8.5 7.4
Parlon 8.1 6.5 5.4 4.6 4.0
Dextrin 7.2 5.7 4.8 4.1 3.6

 

 
Figure 14.  Blue oxidizer to fuel ratio  
experimental composition performances. 

Table 11.  Chromaticity Coordinates for  
Oxidizer to Fuel Ratio for Experimental 
Blue Compositions. [BOFX-#] 

Oxidizer 
(%) 

 
Symbol 

x-
coordinate 

y-
coordinate

49.9  0.359 0.300 
59.8  0.256 0.235 
66.5  0.311 0.264 
71.3  0.258 0.228 
74.9  0.240 0.194 

 
When the chlorine donor experiments were 

conducted, they gave results that did not show a 
change in performance until the highest incre-
ment of chlorine donor, which gave a very 
much better flame than the other four mixtures, 
see Figure 15. This may be enough extra mate-
rial in the mixture to cool the flame, or it may 
simply show the importance of chlorine avail-
ability to the formation of CuCl.  
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Variation of Chlorine Donor Percentage 
Based on Blue Formula 13. 

 Blue Chlorine Donor % - BCDX 
Symbol→      

Chemical  1 2 Orig. 3 4 
Parlon  2.8 4.1 5.4 6.7 7.9 
KClO4 68.3 67.4 66.5 65.6 64.7 
CuO 13.8 13.6 13.4 13.2 13.0 
Red Gum 10.2 9.8 9.9 9.8 9.6 
Dextrin 4.9 4.7 4.8 4.7 4.7 

 
Figure 15.  Blue chlorine donor ratio  
experimental composition performances. 

Table 12.  Chromaticity Coordinates for  
Chlorine Donor Percentage for  
Experimental Blue Compositions. [BCDX#] 

Chlorine 
Donor (%) 

 
Symbol 

x-
coordinate 

y-
coordinate

2.8  0.277 0.267 
4.1  0.284 0.264 
5.4  0.311 0.264 
6.7  0.277 0.256 
7.9  0.213 0.167 

 
When the amount of colorant was varied, as 

shown in Figure 16, the results were again curi-
ous. The data indicates, in general, that a smaller 
amount of colorant may allow slightly better 
performance than more colorant would allow. If 
cooling the flame to limit CuCl dissociation were 

important, it seems as though the larger amounts 
of colorant would also serve that purpose.  

Experiments were carried out where the col-
orant source was changed, and those results are 
plotted in Figure 17. In these experiments, the 
copper oxychloride served as the best chlorine 

Variation of Colorant Percentage Based on 
Blue Formula 13. 

Blue Colorant % - BOFX 
Symbol→      

Chemical 1 2 Orig. 3 4 
CuO 7.2 10.4 13.4 16.2 18.8 
KClO4 71.1 68.6 66.5 64.2 62.2 
Red Gum 10.6 10.2 9.9 10.2 9.3 
Parlon 5.8 5.6 5.4 5.6 5.1 
Dextrin 5.1 5.0 4.8 5.0 4.5 

 
Figure 16.  Blue colorant ratio experimental 
composition performances. 

Table 13.  Chromaticity Coordinates for  
Colorant Percentage for Experimental Blue 
Compositions. [BCPX-#] 

Colorant 
(%) 

 
Symbol 

x-
coordinate 

y-
coordinate

7.2  0.237 0.195 
10.4  0.234 0.192 
13.4  0.311 0.264 
16.2  0.257 0.232 
18.8  0.256 0.225 
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donor, followed by the copper sulfate. Interest-
ingly, copper oxide and copper carbonate, both 
commonly used donors, were not among the 
best performers. These results may not be ob-
served for other formulas, however.  

Variation of Colorant Source Based on Blue 
Formula 13. 

 Blue Colorant Source - BCSX 
Symbol→      

Chemical  1 2 Orig. 3 4 
KClO4 53.6 63.2 66.5 51.6 64.2
Red Gum 8.0 9.4 9.9 7.7 9.6
Parlon 4.3 5.1 5.4 4.2 5.2
Dextrin 3.9 3.9 4.8 3.7 4.6
Cu2CO3 30.1     
CuOCl  17.5    
CuO   13.4   
CuSO4    32.7  
CuCl     16.2

 
Figure 17.  Blue colorant source experimental 
composition performances. 

 
Colorant 

 
(%) 

 
Symbol 

x-
coordinate

y-
coordinate

Cu2CO3 16.5  0.334 0.278 
CuOCl 22.8  0.238 0.219 
CuO 28.3  0.311 0.264 
CuSO4 33.0  0.268 0.233 
CuCl 37.2  0.247 0.263 

Conclusions 

Experiments such as these, varying mixture 
components and attempting to draw conclusions 
based on the results, are difficult. In pyrotech-
nic formulas, many components serve two roles, 
as most chlorine donors are also fuels. Almost 
all binders serve as fuels, and some colorants 
serve as oxidizers. Some oxidizers bring with 
them chlorine. In these cases, to attempt to vary 
only the oxidizer and fuel balance, while keep-
ing the chlorine and colorant content constant, 
is very difficult, and impossible in most cases. 

Even more difficult, is the collection of spec-
tra that fairly represent the mixture perform-
ance. When burned in a static fashion, pellets 
shed virtually none of the ash generated. The 
resultant effect is that the ash is heated to in-
candescence, diluting the color of the flame. 
This would not be an issue were the pellet func-
tioning as an aerial shell star—moving at high 
velocity and tumbling while moving through 
air. In this case, the ash and smoke would be 
stripped away to a much larger extent than in 
static testing. Another difference between static 
testing and true performance lies in the chemis-
try of the flame envelope. As a burning pellet 
moves through the air, oxygen diffuses into the 
flame envelope much more effectively than in 
static testing. Also, the flame envelope will be 
at a somewhat lower temperature in true per-
formance because of the cooling effect on the 
flame envelope of the high velocity air moving 
past the pellet and flame envelope. Even with 
these test conditions built into a testing rig, 
good data collection was difficult, as the flame 
envelope tended to dance and move, giving a 
spectrum with relative peak intensities that 
were constantly changing with time.  

With these shortcomings recognized, there 
are conclusions that can be drawn from the ex-
periments conducted: 

• The most important single component con-
tributing to good spectral performance was 
the selection of colorant source. 

• The oxidizer content of the mixture, amount 
of colorant, and amount of chlorine donor 
are secondary in determination of color 
quality. 



 

Page 16 Journal of Pyrotechnics, Issue 17, Summer 2003 

• With some exceptions, as long as the mix-
ture will support combustion, it also seems 
to be able to generate colored light. 

• There are chemical equations that illustrate 
equilibria important in color flame chemis-
try, for example: 

CuCl + O ⇔  CuO + Cl 

BaCl + O ⇔  BaO + Cl 

SrCl + O ⇔  SrO + Cl 

These show the effect of oxygen in the flame on 
the desired emitters. When excess oxygen (radi-
cal or molecular) is present, it is possible that a 
collision with a metal monochloride emitter 
will destroy the emitter and form an oxide, 
which may emit as an undesirable molecular 
emitter, or condense and emit as an even less 
desired broadband radiator. Analogous reactions 
can be represented as:  

CuCl + Cl ⇔  CuCl2  

BaCl + Cl ⇔  BaCl2 

SrCl + Cl ⇔  SrCl2 

In these examples, chlorine in the flame enve-
lope may interact destructively with the emit-
ting species. However, for strontium, barium 
and copper, the boiling points of the chloride 
salts are many hundreds of degrees lower than 
the boiling points for the oxides. This would 
indicate that the chloride salts may stay as a 
vapor and decompose again to produce the 
monochlorides. However, once an oxide is 
formed, it is likely to condense into ash, which 
not only is not an effective color emitter but 
also is a destructive broadband emitter. Thus, 
the reasoning of the argument for maintaining a 
reducing flame, as well as a flame with a high 
level of available chlorine, seems obvious. 
While the experiments performed may not have 
clearly shown the dependence of color quality 
on these elements, it remains a logical goal in 
composition formulation. 

Adjusting a mixture only to give the best 
quality of light has other pitfalls. Unrelated 
properties that a composition may possess, such 
as critical wind velocity, ease of ignition, ease 
of processing, safety, and cost are also impor-
tant issues. A blue star that gives a pure blue 
color on the ground is useless, if it cannot be 
reliably ignited or does not support a robust 

combustion. In fact, some of the mixtures gen-
erated in this work were barely combustible. An 
interesting note: it was often possible to discern 
differences in color performance with the naked 
eye that were relatively close together on the 
chromaticity diagram. In fact, it was usually 
possible to determine with the eye approxi-
mately where the coordinates were going to fall. 
However, the ultimate usefulness of the spec-
trometer and the coordinates thus generated lie 
in the fact that they are definite and objective 
values, which can be recorded and archived for 
future reference. While the eye can typically tell 
one formula as being better than the next, the 
memory of those observations is subjective and 
will be suspect. Unless a candidate color for-
mula is burned alongside a sample pellet of a 
previous formula, the observer’s perception of 
the purity differences in those two formulas 
may be erroneous.  

Outlook 

Future work in this area may be done along 
several lines. First, constructing a test fixture to 
address some of the pitfalls of collecting this 
type of data would be a top priority. For in-
stance, pressing core-burning pellets of color 
composition may provide a flame that is geo-
metrically fixed and giving a spectrum that is 
easier to capture. Second, other chlorine donors 
could be evaluated by directly replacing the 
chlorine donor in a well-characterized formula. 
Presumably there would be an increase in flame 
color purity as a more efficient donor is intro-
duced. Third, the development of a formula 
designed specifically for formula adjustments 
would be an interesting approach. As an exam-
ple, chlorine donors such as PVC (polyvinyl-
chloride), saran, and Parlon™ would not be 
used, but instead a chlorine donor such as am-
monium chloride (NH4Cl) could be used, which 
has less fuel value per chlorine atom. And fi-
nally, there are more colorant sources to sample 
and more types of formulas to investigate. In-
cluding the high nitrogen colors[25,26] or com-
posite formula colors[27] would be worthwhile. 
It would also be interesting to obtain the chro-
maticity coordinates of a larger selection of 
well-established formulas. 



 

Journal of Pyrotechnics, Issue 17, Summer 2003 Page 17 

Acknowledgement 

Work presented here was conducted at the 
New Mexico Institute of Mining and Technol-
ogy in Socorro, New Mexico. 

References 

1) H. Ellern, Military and Civilian Pyrotech-
nics, Chemical Publishing Co. Inc., New 
York, NY, 1968, pp 5, 97, 122–130. 

2) B. E. Douda, “Theory of Colored Flame 
Production,” RDTN No. 71 (1964), U.S. 
Naval Ammunition Depot, Crane, IN, 
USA. 

3) B. E. Douda, “Emission Studies of Se-
lected Pyrotechnic Flames,” Journal of the 
Optical Society of America, Vol. 55, No. 7 
(1965) pp 787–793. 

4) T. Shimizu, Selected Pyrotechnic Publica-
tions of Dr. Takeo Shimizu, Part 3, Studies 
on Fireworks Colored-Flame Composi-
tions, Journal of Pyrotechnics, 1999. 

5) T. Shimizu, Fireworks from a Physical 
Standpoint, by Dr. Takeo Shimizu, Part II 
Pyrotechnica Publications, 1983. 

6) T. Shimizu, Fireworks, the Art, Science, 
and Technique, Pyrotechnica Publications, 
1981, pp 47-66, 214219. 

7) A. P. Hardt, Pyrotechnics, Pyrotechnica 
Publications, 2001. 

8) G. Herzberg, Spectra of Diatomic Mole-
cules, 2nd ed., Van Nostrand Co., Inc., New 
York, NY, 1950. 

9) G. Herzberg, Electronic Spectra of Polya-
tomic Molecules, Van Nostrand Co., Inc., 
Princeton, NJ, 1967. 

10) R. C. Weast (Ed.) Handbook of Chemistry 
and Physics, 72nd ed., CRC Press, Cleve-
land, OH, 1991–1992. 

11) W. Meyerriecks, “Comment on ‘Compos-
ite Color Stars’”, Journal of Pyrotechnics, 
No. 9 (1999) p. 62. 

12) K. L. and B. J. Kosanke, “Development of 
a Video Spectrometer,” Journal of Pyro-
technics, No. 7 (1998) pp 37–49. 

13) C. Leeflang, “A Photometric Method of 
Analysis for Pyrotechnic Color Composi-
tions,” Pyrotechnica No. XV (1993) pp 46–
57. 

14) W. M. Meyerriecks and K. L. Kosanke, 
“Spectra of the Principal Emitters in Col-
ored Flames”, in preparation for publica-
tion in the Journal of Pyrotechnics. 

15) Commission Internationale de l’Eclairage, 
1931. 

16) R. Lancaster, Fireworks; Principles and 
Practice, Chemical Publishing Co., Inc. 
New York, NY, 1992, pp 81–84, 113–135, 
245–248. 

17) J. H. McLain, Pyrotechnics, from the 
Viewpoint of Solid State Chemistry, Frank-
lin Institute Press, Philadelphia, PA, 1980, 
pp 200–215. 

18) Transport of Dangerous Goods, Tests and 
Criteria, 2nd ed., United Nations Publica-
tions, ST/SG/AC.10/11/Rev.1, New York, 
1990. 

19) T. L. Davis, The Chemistry of Powder and 
Explosives, Angriff Press, Las Vegas NV, 
1943. 

20) G. W. Weingart, Pyrotechnics, Chemical 
Publishing Co. Inc., New York, NY, 1947. 

21) J. A. Conkling, Chemistry of Pyrotechnics, 
Basic Principles and Theory, Marcel Dek-
ker, Inc., New York, NY, 1985, pp 150–
165. 

22) K. L. and B. J. Kosanke, and C. Jennings-
White, Lecture Notes for Pyrotechnic 
Chemistry, Journal of Pyrotechnics (1997) 
p X-10. 

23) A. A. Shidlovskiy, Principles of Pyrotech-
nics, 3rd ed., American Fireworks News, 
Dingmans Ferry, PA, USA, 1997, pp 162–
172. 

24) D. E. Chavez, M. A. Hiskey, and D. L. 
Naud, “High Nitrogen Fuels for Low-
Smoke Pyrotechnics”, Journal of Pyro-
technics, No. 10 (1999) pp 17–36. 



 

Page 18 Journal of Pyrotechnics, Issue 17, Summer 2003 

25) P. W. Cooper and S. R. Kurowski, Intro-
duction to the Technology of Explosives, 
Wiley-VCH, New York, New York, 1996, 
p88. 

26) D. E. Chavez and M. A. Hiskey, “High 
Nitrogen Pyrotechnic Compositions,” 
Journal of Pyrotechnics, No. 7 (1998) pp 
11–14. 

27) S. Anderson, “Composite Color Stars,” 
Journal of Pyrotechnics, No. 8 (1998) pp 
19–30. 

 
 

List of Chemicals Used in Formulations in Text. 

Chemical Name Formula Familiar Name/Formula 
Abietic acid C20H30O2 Colophony Rosin 
Aluminum Al  
Ammonium perchlorate NH4ClO4 AP 
Amorphous carbon (pure) C Lamp Black 
Barium carbonate BaCO3  
Barium chlorate Ba(ClO3)2·H2O  
Barium chloride BaCl2  
Barium nitrate Ba(NO3)2  
Barium peroxide BaO2  
Barium sulfate BaSO4 Barite 
Carbon (with impurities) C Air Float Charcoal 
Chlorinated isoprene rubber  Parlon™ 
Cupper(II) acetoarsenite Cu(C2H3O2)2·3Cu(AsO2)2 Paris Green 
Copper(II) carbonate Cu2(OH)2CO3 Basic copper carbonate 
Copper(I) chloride CuCl  
Copper(II) oxide CuO  
Copper(II) oxychloride Cu2(OH)3Cl Dicopper(II) chloride trihydroxide
Copper(II) sulfate CuSO4 Hydrocyanite 
Cupric acetoarsenite Cu(C2H3O2)2·3Cu(AsO2)2 Paris Green 
Dextrin (C6H10O5)n·xH2O Dextrin 
Magnesium Mg  
Magnesium with K2Cr2O7 Mg (coated)  
Magnesium/aluminum alloy Mg/Al Magnalium 
Polyvinyl chloride (C2H3Cl)n PVC 
Potassium chlorate KClO3 KC 
Potassium dichromate K2Cr2O7  
Potassium perchlorate KClO4 KP 
Shellac C6H9.6O1.6 Lac, Lacca 
Strontium carbonate SrCO3  
Strontium chloride SrCl2  
Strontium nitrate Sr(NO3)2  
Strontium peroxide SrO2  
Strontium sulfate SrSO4  
Xanthorrhea resin C6H5.95O2.63N0.01 Red Gum, Accroides Resin 

 
 


