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Thermograv imet ry  (TG) and different ia l  scanning calorimetry (DSC) have been used to 
examine the  thermal  behaviour,  in N2 and in air, of the Si/Sb203, Si/KNO3, Si/Fe203 and 
Si/SnO2 pyrotechnic systems, in re la t ion to the behaviour  of the individual constituents.  

TG curves for Si powder, heated  alone in air, showed that  limited oxidation of Si oc- 
curred above 700 ~ In N2, Sb2Oa subl imed completely between 500 and 900 ~ and, in air, sub- 
l imation was accompanied by oxidation to Sb204. The Sb204 decomposed at higher  
tempera tures .  DSC curves for  KNO3 heated in N2.showed the usual crystalline t ransi t ion and 
mel t ing endo the rms  followed by endothermie  decomposit ion between 400 and 950 ~ DSC and 
T G  curves of SnO2 and  Fe203 revealed no thermal  events when samples were heated  to 
1000 ~ in e i ther  Nz or air. 

For  the Si/Sb203 system, the oxidation of  Si by Sb203 between 590 and 700 ~ was compli- 
cated by subl imat ion  of  Sb203 in N2 and also by the oxidation of Sb203 in air. No thermal  
events  were observed for the Si/SnO2 and Si/Fe203 systems when heated under  a variety of 
condi t ions  in e i ther  N2 or  in air, a l though these systems do sustain combustion on suitable 
ignition. In the Si/KNO3 system, oxidation of Si occurs in a KNO3 melt  at  tempera tures  
above 560 ~ in ni t rogen and in air. 

Silicon powder is extensively used as a solid fuel in pyrotechnic reac- 
tions. The most thoroughly studied silicon-containing binary pyrotechnic 
systems are Si/Pb304 [I-4], Si/PbO2 [5] and Si/PbO [1, 6, 7]. Other initially 
solid oxidants that have been used in binary combinations with Si as fuel, in- 
elude Fe203 [8], KNO3 [9-11], SnO2 [12, 13] and BaSO4 [14, 15]. Some ter- 
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nary systems with two oxidants [16, 17] or an additional fuel [5, 18], as well 
as systems with ferrosilicon (FeSi) [19-21] and calcium suicide (CaSi3) [22] 
have been described. 

A fundamental question which arises in pyrotechnic reactions [23] is 
whether reaction is a genuine solid-solid reaction, a solid-liquid reaction in- 
volving either a molten fuel, or a molten oxidant, or whether the fuel reacts 
only with gaseous oxygen (or some other gaseous species) formed by the 
prior thermal decomposition of the oxidant, or whether some combination 
of these processes contributes to the overall reaction. 

The oxidation of silicon by gaseous oxygen has been studied in detail [24- 
32]. Reaction occurs at relatively high temperatures (990 to 1200 ~ ) which are 
still well below the melting point of Si (1410~ The SiO2 product  is usually 
amorphous [28, 29] (m.pt. quartz 1610 ~ --, tridymite 1703 ~ -~ cristobalite 
1723 ~ --, SiO2 (1)). Oxidation is accelerated in the presence of water vapour 
and the formation of S i - O - H  bonds is reported [25]. Oxidation occurs 
primarily at the Si/SiO2 interface and 02 therefore has to diffuse through 
the oxide layer for reaction to occur [26]. 

Reaction between silicon and gaseous nitrogen occurs [33] at higher 
temperatures (-1400 ~ ) than in oxygen. 

In this study, the thermal behaviour of several binary pyrotechnic systems 
containing Si as the fuel and oxidants other than lead oxides, has been ex- 
amined using DSC and TG. These systems were chosen on the basis of (a) 
their ability to sustain combustion, and (b) the requirement that their maxi- 
mum combustion temperatures should be <1700 ~ , which is the limit for 
temperature measurement with noble-metal  thermocouples. The combus- 
tion processes have been examined in detail [34], and the main features of 
the combustion of the binary systems are summarized in Table 1. 

Table I Combustion of binary silicon-containing pyrotechnic system 

System 
Range of compositions which Range of burning rates, Tmax,, -q* 

sustain combustion, 

% Si by mass cm-s -1  ~  kJ .g-1 

Si/Sb203 20 to 50 0.16 (20%) to 0.87 (35%) 1250 0.60 (43%) 

Si/Fe203 20 to 40 0.23 (20%) to 0.45 (40%) 1250 0.83 (30%) 

Si/SnO2 20 to 55 0.51 (20%) to 1.70 (40%) 1370 0.60 (45%) 

Si/KNO3 10 to 90 0.17 (30%) to 3.45 (80%) - -- 

* Heat output estimated from Tmax and the heat capacity of the composition 
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The processes which occur during combustion of a pyrotechnic composi- 
tion may be far removed [35] from those which may be identified during 
thermal analysis experiments, where the samples are small and the ex- 
perimental conditions are such that thermal runaway [36] may be avoided. 

Experimental 

Materials 

The silicon and KNO3 used in this study were obtained from AECI Ex- 
plosives and Chemicals Ltd., Sb203 from Merck, Fe203 from Baker 
Analysis, and SnO2 from BDH. 

All constituents were sieved through a 53/~m sieve before mixing. Com- 
positions were mixed by brushing through a 75/am screen. The mixed com- 
positions were then stored in air-tight containers. 

Apparatus 

A Perkin-Elmer TGA-7 thermobalance and PE 3700 data station, 
calibrated against the Curie points of nickel, perkalloy and iron, was used 
for this study. The upper temperature limit of the TG furnace is 1000 ~ Both 
uncompacted and compacted samples with sample masses from 0.2 to 10 rag, 
in standard platinum pans without lids, were heated at rates of 20 deg-min -1 
(unless otherwise stated) in nitrogen and in air (flow rate 4 ml.min -1, inlet 
pressure 20 kPa). 

DSC studies were carried out, under similar conditions, in a Perkin- 
Elmer DSC-7 with samples in platinum pans with lids. The DSC was 
calibrated against the melting points of indium and zinc. The upper 
temperature limit of the DSC is 730 ~ 

The thermoanalytical results were complemented by infrared spectra of 
solid products in KBr disks. 

All thermal analysis results shown are the mean of from three to five runs 
and errors are calculated from range estimates of the results. 

J. 1 ~ l  Anal., 37, 1991 
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Results and discussion 

Thermal behaviour of  silicon powder 

DSC curves of silicon powder heated in N2 showed no significant thermal 
event up to -700 ~ TG curves showed a slight mass loss of 0.2-+0.1% be- 
tween 50 and 700 ~ due, probably, to the desorption of surface impurities. 
The sample began to gain in mass above 700 ~ probably due to slow reaction 
of silicon with residual traces of oxygen in the purge gas, and this gain was 
still continuing at the upper temperature limit of 1000 ~ It is unlikely that 
this gain in mass was due to the nitridation of silicon since this reaction, to 
form Si3N4, is reported [33] to occur at temperatures greater than 1200 ~ 

The infrared spectrum of a sample of untreated silicon showed a weak 
absorption band between 1300 and 1000 cm -1 due to SiO2 which is formed 
as a result of the spontaneous surface oxidation of silicon on exposure to 
oxygen. 

A 

~ 100A 

100.2 

10o.o 

99.8 I I I . I I I I I t I 
100 200 300 400  500 600 700 800 900 1000 

Temperature,  "C 

Fig. I TG curve for silicon powder heated at 10 deg-min -I in air 

The TG curves of samples of silicon, heated to 1000 ~ in air, (Fig. 1), 
showed a mass loss, similar to that observed in nitrogen, of 0.2-+0.1% up to 
660 ~ A gain in mass starting at --700 ~ similar to that in nitrogen, confirmed 
the sensitivity of the powder to oxidation above -600 ~ The infrared 
spectrum of the product showed a main peak at 1230 cm -1 and a shoulder 
between 1100 and 1000 cm -1 (peak at 1070 cm -1) due to SiO2. 

J.. Thermal Anal, 37, 1991 
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DSC curves of  silicon, hea t ed  to 720 ~ in air, showed no significant ther-  
mal  event.  This  u p p e r  limit is just  near  the onset  of  slow oxidat ion in the T G  

runs. 

Thermal behaviour o f  the oxidants 

Sb203 

W h e n  Sb203 was hea ted  to 1000 ~ in N2 in p la t inum pans wi thout  lids 
(Fig. 2, curve a), a rap id  mass loss of  91 .2•  occur red  from 500 to 620 ~ 

A large por t ion  of  Sb203 t he r e fo r e  subl imed at t empera tu res  below its melt- 
ing point  (656~ A fu r the r  slower mass loss of 3 .1•  occu r r ed  be tween  

620 and 800 ~ in which the r emainder  of  the Sb203 vapor ized.  The  total  m a s s  
loss over the t e m p e r a t u r e  range 50 to 1000 ~ was 97.8•  
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Fig. 2 TG curves for $b203 (a) heated at 20 deg.min -1 in N2 in open pan; (b) heated at 
20 deg. rain -1 in N2 with lid; (c) heated at 20 deg" rain -1 in air 

On hea t ing  samples  in sample  pans with lids, a very rapid mass loss of  
97 .8•  was observed  be tween  520 and 580 ~ (see Fig. 2, curve b). 

The  in f ra red  spec t rum of the un t rea ted  Sb203 c o m p a r e d  well with that  of  
cubic  Sb203 with peaks  at 820 and 380 cm -1 [37], as did the spec t rum of  a 

sample  of  the subl imed Sb203 which had  co l lec ted  on the cooler  parts  of the 
T G  furnace.  

The  DSC curve for Sb203, hea ted  in N2 (Fig. 3, curve a), showed the ex- 
p e c t e d  b r oa d  e n d o t h e r m  be tween  300 and 580 ~ due  to sublimation of  Sb203. 
This  is fo l lowed by two not  very r ep roduc ib l e  endo the rms  at 624 and 681 ~ 

Z Thermal AnaL, 37, 1991 
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The first endotherm is due to the cubic to orthorhombic crystalline transi- 
tion of Sb203 and the second due to the melting of Sb203. 
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Fig. 3 DSC curve for Sb203; (a) heated at 20 deg'min -1 in nitrogen; (b) heated at 
20 deg-rain -1 in air 

The DSC curve of Sb203 in air (Fig. 3, curve b), showed an exotherm be- 
tween 500 and 650 ~ due to the oxidation of Sb203 by gaseous oxygen 

2 S b 2 0 3 ( s )  + O2(g)  ~ 2 S b 2 0 4 ( s )  

The change in enthalpy for this reaction was -0.81_+0.21 kJ (g of Sb203) -1 
compared to the expected value of -0.75 kJ (g of Sb203) -1 (AH=-218  kJ 
(tool of Sb203)-1). This exotherm occurred in a similar temperature range 
to the mass loss due to sublimation observed in the TG traces, suggesting 
that, in air, sublimation and oxidation of Sb203 occur simultaneously. 

The TG curve for Sb203 in air (Fig. 2, curve c), showed that the mass 
loss, ascribed to the sublimation of Sb203, began at - 510 ~ but the loss of 
63.3_+2.9% was less than that ( - 9 2 % )  observed in nitrogen. The residue 
after this initial mass loss consisted of Sb203 and Sb204. After a further 
mass loss of 1.7_+0.9% between 600 and 760 ~ a gain in mass of 3.8-+1.1% (or 
6.2-+2.2% of the sample mass afetr initial mass loss) occurred between 760 
and 900 ~ (see Fig. 2, curve c). This gain in mass is due to the oxidation of 
unreaeted Sb203 (expected gain in mass is 5.5% per g of Sb203). A further 
mass loss of between 12 and 27% occurred above 910 ~ and this stage was in- 

Z Thermal AnaL, 37, 1991 
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complete at the upper temperature limit of  1000 ~ The onset of this mass 
loss corresponds to the decomposition of Sb204 (910~ 

The infrared spectrum of the residue after heating to 1000 ~ in air con- 
firmed the formation of Sb204 with an absorption peak at 735 cm -1, a 
shoulder at 760 cm -1, and a peak at 635 cm -1, with a shoulder at 670 cm -1. 
Fur ther  Sb204 peaks occurred at 595, 525, 465 and 370 cm -1. The formation 
of Sb205 during oxidation cannot be ruled out since [37] the infrared 
spectrum of Sb205 closely resembles that of Sb204. 

TG and DTA curves of Sb203 in N2 reported by Golunski et al. [37] 
showed that for cubic Sb203 (senarmontite) that mass loss which began at 
640 ~ was - 1 0 0 %  after heating to 1000 ~ [37]. Agrawal et al. [38] reported 
however, that mass loss occurred at as low as 430 ~ The DTA curves for 
cubic Sb203 [37] showed an irreversible endotherm at 628 ~ due to the cubic 
to orthorhombic (valentinite) phase transition. This was followed at - 640  ~ 
by a reversible endotherm due to the melting of valcntinite. Thermal 
analyses of orthorhombic Sb203 showed slightly different characteristics to 
cubic Sb203: only a reversible endotherm due to melting was observed at 
643 ~ and mass loss due to vaporization began at 625 ~ and was - 9 0 %  after 
heating to 1000 ~ X R D  analysis [37] showed that no chemical decomposition 
of Sb203 had occurred on being heated to 1000 ~ in nitrogen. 

There are conflicting reports  about the thermal stability of Sb203 in air. 
According to Agrawal et al. [38], oxidation of cubic Sb203 occurs above 510 ~ 
and proceeds in two stages. The gain in mass for the first stage between 510 
and 600 ~ was 4.5% (expected mass gain for complete oxidation was 5.9%). 
The second stage between 630 and 670 ~ showed a mass gain of - 1 % .  The 
authors claimed [38] that during the first stage, small quantities of ortho- 
rhombic Sb203 were formed at - 5 7 0  ~ The orthorhombic Sb203 was ap- 
parently more stable than cubic Sb203, so the oxidation of the former occurs 
at 630 ~ The DTA curves of Golunski et al [37] showed that the oxidation of 
cubic Sb203 in air began only at 575 ~ while the oxidation of orthorhombic 
Sb203 was first noticeable at 463 ~ In the DSC traces of Sb203 in air, two 
exotherms (onset 337 and 442 ~ were also repor ted [39]. The first exotherm 
is due to the oxidation of the surfaces of Sb203. Oxidation of the bulk oc- 
curred at a higher temperature during the second exotherm. 

Fe203 

TG curves of Fe203, heated in either nitrogen or in air, showed a small 
almost linear mass loss of --0.6 between 60 and 940 ~ DSC traces in N2 and 
in air showed n~ significant thermal event below the limit of 720 ~ 
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The infrared spectrum of Fe203 had a broad absorption band with a 
peak at 535 cm -1, a sharp peak at 475 cm -1, a weak sharp peak at 380 cm -1 
followed by a strong band with peak at 335 cm -1. There was no change in the 
infrared spectrum of a sample of FezO3 (m.p. 1565 ~ after it had been 
heated to 1000 ~ and cooled. 

SnO2 

TG curves of SnO2, heated in N2 and in air, showed only an approximate- 
ly linear mass loss of - 1 %  which was incomplete by 1000 ~ . No thermal event 
was observed in the DSC traces of S n O 2  (m.pt. 1630 ~ in nitrogen or in air. 
The infrared spectrum of the residue compared well with that of untreated 
SnO2 and showed a strong broad multiplet between 750 and 370 cm -1, a 
strong sharp peak at 320 and a sharp peak at 265 cm -1. 

KNO3 

In the TG curve for KNO3, heated in N2 (see Fig. 4, curve a), decomposi- 
tion occurred above 500 ~ in two partially-overlapping stages (500 to 770 ~ 
and 770 to 1000~ The mass loss between 500 and 770 ~ was 72.0+1.2% and 
14.0+_.1.0% between 770 and 1000 ~ 
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Fig. 4 TG curves for KNO3; (a) heated at 20 deg" rain -1 in N2; (b) heated at 20 deg" rain in 
air 

According to Freeman [40], decomposition occurs between 650 and 750 ~ 
to the nitrite, followed at 800 ~ by 

2KNO2(1) ~ K20(1) + 2NO(g) + O2(g) 

J. Thermal AnaL, 37, 1991 
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while, according to Serotkin [41], K20 is not formed until 1000 ~ and decom- 
position is only complete above 1200 ~ The mass of the residue in N2 
(12.1__.1.8% of the original) is less than expected for K20 and supports 
reports of volatilization of K20 (m.p. 380~ 

In the TG curves for KNO3 heated in air, decomposition occurred above 
500 ~ and proceeded through a rapid mass loss (84.8__.1.2%) between 500 
and 920 ~ The two-stage mass loss observed in N2 was not resolved in the 
trace for KNO3 in air (see Fig. 4, curve b). The total mass loss in air of 
91.9% was greater than the 85% observed in air. 

The DSC curves of KNO3 in N2 (20 deg 'min -1) (Fig. 5, curve a) and air 
(10 deg-min -1) (Fig. 5, curve b) were similar, confirming the onset of en- 
dothermic decomposition at about 500 ~ after the rhombie-to-trigonal erys- 
taUine phase transition at 116 ~ and melting at 325 ~ 
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Fig. 5 DSC curves for ENO3; (a) heated at 20 deg'min -1 in N24 (b) heated at 10 deg.min -1 in 
air 

The individual oxidants, described above, behaved very differently on 
heating. Fe203 and SnO2 showed very little change over the temperature 
range accessible (<1000~ Neither melted or decomposed in an inert at- 
mosphere, or oxidized significantly in air. Sb203 sublimed readily and may 
also melt and/or oxidize further in air. KNO3 melted at relatively low 
temperatures (325 ~ and decomposed readily in the melt. With these dif- 
ferences in behaviour, the oxidants, on binary combination with silicon as 
fuel, could be expected to show significant differences in reactivity. 

]. Thermal AnaL, 37, 1991 
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Thermal behaviour of the binary Si/oxidant systems 

All the binary Si systems sustain combustion over a range of composi- 
tions and reached similar maximum temperatures (~1300 ~ during ap- 
proximately adiabatic combustion, but had different linear burning rates 
(see Table 1). 

Si/Sb203 compositions 

In the DSC traces of a 40% Si/Sb203 composition in nitrogen, (Fig. 6, 
curve a), an exotherm from 590 to 615 ~ with a change in enthalpy of 
-0.53__.0.13 kJ-g -1, was observed. This exotherm occurred in the tempera- 
ture range during which sublimation of Sb203 occurred when it is heated 
alone. If the reaction 

3Si(g) + 2Sb203(g) ~ 3Si02(s) + 2Sb(s) (1) 

is assumed to occur during this exotherm, the change in enthalpy, calculated 
from standard enthalpies of formation, would be -1.82 kJ- g-1. 
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Fig. 6 DSC curves for 40% Si/Sb203; (a) heated at 20 deg.min -1 in Nz; (b) heated at 
10 deg" rain -1 in air 

DSC curves of the above composition in air (Fig. 6, curve b) showed an 
exotherm between 600 and 680 ~ and the change in enthalpy was 
-0.74_.+0.19 kJ.g -1. This exotherm occurred in a similar temperature range 
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to that in which the sublimation and oxidation of Sb203 was observed in air 
(Fig. 3, curve b). 

The TG traces for the 40% Si/Sb203 composition heated to 1000 ~ in N2 
in platinum pans without lids (Fig. 7, curve a), showed a mass loss of 
48.5"*0.4% between 420 and 630 ~ followed by a further loss of 8.5• be- 
tween 650 and 995 ~ Calculations based on TG mass-losses showed that only 
< 5 %  of the total silicon had reacted with Sb203 compared to the expected 
46.5%. 
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Fig. 7 TG curves for 40% Si/Sb203; (a) heated at 20 deg 'min -1 in N2 no lids; (b) heated at 
20 deg-min -t in N2 with lids 

When the sample pans were covered with lids (see Fig. 7, curve b) the 
mass loss was only 6.1__.0.3% over the temperature range 520 to 570 ~ , fol- 
lowed immediately by a slower mass loss of 3.6__.0.4% (580 to 995~ Only 
--20% of the total silicon had reacted despite attempts at preventing the es- 
cape of Sb203 vapour. The presence of SiO2 was detected in the infrared 
spectrum of the residue. 

The TG curve of 40% Si/Sb203 in air in platinum pans without lids, 
(Fig. 8, curve a), showed that sublimation begins at - 4 1 0  ~ The mass loss 
observed between 410 and 610 ~ was 43.4+2.8%. This region of rapid mass 
loss was followed by a slower mass loss of 1.2__.0.5% over the temperature 
range 610 to 900 ~ Between 910 and 1000 ~ a slight and not very reproducible 
mass loss of - 1 % ,  due to the decomposition of Sb204, was observed. When 
the sample pans were covered with lids, the rapid mass loss of 10.5_2.3%, 
was observed between 470 and 700 ~ (Fig. 8, curve b). 

Z Thermal Anal., 37, 1991 
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Fig. 8 TG curves for 40% Si/Sb203; (a) heated at 20 deg-min -1 in air no lids; (b) heated at 
20 deg.min -1 in air with lids 

DSC traces of the above composition, heated at various heating rates in 
nitrogen and in air, showed an exotherm over the range 580 to 620 ~ Enthal- 
py values measured from these DSC curves (Table 2) were not very 
reproducible and varied according to mass of the sample and the heating 
rate used. The changes in enthalpy measured for the composition in air are 
generally greater than those observed in nitrogen as a result of a contribu- 
tion made by the reaction of Sb203 with gaseous 02. For mixtures heated in 
nitrogen, maximum AH was reached at 20 deg-min -1 with no further in- 
crease with increased heating rate. The infrared spectrum of the residue 
after heating to 1000 ~ showed the presence of SiO2 and trace amounts of the 
oxidant. 

Table 2 AH values measured from the DSC traces of a 40% Si/Sb203 composition heated nitrogen 
and in air 

Heating rate, AH, kJ. g-1 

~ min -1  Nitrogen Air 

10 0.21 -+0.10 0.61 -+0.14 

20 0.53-+0.13 0.74-+0.19 

50 0.43_+0.20 0.93-+0.19 

100 0.46 -+0.14 0.61 -+0.14 

Expected change in enthalpy for a 40% Sj/Sb203 composit ion is -1.37 kJ-g -1  

J. Thermal AnaL, 37, 1991 
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Si/Fe203 compositions 

On heating samples of loose powders of a 35% Si/Fe203 composition to 
1000 ~ in nitrogen, or in air, the slow mass loss, over the range 50 to 1000 ~ of 
0.6_+0.2% was similar to that observed on heating Fe203 alone. The infrared 
spectrum of the residue showed only the strong presence of Fe203. DSC 
curves in nitrogen and also in air showed no thermal event over the tempera- 
ture range of the instrument. Similar results were obtained when compacted 
samples were examined and also when either the heating rate 
(_<150 deg.min -1) or the sample mass (<30 mg) was varied. Thus the 
process responsible for propagation of combustion of this composition 
could not be readily initiated under the conditions applying, and within the 
temperature limits of the thermal analysis equipment. 

Si/SnO2 compositions 

The TG curves a 30% Si/SnO2 composition in nitrogen, or in air, showed 
a slight mass loss (1.5_+0.6%) over the range 50 to 1000 ~ The DSC trace, in 
N2 and in air, showed no thermal event between 50 and 720 ~ Increasing the 
heating rate (_<150 ~ deg.min -1) or the sample mass (<30 mg) did not result 
in any exothermic reaction. 

The infrared spectrum of the residues after heating in nitrogen and in 
air, showed only the characteristic absorption bands of SnO2. 

Again it was not possible to initiate a self-sustaining reaction in this 
composition, as loose powders or as compacted pellets, under typical ther- 
moanalytical conditions. 

Si/KNO3 compositions 

A typical TG curve for a 30% Si/KNO3 mixture, heated at 20 deg-min -1 
in N2, (Fig. 9, curve a) showed a single mass loss of 23.3+0.8%. The extent 
of the loss and the temperature range over which the loss occurs, varied with 
composition [9] of the mixture as shown in Table 3. However, the onset 
temperature for this mass loss, which varied within narrow limits between 
560 and 575 ~ for the compositions examined, appeared to be independent of 
composition. 

A DSC curve for 30% Si/KNO3, heated at 10 deg.min -1 in N2, is shown 
in Fig. 10. The crystalline and melting transitions of KNO3 are evident, as is 
the onset of endothermic decomposition of KNO3 (--500~ Upon this en- 
dotherm is superimposed a strong exothermic spike at -660  ~ characteristic 
of ignition. 

J. Thermal AnaL, 37, 1991 
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Table 3 Summary of TG and DSC data for the Si/KNO3 system heated in nitrogen 

TG DSC 

Si, Temp. range, mass loss, Temp. range, - AH, - AH, 

% ~ % ~ k J- g-1 Id. g-1 

20 570 to 950 36.8+2.6 - -- 

30 570 to 910 23.3+0.8 660 to 680 0.97+0.02 

40 565 to 860 17.3_+2.0 640 to 680 2.39+0.03 

50 570 to 790 11.7-+0.8 600 to 720 1.90+0.04 

60 560 to 760 10.7_+0.6 600 to 710 1.00_+0.02 

70 560 to 690 7.6_+0.4 620 to 650 0.43_+0.02 

80 575 to 653 4.5_+0.4 570 to 620 0.34_+0.03 

4.22 

4.09 

3.51 

2.92 

2.34 

1.75 

1.17 

*Calculated from standard enthalpies of formation, based on. Eq. 2. 
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Fig. 9 TG curves for 30% Si/KNO3; (a) heated at 20 deg.min -1 in N2; (b) heated at 
20 deg. rain -t in air 

W h e n  the  p r o p o r t i o n  of Si in  the  c o m p o s i t i o n  was i n c r e a s e d ,  the  r e su l t -  

i ng  D S C  curve  for  a s ample  in  n i t r o g e n  s h o w e d  a s imi la r  s h a r p  e x o - t h e r m  at  

- -600  ~ T h e  onse t  t e m p e r a t u r e  of the  e x o t h e r m s  v a r i e d  b e t w e e n  570 a n d  

640 ~ a n d  g e n e r a l l y  o c c u r r e d  w i th in  the  s a m e  t e m p e r a t u r e  r a n g e  as the  mass  

loss o b s e r v e d  in  the  T G  curves .  I f  i t  is a s s u m e d  t h a t  t he  r e a c t i o n  wh ich  oc-  

cu r s  d u r i n g  this  e x o t h e r m  is 

2Si(s)  + 2 K N O 3 ( I ) - ,  2SiO2(s) + K20(1) +N2(g )  + 0 .502(g)  (2) 

L Thermal Anal, 37, 1991 
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the enthalpy of reaction determined from standard enthalpies of formation 
is -4.3 kJ.g-1 (or -590.7 kJ (reel of KNO3)-I). The maximum enthalpy of 
reaction, determined from DSC traces, was -2.29 kJ. g-1 and occurred at ap- 
proximately 40% Si (see Table 3). 

Table 4 Summary of TG and DSC data for the Si/KNO3 system heated in air 

TG DSC 
Si, 

Temp.  range, mass  loss, Temp. range, - AH, 
% 

~  % ~  kJ. g-1 

20 560 to 960 35.2+-1.2 570 to 650 0.72+- 0.01 

30 570 to 930 20.7+-0.2 -- -- 

40 560 to 850 14.9+-0.1 -- -- 

50 540 to 750 12.9_+0.1 -- -- 

60 540 to 720 10.9+-0.4 570 to 700 1.64+- 0.01 

70 580 to 720 6.9---0.2 570 to 660 1.16+- 0.02 

80 550 to 670 5.4+-0.1 570 to 640 0.66+-50.03 

The TG curve of a 30% Si/KNO3 composition in air (Fig. 9, curve b) 
showed a single mass loss. The extent of the mass loss depended upon the 
composition of the mixture and generally decreased with decreasing propor- 
tion of oxidant (see Table 4). The DSC curves of the above composition 
showed the usual endothermie transitions. The onset of the exothermic reac- 
tion between the decomposing oxide and solid silicon occurred at - 6 0 0  ~ 

| f 

r/I 

( . )  
o3  
Q 

T 
Exo 

I I I I I I I 
100 200 300 400 500 600  700 

Temperature, ~ 

Fig 10 D S C  curve for 30% Si/KNO3 heated at 10 deg. min -1 in N2 
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Exo 

U3 
s \ 

I I I [ I I I 
100 200  3 0 0  400  500  6 0 0  700 

T e m p e r a t u r e ,  "C 

Fig. I I  DSC curve for 60% Si/KNO3 heated at 20 deg.min -1 in air 

and was incomplete at 720 ~ , which is the upper temperature limit of the in- 
strument. For a given composition, the AH in air (Table 4) appears to be 
greater than that observed in nitrogen (Table 3) possibly as a result of a con- 
tribution to reaction made by atmospheric 02. A broad exotherm was ob- 
served between 570 and 700 ~ (Fig. 11), for a 60% Si/KNO3 composition. 

Conclusions 

Thermal analyses of several pyrotechnic mixtures with silicon as fuel 
have been carried out using thermogravimetry (TG) and differential scan- 
ning calorimetry (DSC) as principal techniques. All of the mixtures had 
been shown [34] to propagate combustion after suitable ignition. "The reac- 
tions which occur during thermal analysis are not, however, always identical 
to those which occur under the conditions of ignition, because of different 
temperature-t ime histories. The information obtained from .thermal analysis 
can however, provide some insight into the reaction mechanisms which 
occur during the burning of pyrotechnic compositions. 

Oxidation of silicon powder, heated on its own in air only became detec- 
table above 700 ~ . 

The individual oxidants behaved very differently on heating. Fe203 and 
SnO2 showed no thermal events on heating on their own in either Nz or air. 
KNO3 melts at relatively low temperatures (325 ~ and decomposes in the 

J.. Thermal Anal., 37, 1991 
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melt at above 500 ~ Sb203 sublimes readily and may also melt. Simultaneous 
oxidation to Sb203 occurs in air. 

The Si/Fe203 and the Si/SnO2 systems showed no significant thermal ac- 
tivity in the temperature range studied and under the conditions of thermal 
analysis (sample masses <30 mg and heating rates _<150 deg-min-1). Maxi- 
mum reaction temperatures recorded during the combustion of these mix- 
tures (see Table 1) were well below the melting points of Fe203 (1565~ 
SnO2 (1630 ~ and silicon (1410~ The reactions in these systems thus ap- 
pear to occur predominantly between solid oxidant and solid fuel. Even 
when compositions were compacted, ignition could not be induced in the TA 
equipment. 

A highly exothermie reaction between the decomposing molten KNO3 
and silicon occurs from -550 ~ The temperature range in which this exo- 
therm occurs depends on the  composition of the mixture. The changes in en- 
thalpy measured for the various mixtures heated in air indicated that tt/ere 
was an exothermie contribution to reaction from gaseous oxygen. 

Some reaction between Si and Sb203 occurs during the sublimation of 
Sb203. Loss of Sb203 vapour may be decreased by using sample pans with 
lids. In air, the reaction of silicon with Sb203 is further complicated by 
simultaneous oxidation of Sb203 by gaseous oxygen. 

Burning rates for each of the binary systems (Table !) increased as the 
proportion of silicon in the composition increased (within limits). This is 
consistent with control by the amount of fuel oxidised. 

The relative increase in rate was greatest within the Si/KNO3 system and 
the highest absolute rate was that of the 80% Si/KNO3 system which may be 
expected for good contact of a molten oxidant over a large surface of fuel. 
Suprisingly, though, the next highest burning rate was that of 40% Si/SnO2 
and the burning rates for the Si/SnO2 system are generally higher than those 
for the other 'inert' oxidant, ge203. 

The increase in burning rate of the Si/Sb203 system with proportion of 
fuel could be expected from consideration of the ease of escape of subliming 
Sb203. 

More quantitative discussion of the influence of the oxidant will be 
provided in the light of detailed analysis of the temperature profiles for 
combustion [34]. 

Y. Thermal Anal 37, 1~21 
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Zusammenfassung  - -  Mittels TG und DSC wurde das thermische Verhalten der pyroteeh- 
nischen Systeme Si/Sb203, Si/KNO3, Si/Fe203 und Si/SnO2 in N2 und in Luft im Vergleich 
zum Verhalten der einzeinen Komponenten untersucht. 

TG-Aufnahmen iiber das Erhitzen yon Si-Pulver in Luft zeigten eine begrenzte Oxida- 
tion yon Silizium oberhalb 700~ Sb203 sublimiert in Stickstoff vollst~indig zwisehen 500 
und 900~ in Luft wird die.Sublimation dutch Oxidation zu Sb204 begleitet. Sb204 zersetzt 
sich bei h6heren Temperaturen. DSC-Aufnahmen fiir KNO3 in N2 zeigen die gewohnten Um- 
wandlungs- und Sehmelzendothermen, gefolgt yon einer endothermen Zersetzung zwischen 

I. Thermal AnaL, 37, 1991 



RUGUNANAN, BROWN: REACHONS OF POWDERED SILICON 1211 

400 und 950Oc. Die  DSC- und TG-Kurvcn ffir SnO2 und Fe203 zcigcn bci  Erhi tzcn bis 
1000~ weder  in N2 noch in Luft den Ver lauf  thcrmische Prozesse an. 

Bei dora System Si/Sb2Oa spiclt  sich ncbcn  dcr  Oxidation yon Si durch Sb2Oa zwischcn 
590 und 700~ auch cinr Subl imat ion yon Sb203 in N2 sowic cine..Oxidation yon Sb2Oa in 
Luft  ab. Fiir die Systeme Si/SnO2 und Si/Fe203 konn tcn  durch Erhi tzen  untcr  cincr  Rcihe 
yon Bedingungen  weder  in Luft  noch in N2 Thermoprozesse  nachgewicsen werden,  obwoht 
dicse Systemr nach gceignetcr  Zi indung den Brennvorgang aufrechtcrhal ten.  Im System 
Si/KNO3 erfolgt  sowohl in N2 als auch in Luft  oberha lb  560~ die Oxidation yon Si in der  
KNOa-Schmelzc. 
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