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The kinetics of oxidation of metallic fuels by metal oxides involve some of the most 
important parameters determining the utility of any metal oxide system in pyrotechnic 
applications. An attempt has been made to study the oxidation of Ta metal by strong 
oxidizers such as PbO~ and Pb30,l, employing differential thermal analysis and infrared 
spectroscopy. The rate of oxidation of Ta increases with increasing oxidizer content 
in both Ta--PbO2 and Ta--Pb304, systems. A tentative mechanism for the observed 
phenomenon is proposed. 

A metal oxidant composition is used as the main part  of  a pyrotechnic delay 
column in fuses. The delays required in the fuses may range from a few seconds 
to a few milliseconds. The kinetics of  oxidation of the metal fuel, which are 
determined predominantly by the oxidizer employed, control the delay timings. 
Though any metal - oxidizer system is potentially an effective delay composi- 
tion, metals such as Si, Zr, Ni, Mo, Ti, B and W in conjunction with oxidizers 
such as chromate, chlorate, nitrate, perchlorate, Fe203 and Pb~O4 have been 
suggested for use. Many of  the above metals yield oxides of  varying stoichiometry 
and the kinetics will therefore be highly susceptible to changes in the oxidizer 
and the oxidizer content. Hogan and Gordan [1] were among the first to apply 
thermal methods to a systematic study of a pyrotechnic delay system. Charsley 
et al. [2, 3] have described the kinetics of oxidation of B and W by oxidizers 
such as K2Cr207 and M o Q ,  employing thermal analysis and temperature profile 
measurements Nagaishi et al, [4] found during their studies on the combustion 
of W by KC104 in the presence of an auxiliary oxidizer BaCrO4 that different 
conditions of  energy supply can cause apparent inconsistencies in the ignition 
time recorded in the different thermal methods. 

Ta on the other hand always yields TarO5 in an oxidizing atmosphere, the 
oxidation reaction being reported to be highly exothermic. Since no information 
is available in the literature on the system Ta + strong oxidizers, we have in- 
vestigated the systems Ta + PbO2 and Ta + Pb30~, employing DTA and infrared 
spectroscopy, the results of  which are described in this communication. 
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Experimental 

Materials 

The Ta metal powder had an average particle size of 10.5 p. The surface area 
was found to be 5710 cm2/cm 3. The lead peroxide and red lead had particle sizes 
and surface areas of 4.0 p, 15000 cm2/cm 3 and 6.0 p, 10000 cm2/cm 3, respectively. 
These correspond to approximately 3000 cm2/g and 2000 cm2/g, respectively. 

Since these mixtures are highly pyropheric, adequate safety precautions were 
taken during mixing, which was usually carried out by sieving the ingrediants 
together in appropriate sieves behind safety screens. 

Measurem en ts 

DTA was carried out in a unit designed and fabricated in our laboratory. 
It consisted of Stanton Redcraft linear variable rate temperature programmer, 
which can give rates of heating from 2~ to 20~ The samples were housed 
in platinum thermocups to the bottom of which P t / P t - R h  13 % thermocouples 
were fused. The temperatures and differential temperatures were recorded on a 
Digilog twin-channel strip chart recorder with a sensitivity of 5 pv. Alumina was 
used as reference material. 

Accurately weighed (approx. I0 rag) samples were taken in the sample cup and 
art equal mass of the inert reference material, alumina, was in the reference cup. 
Differential thermal analysis profiles were obtained for the Ta-PbO2 and 
Ta-Pb30~ systems at different compositions, i.e. w/w ratios of 0/100, 20/80, 
40/60, 50/50, 60/40, 80/20 and 100/0. The rate of heating was 15~ for all 
compositions. 

Infrared spectra of the final products were recorded on a Perkin-Elmer IR 
spectrophotometer model No. 457 in 0.5 % KBr pellets. 

Results and discussion 

Figure 1 shows the differential thermal analysis profile of PbO2. The first endo- 
thermic reaction starts at 364 ~ giving a broad and shallow peak at 417 ~ The 
second endotherm has a peak temperature of 451 ~ The inception of the third 
endotherm is at 563 ~ and it reaches a maximum at 601 ~ The inception and peak 
temperatures of all the endotherms during the decomposition of PbO~, and the 
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Fig. 1. DTA of Pb02 
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stoichiometries of the decomposition products, have been variedly reported. Fouque 
e t  al. [5] could correlate such differences with the surface areas of the PbO2 
samples in the course of their studies on the thermal analysis of PbO2. They pro- 
posed a surface mechanism for the thermal decomposition of fl-PbO2 as follows: 

3 5 0 - - 4 0 0  ~ 4 0 0 - - 4 5 0  ~ 4 5 0 - - 5 0 0  ~ 

1. fi-PbO2 , c~-PbO2 ,-PbOx ----* PbO (18.5 mZ/g) 

4 0 0 - - 4 5 0  ~ 4 5 0 - - 5 0 0  ~ 5 5 0  600 ~ 
2. fl-PbO2 - - * -  c~-PbO2 - " PbaO~ - - "  PbO (1.3 m'~g) 

The temperatures of  the fl - ~ inversion and the subsequent decomposition 
vary over a range of about 50 ~ depending on the surface area, higher surface 
areas having the effect of lowering the temperatures. The peak and inception 
temperatures recorded in our DTA of PbO2 correspond very closely with the 
scheme for reactions proposed for the second sample, with lower surface area. 

Figure 2 shows the DTA profiles of mixtures of Ta and PbO2 over the composi- 
tion range from pure Ta up to 20 % Ta. The main exotherm in all the composi- 
tions is between 586 ~ and 603 ~ . Only the mixtures containing large percentages 
of PbO2 show a very small endotherm just before the inception of the main exo- 
thermic reaction. This endotherm is easily attributed to the decomposition of 
Pb304 to PbO, inidicating thereby that the oxidation of Ta metal by PbO2 takes 
place concurrentJy with the dissociation of  Pb304. SimiIar observations have been 
made by A1-Kazraji [6] regarding the oxidation of Si by PbaO~. 

The exotherm due to the oxidation of pure Ta metal or the exotherm at 20% 
PbO2 is a single sharp peak. However, the mixtures containing 4 0 - 6 0 %  PbO2 
also show a second small exotherm, which appears as a broadening at the base 

o. 

LId 
A 

&T 

u 

Ta :  Pb02 
2 0 : 8 0  

Ta:PbOz 
40 :60  

595 

601 

To  : P*oO 2 
50 : 50 

603 

@ [ 
c 500 uJ 

Ta : PbO 2 
60:zO 

600 500 600 600 
! [ 

700 500 600 

593 590 

Ta : Pb02 
100 :00  

586 

i I I  ! I 
600 700 5OO 600 70O 

Temperature , ~ 

Fig. 2. DTA profiles for Ta--PbO,z mixtures 
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in the case of the mixture containing 40 ~o PbOz, but becomes a prominent should- 
er for 60 9/o PbO~. The second exotherm is centred around 605 ~ This peak is 
expected to arise f rom the reaction of PbO and Ta20~: 

3 PbO + Ta205 ~ Pb3Ta2Os (i) 

1.5 PbO + Ta205 ~ Pbl.sTa206.5 (II) 

The first tantalate contains approximately 6 0 ~  Pb as PbO, while the second 
contains approximately 40 ~o Pb as PbO. A number of other tantalates can also 
be formed due to the reaction between PbO and Ta205 at round 600 ~ However, 
these two tantalates seem to be the most stable and the best characterized [7]. 
It  is proposed that the end-product of  the reaction between PbO2 and Ta at t > 
> 605 ~ is a mixture of  a number of  tantalates and therefore the second exotherm 
is due to the formation of tantalates. The IR  spectra of  the end-products are shown 
in Fig. 3. Pure Ta205 has broad bands at 540 and 835 cm-1  and weak bands at 
325, 730 and 890 cm -1. This agrees with the IR  spectra reported by Nyquist [8]. 
The IR  spectra of  the end-products of  the 6 0 ~  and 5 0 ~  PbO2 mixtures have 
medium intensity bands at 340 and 540 cm -1 and a weak band at 1015 cm -1. 
The former also shows a shoulder at 610 cm -~ and weak absorption at 890 cm -1, 
while the latter has corresponding frequencies at 650 and 860 cm -1. Stuart [9] 
has reported a weak absorption at 853 c m -  ~ by the Ta6Oll group of potassium 
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Fig. 3. IR spectra of: a) Ta~O~; b) residue of Ta--PbO~ system (40 : 60); 
c) residue of Ta-- PbO2 system (50 : 50) 
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tantalate. Sol'nteva [10] has reported a weak but sharp band at 1015 cm -1 due 
to a number of tantalate groupings, and also a variable absorption in the region 
660-840  cm-1 due to the tantalate groups in niobium tantalate. It is therefore 
expected that one may observe a shoulder of variable frequency in the region 
6 5 0 -  830 cm-  1 in tantalates of varying composition. However, the frequency can 
be lowered further in the presence of heavy atoms. We therefore postulate that 
the variable frequency band noticed at 610 or 650 c m - i  must be attributed to the 
presence of tantalates of varying composition. 

Rate of  oxidation 

One significant observation in Fig. 2 is that the peak width of the main exotherm 
decreases progressively as the oxidizer content increases. Since all the experimen- 
tal conditions, including the rate of heating, were kept constant, a decrease in 
peak width should qualitatively describe an increase in the reaction rates. The 
reciprocals of the half intensity widths of the main exotherm for all the composi- 
tions studied here are plotted as a function of the composition in Fig. 4. It may 
be noted that the reciprocal of the half intensity width will have the dimensions 
of  reciprocal time. A suitable correction for the overlapping second endotherm 
has been applied in the evaluation of the half width wherever necessary. 

Figure 4 shows that the reaction rate between Ta and PbO2 in air is highly 
sensitive to the composition in the 40 to 6 0 ~  concentration range and that the 
rates are much less sensitive on either side of the 4 0 - 6 0  ~ range. 
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Fig. 4. Rate of oxidation of Ta by PbO2 and Pb304 as a function of the oxidizer content 
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Exothermicity of the oxidation 

It is obvious from even a cursory glance at Fig. 2 that the area of the main 
exotherm decreases progressively as the oxidizer content increases, which means 
that the heat evolved during the oxidation also decreases in the same order. This 
is to be expected, because the actual quantity of  the metal fuel for constant sample 
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Fig. 5. The apparent exothermici ty o f  ox idat ion o f  uni t  mass o f  Ta by PbO= in mixtures 

weight progressively decreases as the oxidizer content increases. If  the kinetics 
and mechanism of  the oxidation and other physical factors such as heat conduc- 
t ion and dissipation during the oxidation remain constant the heat evolved and 
therefore the area under the curve, calculated on the basis of  units mass of  fuel, 
should be constant. The calculated area per gram of  Ta is plotted as a function 
of  composition in Fig. 5. It is noticed that the measured exothermicity decreases 
with increasing oxidizer content, which is thermochemically inconsistent. The 
reason for this lies in the fact that the oxidation proceeds at a very fast rate in the 
presence of a high oxidizer content, and the factors due to heat loss are more 
prominent, In fact the oxidation was found to be completed in a few milliseconds 
in the mixture containing 8070 PbO2, while the oxidation proceeded smoothly 
over a few seconds in pure Ta. 

Oxidation by Pb30~ 

Figure 6 shows the DTA profiles of  mixtures of Ta + Pb30~ over the composi- 
tion range from 20 70 up to 80 7o Ta metal. The main features o f  the shape and 
character of  the exotherm are similar to those observed in the case of  oxidation 
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by PbO2. It  is to be recalled,  however,  tha t  the ox ida t ion  reac t ion  actual ly  takes  
place only between Ta  and Pb304, irrespective o f  whether  the mixtures  were 
init ial ly made  with PbO2 or  Pb3Oa. The main  interest ,  therefore,  is in the kinet ic  
cont ro l  o f  the ox ida t ion  by the f reshly-formed defective Pb30~ in the  case o f  
mixtures made  with PbO2, as against  a welt-annealed PbaO4. The ha l f  intensi ty  
widths of  the exotherms obta ined  with Pb:~O,i mixtures are p lo t ted  as a funct ion  
of  composi t ion  in Fig. 4, to a l low compar i son  with the PbO2 system. The ra tes  
o f  oxidat ion  in the case of  PbaO~ mixtures are lower than  in the PbO2 system, 
suggesting tha t  the Pb304 fo rmed  at abou t  550 ~ in the PbO,, system is in an active 
state, and  thus PbO2 is a bet ter  oxidizer.  

We thank the Director, Explosives Research and Development Laboratory, Pune, for per- 
mission to publish this work, 

References 

1, V. P. HOGAN, S. GORDAN and C. CAMPBELL, Anal. Chem., 29 (1957) 306, 
2. E. L. CHARSLEY, M. S. FORD, D. E. TOLHUST, S. B. PARKER, T. BODDINGTON and P. G. 

LAYE, Thermochim. Acta, 25 (1978) 131. 
3. E. L. CHARSLEV and M. R. OT:rAWAV, Proc. Eur. Syrup. Therm. Anal. Ist 1976, 444.5 

(eng) Edited by Dollimore, David, Heyden, London, England. 
4. T. NAGAISUI, O. SUGURU, M. MASUI~U and Y. SHUNrCHI, Kogyo Kayaku Zasshi, 38 

(1977) 271. 
5. D, FOUQUE and P. FOULLOUS, J. China. Phys., 62 (1965) 1088. 
6. S. S. AI.-KAZRAJI and G. J. REES, Combustion Flame, 31 (1978) 105. 
7. S. K~MMLE-SACLE and W. RUEDOLL Z. Anorg. Allgem. Chem., 344 (1960) 2340. 

6 J. Thermal Anal. 21, 1981 



290 YOGANARASIMHAM et aI.: OXIDATION OF TANTALUM 

8. R. A. NYQUIST and R. O. KAGEL, Infrared Spectra of Inorganic compounds, Spectrum 
for Ta~Os --  356, Academic Press. New York. 

9. R. S. TOBIAS, Can. J. Chem., 43 (1965) 1222. 
10. L. S. SOL'r~TSEVA, Mineral 'n Syre. Moscow, 3 (1961) 83. 

R~SUMfi --  La cin6tique de l 'oxydation des combustibles m6talliques par des oxydes m6talli- 
ques est un des plus importants param6tres dans l'~valuation de l'utilit6 d 'un syst~me m6tal- 
oxyde pour des applications pyrotechniques. On a tent6 d'6tudier l 'oxydation du Ta m6tallique 
par des oxydants forts comme PbO,  et PbaO,, en se se,vant de l'anals'se thetmique diff6rentielle 
et de la spectroscopie infrarouge. La vitesse de l 'oxydation du Ta augmenle quand la teneur en 
oxydant augmente pour les syst6mes Ta : PbO2 et Ta : Pb304. On propose un m~canisme 
pour expliquer le ph6nom/me observ6. 

ZUSAMMENPASSU'NG - -  Die Kinetik der Oxidation metallenthaltener Brennstoffe durch Metall- 
oxide ist einer der wichtigsten Parameter zur Bestimmung der Anwendbarkeit eines 1;eliebigen 
Metall-Oxid Systems zu pyrotechnischen Zwecken. Es wurde versucht die Oxidation von 
metallischem Ta durch stark Oxidationsmittel, wie PbO2 und PbaO~ unter Einsatz der Diffe- 
rentialthermoanalyse und der Infrarotspektroskopie, zu studieren. Die Oxidationsgeschwindig- 
keit yon Ta nimmt mit zunehmendem Gehalt an Oxidationsmittel, sowohl im Ta : PbO2-- als 
auch im Ta : PbaO4--System, zu. Ein versuchsweiser Mechanismus des beobachteten Ph~no- 
mens wird vorgeschlagen. 

Pe3~oMe - -  KnHeTrrra peaKLrn~ orncneHnn MeTa.rliiHqeclcMX TOI'IJIHB C IIOMOll.~blO OKHCIIOB MeTaYIo 
nOB aBn~eTCa O ~ H O ] ~  H3 Ba~rrmLx xapaKTepHcTnr npH onpe~;eaeHan BbtrO~tHOCrK Hcnon~,3oBami.q 
Kaxo~-nn6o CnCTeM MeTaJln-OKilc~. Cnenana normiTKa c noMonlr~m ,aH~btbepernlnam, Horo TepMH- 
�9 tecroro anann3a rt IIK cnerTpocKorma n3y'mT~, orrtcnerme Mera.rtna Ta raKmvm ensmH~,~ ornc- 
nnTenaMH r a t  PbO2 rt PbsO a. YCTaHOBneHO, ~TO cKopocT~,~orHcnerIrta Ta yaemvmBaerc~ c yBemI- 
�9 ~emIerct conep>raHrta oxncnaTen~t B c,cxeMax Ta : PbO~ rt Ta : PbsO4. Ha OCHOBe aKcnepHMeH- 
TanI, H~,IX ~anHJ,~x npe~no~reH MexaHH3M Ha6aronaeMoro aBnem~. 
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