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ABSTRACT 

The self-propagating combustion reaction between tungsten and potassium 
dichromate has been studied by differentiai thermal analysis and temperature profile 
analysis_ Two reaction stages have been distinguished in the combustion where the 
rate of temperature rise is 3 IO5 K mm-‘: in the first potassium dichromate is 
reduced by tuqsten to form potassium chromate and in the second stage the potassium 
chromate reacts with more tungsten to form potassium tungstate and chromic 
oxide_ 

IXl-RODUCTlON 

Mixtures of tungsten and potassium dichromate bum smoothly over a wide 
range of compositions. For tungsten with a nominal particle diameter of one pm this 

range extends from 40 to 90 %* tungsten. The combustion takes place with littiechan_ee 
in weight and the mixtures are typical of so-called gasless pyrotechnic systems. A 
preliminary study’ of the combustion process using differential thermal analysis 
(DTA) and temperature profile analysis has shown that the combustion is comprised 
of more than one reaction stage_ In the present work attention has been focussed on 
the moderately slow burning composition containing 50% tungsten and 50% potas- 
sium dichromate. However, resuIts are included for the wider range of compositions 

containing from 20 to 90°A tungsten thus giving a more comprehensive account of the 
combustion process- An assessment of DTA and temperature profile analysis in their 
application to pyrotechnics has been made in a previous study2 of mixtures of boron 
and potassium dichromate- 

* Throughout this paper y; = 100 x weight of the component/weight of the mixture. 



132 

Tun_g#.en powder (one pm -grade) was obtained from Murex Ltb, and had an 
avcrag~ particte diameter of l-2 pm determined using the Fisher Sub-sieve Sizer_ 
Potassium dichromate (B-D-H__ AnaIaR grade) was ball-milIed to an average particle 
diameter of 1.6 pm (Fisher Sub-sieve Sizer). 

.CIixtures were prepared by sieving the components through a 200 mesh sieve 
and then brush-mixing the weighed components once through a 100 mesh sieve and 
tuicc through a 200 mesh sieve- 

Difirennrial thermal arxrfj-sis 

DTA studies were arried out using high temperature equipment (Stanton 
Redcrofb models DTA 673 and 673) This equipment uses platinum_pIatinum/l3% 
rhodium thcrmocoupks in single stem ceramic heads and furnaces wound with either 
nichrome or platinumirhodium wire- The experiments were carried out in O-6 cm 
diameter dimpled platinum,‘rhodium crucibles in a downward flow of high purity 
argon (100 cm’ min- ‘) to avoid aerial oxidation of the tungsten. Calcined aluminium 
o_xidc bias used as the reference material. 

I-g&ion experiments were carried out at a heating rate of 20 K min- ’ using 
samples wei_&ing 50-100 mg, -Measurements under non-ignition conditions were made 
by reducing the heating rates to 3 K min- ’ and using samples wei_@ing less than 20 
rng T~CZ diszinction between ignition and non-ignition experiments was discussed in 
ref_ 2_ 

Quantitative measurements were made using a recorder (Leeds and Northrup, 
model W) fittcd with an intcggtor (Disc- model 224) The differential thermocouple 
output was fed directly into the recorder, by-passing the DTA amplifier and thus 
reducing the response time of the recording system. The assignment of the base Iine of 
the peaks was discussed previously’_ The DTA head was calibrated by recording the 

curves for fusions and crystalline transitions with well established enthaIpy changes. 

Tempeature projiie analysis 
Temperature profiles were recorded with thermocouples made from 0.1 mm 

diameter, phtinum and pIatinumllO% rhodium wires. The junctions of the thermo- 
couples were embedded in the pyrotechnic mixture which was contained in steel 

tubes 3-S cm Iong and of 0.64 cm internal diameter_ Two increments of the pyro- 

technic mixture each O-6 cm long were pressed into the tube using a dead load press 
at 7 AMPa (about OS ton in-’ )_ The thermocouple was inserted through a hole 0.1 cm 
diameter, which ~ZXS drilled along the radial axis of the tubes about 1.2 cm from one 
end_ The position of the thermocouple ~ia5 adjusted until t&e junction was at the 

centre of the tube (see Fig I)_ The next increment of the mixture was introduced, 
pressed by hand and then with the dead Ioad press. The thermocouple was insuIated 
from the steel tube by means of &in -@ass sleeves_ The pyrotechnic mixture was 



133 

Fig. I _ Expcrhental arrangement for mcvuring temperature profiles. 

igited with 2 fuse and the thermocouple sign21 was captured by a transient r-xorder 

(Data laboratories, model DL905). The theory of the analysis has already been 

summarised=. 

Ancillary measurements 
Reaction exothermicities were measured using an adiabatic combustion 

calorimeter (Baird and Tatlock) which was calibrated with benzoic acid (B_D_H_, 

thermochemical _-de). The pyrotechnic mixtures were burnt compacted in silica 

crucibles in an atmosphere of argon. Temperatures were recorded using 2 quartz 

thermometer (Hewlett-Packard, model 280iA) with 2 resolution of IO-% 

Diflerenrial rhermai analysis 

DTA under ignition conditions showed that all the mixtures containing from 
20 to 90% tungsten ignited in the range 650660 K to give a single exotherm with 2 

measured temperature rise of between 50 and 400 K. The temperature rise of the 
samples themselves was considerably ,greater_ The curve for the mixture containing 

50 % tungsten and 50 % potassium dichromate is shown in Pig_ 2_ 
Under non-ictition conditions the DTA curve showed the presence of an 

exotherm below the melting temperature of potassium dichromate (671 K). For 

mixtures containing 50% or less tungsten the fusion endotherm could be observed 
superimposed on this exotherm- The main exotherm had 2 peak temperature of about 

700 K_ Curves for mixtures containing 20,50 and 70% tungsten are shown ir Fig. 3. 

For mixtures containing 30% or more tungsten there was evidence of 2 further 

exotherm at about 1000 K but, with the small sample size needed to avoid ignition, the 
exothem was poorly defined_ DTA experiments were therefore carried out on larger 
sampies prepared by combining the products from heating small amounts &rough the 
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Fig_ 2- MA curve for a mixtur= containing _W>% tungr:cn 2nd 500, potassium dichronxtte recorded 
wz&z ignition amditions. Ssmple Height -9 mg; kiiting n:c 20 K rr.irrz; argon atmc#phcn, tin- 
tat 100 an’ tin-‘. 

ti exotherm- Measurements were made in the temperature range ambient to 1800 K 
at a heating rate of 10 K min- ‘. Figu-e 4 shows the DTA curve for the sampie 
prepared from the mixture containing 50 % fun-ten and 50% potassium dichromate. _ 
Three peaks were observed: a broad exotherm at 980 K, a smaller exotherm at 1090 K 
znd an endotherm at 1190 K_ The other samples also showed the broad exotherm but 

not the sma:Ier exotherm at 1090 K. The endotherm was shown by samples prepared 
from mixtures conraining 30 and 30% tungsten, but not by those from mixtures 
contining more than 50% tnnpten (see Fig 5)_ The mixture containing 20% 

tungsten and 80% potassium dichromate did not show evidence of the high tempera- 
t?rre exothermic reaczions and the product from the first exotherm contained unreacted 
potassium dichromate There was a tendency for the sample to spread over the DTA 

block, this tendency being consistent with the behaviour of potassium dichromate at 
hi& temperatures- 

Temjxranfre profIle analysis 

A temperature profile for the 50% tungsten/SO% potassium dicbromate 
mixture is shown in Fis 6, it was recorded over a time of one s and shows a rapid 
temperature rise to the maximum value of 1900 K and a temperature decay which is 
appro.ximately exponential- Figure 7 shows the form of the power function derived 
from the temperature profik- The two peaks are exotherms Gth maxima at about 
IO00 and 1300 K and, although they overiap, the second appears to be the larger. The 
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Fig_ 3. DTA cucvcs for mixtures containing (a) 20?& (b) w&, and (c) 70% tungsten. recorded under 
non-ignition conditions. Sample weights IO-20 mg; heating rate 3 K min-*; argon atmosphere, fiow 
rate 100 cm3 min-1. 

power functions derived from different temperature profiles show considerable 
variation. In par& this is caused by the uneven nature of the flame frontand variations 
in the microscopic environment of the thermocoupIe junction. A further complication 
arises in the numerical processing since there is no single unequivocal procedure for 
treating the raw expe.rimentaI data_ The assignment of the igition temperature is 
uncertain and values ranse from 600 to 800 K_ The maximum burning temperature is 
more secure with values from 1870 to 1900 K. Most of the power functions have the 
two main exotherms as a common feature. An endotherm immediately preceding 
ignition is shown by some of the power functions and most probably corresponds to 
the fusion of potassium dichromate. An endotherm at 13004400 K superimposed on 
the second exotherm is sometimes observed, but the shape of both these endotherms is 

sensitive to the smoothing procedures adopted in the numerical processing_ 

Reaction exothemicities 

Table 1 shows the exothermicity of the ignition reaction for the mixture contain- 
ing 50% tungsten and 50% potassium dichromate measured by temperature profiie 
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anzIysis, DTA and combustion calorimetry. The result from temperature profile 

an+& is derived by integz&ing the pwer function. The mtan value 0.64 J K’ ’ g-l 
for the spazifk heat capacity was estimated on the basis of differential scanning 
~orirneby (Perkin Elmer, model DSC IB) in the temperature range ambient to 
773 K_ The relcv2na of this value is not cntireIy certain bccawe of the large tempera- 
ture range and complex chemistry of the combustion process. An uncertainty of 525 % 
hzsbaeP~pned~~espacificheatcapacityandthisisieaectedin~~crror 
ZXWC&& with the exatkmicity_ For the DTA and combustion uiorimetay results 
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3 

Fik 5_ DTA ~~IXXS, recorded undo non-ignition conditions, for the combined samples, prepared by 
beating mixtures conLsining (2) W,,‘o. 2n d (b) 70% rungsten, through the ikst wtherm. SampIe 
*tights 100 mg; heating rate 10 K tin”-; argon atmosphaq flow rate 100 cm3 mix+. 

fig. 6. The tanpaaturc prof;.Ie for zs mixture containing joo/, tungsten and 50% potassium dichk- 
mace_ 
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TABLE 2 

DTA Cofnbus2ion calorinwry 

057 & 0.03 
097 & O-05 
lr)&OA26 1.x 5 0.02 
1.15 0.06 5 
l_fx IO.07 1.14 4 o_Oz 
0.89 f O-07 0.88 5 ox? 
0.65 + o.!x 0.68 r 0.02 

0.43 &O-O3 
025 IO.01 021 2 0.03 

=TheIInitsr&rtoonegramofmixtuIz. 

the errors include the uncertainty in the calibration experiments. The results obtained 

from the three techniques are seen to be in agreement. Table 2 gives the results 
obtained by DT_A and combustion caiorimetry for a wider range of mixtures. For the 
mixture containing 30% tungsten the combustion was incomplete, and when the 

residue was heated to 13(;0 K the DTA curve indicated further exothermic reaction. 

DTA and temperature profile analysis show that the mixture containing 50% 

tun_gsten and 50% potassium dichromate ignites at about the meltiq temperature of 
potassum di&romate_ Under non-ignition conditions, DTA revealed the prcse~~~ of 
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a small pre-ignition exotherm followed by the fusion endotherm of potassium 
dichromate and the main exotherm. Direct observation, using hot stage microscopy 
in conjunction with high speed tine photography3, showed that, at a heating rate of 

100 K min-‘, the composition ignited from a point source in the partially molten 
mixture. The ignition of the bulk sample will depend not only on the composition 

but also on the experimental conditions including the sample mass and packing and 

the heating rate. Appreciable reaction occurs below the melting temperature of the 
potassium dichromate when samples are heated at HO-650 K for several hours. Under 

DTA conditions mixtures containing 20 to 90% tungsten may be i_gnited whereas at 

ambient temperature mixtures containing less than 40 % tungsten do not self-propagate 
combustion. 

X-ray and chemical analysis of the products from both DTA under ignition 

conditions and temperature profile analysis on the 50 oA tuneten mixture showed the 
presence of potassium tungstate, chromic oxide and unreacted tungsten. The presence 
of potassium tungstate was confirmed by the fusion endotherm at 1193 K when the 

products from the DTA ignition experiments were heated to 1300 K. The folloGng 

equation may represent a major component of the combustion process: 

W+- K2Cr,0, = K2W0, f Cr,O, (1) 
in which the stoichiometric proportion of tun@en is 38_5% and the cakulated 

exothermicity is 1.35 kJ g- I. This value gives 1.17 kJ g- ’ for the 50 % tungsten 

Fu. 8. Exotkrmicity of the ignition rcactiott determined by quantitative DTA. - 



n5xture which may be compared with 1.13 W g- ’ which is the weighted mean of the 
expcrimcntal results. The results from quantitative DTA for the composition xangc 

30-90% tun_estcn arc piottcd in Fig. 8. The maximum of the curve is at about 40% 
tun_esttn which provides further confirmation of the proposed reaction stoichiometty. 

There is _-eta1 simihity between the results of the DTA cxpcrimcnrs under 
non-i_&tion conditions and the power function derived from the temperature profJes. 
Both show two main cxothermic reactions and, although there are differcnccs in the 
tempcraturcs, these arc not uncxpccted in view of the considerably greater heating 
rates in the temperature profile experiments (3 IO5 K min- ‘). The fusion endotbenn 

of potassium tun_@ate which is shown by DTA may also be evident in some of the 

power functions but occurs within the exothermic region. Whilst DTA permits 
reaction intermediates to be isolated, it should be borne in mind that in these experi- 
ments, carried out under non-ignition conditions, the sample does not actually bum. 

The products from the first reaction stage are not well defined and only potassi- 
um chromate has been cstablishcd clearly. One possible reprcscntation of the reaction 

might be 

W+ ZK,Cr,O, = WO, P 2 KzCrOl i CrlOs (2) 

which leads to the reaction 

W t WO, f 2 K,CrO, = 2 KIWO, f Cr,O, (3) 

as the second stage. Subsidiary DTA experiments have shown that mixtures of tung- 
stcn, tungstic oxide and potassium chromate give an exotherm with a peak tcmpcra- 
tu= at 9QO-1000 K n-hich is similar in appearance to rbe second reaction exotherm. 
There is rdso evidence of further reactions at higher temperatures but the relevance 

of these reactions to the combustion process is uncertain, bearing in mind the much 
longer time scale of the DT.4 experiments. The exothermicity of the first stage, 
derived from quantitative DTA, is about 0.35 kJ g- i for the 50% tungsten mixture 

which compares with 0.57 kJ g- I based on the proposed stoichiometry. The third 
exotherm which is obscrvcd in the DTA curve is small when compared with the two 

main exothcrms. It is not resolved in temperature profile analysis and appears to be 
associated with crystalfisation of the products from the second reaction stage. 
Mixtures containing 30 and Xl% tungsten do not show this peak but otherwise their 

bcl=viour is simiIar to the mixture containing 50% tungsten. Mixtures containing 
60% or more tungsten shows some difierences: an endotherm is observed super- 
imposed on the second exotherm and the fusion endotherm of potassium tungstate is 

no longer cvidcnt. 
The p_yrotcchnic reaction between 50% tungsten and 50% potassium dichromate 

shows some similarity to that of the slow-burning mixtures of boron and potassium 

dichromatc: both involve two main exothcrmic stages in the temperature range 
7C&1600 K. With the ‘boron system, the second stage can be established independently 

of the first and will self-propagate combustion. In contrast, a mixture of tungsten, 
tungstic oxide and potassium chromate with the stoichiometry represented by eqn. (3) 



141 

does not readily self-propagate combustion at ambient temperature. Furthermore, the 
burning \~locity of the 50% tungsten mixture is reduced when this ternary mixture is 
added. This lack of reactivity of the second stage is reflected in the broad, ilLdefined 
DTA peak, in marked conllast with the ~ell-defined second peak in the boron system. 
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