
~~Iowbuningp~o~creadionbetweenboronandpotassiumdicHromate 
has been studied by diB&rentiaI thermal analysis a=ld temperature profile analysk. 
The Iatter technique in which the combustion process is studied dirktly, shows the 
presence of two reaction stages and validates the n+ts from differential thermal 
~sisobtainedundernon-ignidonconditions.Inthefirststagepotassiumdichromate 
is reduced by boron to form potassium ch.roma%e_ Diffkrential thermal analysis 
shows that the reaction takes place below the melting temperature of potassium 
dichzomate and becomes much more rapid above this temperature. ‘Ihe second stage 
which occurs in the region of I000 K involves the reaction- z,‘potassium chromate 
with more boron_ The m stage acts as a triwr-for the second and it is this faker 
stage which propagates the combustion. - 

INTJZODUCTION - 

Pyrotechnic delay systems consist of 6nely divided mixtures of a combustible 
fwl andanoxidantTheybnrnataconstantrateevenin~~absenoeofairandare 
usedasseFf-containedtimingordaaydevIces_Theb~grateis&terminedbya 

variety of faders induding the nature of the fkl and oxidant and their &at&e 
proportions in the mixture- Metallic and non-metailic elements or organic substances 
arecommonlyusedasfuelswith inor~~oddesandoxysaItsaso~dants*_ -I 

i c :- -L : .= =The stlf-propagktjng combustion process can involve a rate of temperature rise 
s_ high +s 106;K &iCf--which is completeIy outs& the heating rates empkyed in 
~ventiohaLthermal analysk Although a numlxx of papers me been published in 
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which reactions of pyrotechnic mixtures have been studied by thermal anaIysis, it 
has not bezn shown that the reactions observed are those which occur in the self- 

proPa!Nng Pro== itself. This paper describes a cdaborative stndy in which- the 
technique of temperature profile anaIysis has been combined with di&rentiaI thermaI 
anaIysis (DTA) to investi@e the slow burning boron-potassium dichromate mixtrims 

containing S-7 oA boron’, These mixtures are typical of the so-calkd gasless systems 
where the combustion talres piace with little or no loss of weight This makes DTA 
particnIarIy we11 suited to their study. 

With pyrotechnic mixtnr~ DTA experiments can be carried out under either 
@nition or non-i-g&ion conditions. A proper interpretation of the results can only 
be made in the context of the conditions used. The conditions required to achieve 
either ignition or non-ignition wilI depend on the reactivity of the pyrotechnic 
mixture, the desi_on of the DTA head, the sample weight and the heating rate Under 

ignition conditions, where the samples bum, a single large exothermicpeak is observed 
often inv4ving a measured temperature rise of several hundred degrees. Under 
non-ignition conditions scveraI smaller peaks are observed, and although more 
information can be obtained its relevance to the self-propagating combustion process 
is not seIf&&I.ent since the experiments do not involve ignition_ In both techniques 
the heating rates (i-20 K min- ‘) are scveraI orders of magnitude less than in the seIf- 

propagating combustion process. 
in temperature profile auaIysis, it is the self-propagating process itself which is 

under study- The temperature profile across the burning zone is measured directly_ 
Analysis of the measurements kads to information which can be represented in a 
form similar to a DTA CUNC, Temperature profile analysis is an extension of the 

method originaIIy described by Hill and his co-workers in 19SO-1954’V ‘, and at 
present is restricted to gaskss systems, 

Boron-potassium dichromate delay mixtures (containing 4 and 10% boron) 
have been studied previousIy by Hewlett and May3 using a differentiaI scanning 

calorimeter in the temperanne range ambient - 773 K with the object of correlating 

the onset of reaction with the fusion of the oxidant. It was hoped that the present 
approach of combining DTA with temperature protie analysis would kad to a more 
&t&cd uudcrstaudiug of the pyrotechuic reaction ‘be~cen boron and potassium 

dichromatc and provide the basis for future work on other pyrotechuic systems, 

Amorphous boron 90-92x (Trona brand, American Potash and Ch&mkaI 
Carp_) was used for preparing the mixtmes ThistypeofboronisnormaIIyusedin 
pyrotcchni~ because high purity amorphous boron is not readiIy avaikbk and the 

crystaIIine varieties are kss mactive_ Experiments carried out with a small amount of 



99 % pure amorphousboron gave results which did not differ significantly from tho& 
reported here. The Trona boron had a nominal particle size of.O.8 irrn using the 

Fisher Subsieve Sizer_ The potassium dichromate (Analar grade) was obtained from 
BDH and was ball-mrlled to a particle size of 4-6 m (Fisher Sub-sieve Sizer)_ . - 

Mixtures were prepared by sieving the components through a ZOO-mesh sieve 

and then brush mixing the weighed components‘once through a lOO-mesh sieve and 

twice through a XXI-mesh sieve_ 

Tmpera~e profile anaiysir 
Measurements were made with platinum-platinumjlO% rhodium thermo- 

coupks, - 100 pm in diameter, embedded in the pyrotechuic mixture_ The junctions 
were made by webding the wires with a miniature gas-oxygen &ame and were tho- 
roughIy anuealcd and t&cd for mcchanica1 strength before use. The pyrotechnic 

. 
rmxturewascompadedintoanopentrainaboutlOcclIon&Icmhi~andlcm 
wide on an asbestos board_ The thermocouple was stretched across the train with the 

junction at the mid-point of the mixture, A reference thermocouple was immersed in 
an ice-bath_ The mixture was ignited at one end of the tram with a bunsen flame and 

the thermocouple si_pnal was cqked by a transient recorder (Data Laboratories, 
Model DL 905) and stored aj 1024 digital points (8 bits) at equally spaaxi time inter- 
vals, In most experiments t&signal was recorded over a total time of either 0-5 or ones_ 
Readings over a Ionger time base showed that the final signal at ambient temperature 

was the same as the initial signal, indicating that the thermocouple junction had 
remained uxm&cted by the passage of the combustion wave_ The stored signal was 
examined visually on an osciIloscope and recorded in digital form on a punched rape 
(Facit tape punch, Model 4070)-m 

The basis of the ana!ysis is eqn (1) which is assumed to describe the IocaI heat 

balance over any cr oss-xction of the pyrotechnic mixture normal to the axis of 
propagation_ 

kT Qz-‘I -crcT,-ww-h(T-TJ=O 

where Tis the temperature and the subscript 

(1) 

f indicates differentiation with respect 
to time T, is the ambient temperature, u, k, @and c are the burning velocity, thermal 
conductiv%y, density and specific heat capacity, ~respe!ct’---ly, and are assumed 

constants for a given pyrotechuic mixture_ The term h(T - TJ allows for iatcral heat 
loss where h is the &ixtive lateral heat loss coefkient which isassumed to be constant 
The n&&a&m of heat transfer is not spez&d and the best value of h is determined 
in the adysis. w is the rate of evolution of heat (pow@ due to chemical and physical 
change5 within the pyrotechnic mixtureandistheprimaryconcemoftheanalysk 

- :Tk bas& cqualion may bc simplifkd by working in terms of the temperature 

excessabove the ambient value U = -T - T,:Thus divi&g equ (1) by QC we obtain 



WhCl%f*= m/h is the thermal relaxation time in the presence of only lateral losses 
and D is the thermal di&sivity (k/cc). This equation may be m-arranged to give 

where I* represents the time Dv ‘2,Theq~tityGwhichisammsureofthercquirtd 
power is found from eqn (3) and the recorded temperature history_ The value U is 
obtained directly from the temprature profile but the accurate determination of U, 
and U,, partkdariy the iatter is difiicult. Their cakulation is based on a convolution 
proccdure~_ The times t,, and t* are evaluated from the initial and final portions of the 
profile where there is no reaction. In these portions w = 0 and so eqn (3) gives 

urz’ -+ u, - ZfU, = 0 

which is a second order diierential equation with solutions of the form U = Ae” where 
A and a are constants A is arbitrary but a must meet the condition &*a2 - t&z - 1 
= 0 from which we conclude that I*-’ = aI + a2 and - l&,,t* = CL~C+_ Vahcs of 

q and a2 are derived from plots of In U against time for the initial and final portions 
of the profile_ A fuller account of both the experimental technique and the numerical 
processing of the results will be published elsewhere. It should be emphasised that 

temperature profile analysis is in its early stages of development. The raw experimental 
data require a consi&rabIe amount of numerical processing, and at present, there is 

no unequivocal procedure for smoothing the data, 

Difletenfial thetmal analysis 
DTA studies were carried out using high temperature DTA equipment (Stanton 

Redcroft, Mod& Staudata 6-25 and DTA 673) These models have platinum- 
platinum,!I3~~ rhodium thermocoupls in a singie stem ceramic head and nichrome 

wire fiunam, and operate over the temperature range ambient to I300 I$. The 
experiments were carried out in dimpled platinum/rhodium cruciiks in a downward 
Ilow of high purity argon (100 cm3 min-r) to avoid aerial oxidation of the boron 
CXcined ahrminium oxide was used as the reference material_ 

I_@tion experiments were tied out at a heating rate of 20 K min-’ using 
sampkr weighing 30-50 mg Measurements under non-ignition conditions were made 
byreducingtheheatingrateto5Kmin-’ and using samples weighing 20 mg 

Quantitative mts were made using a recorder (Leeds and Northrup, 
Model W) fitted with an integrator (Disc, Model 224). For ignition experiments the 
~ereutial thennocoup?e output was fed directly into the recorder, by-passing the 
DT_4 amphfier, thus reducing the response time to the m&ding system_ There was a 
ten- for the reaction products to be ejected from the crucible leading to spurious 
results unkss lids were fitted and the minimum weights were used. Even-so, the 
movement of tie endosed sample made it difficult to obtain results of high @recision; 
Under non-ignition conditions the peak areas were measured using the b&dine 
cons&u&on described by Cunningham and Albums_ The peaks Were often x-cry 



broad and this may ltid toa systematic error in the r&G&s_ The DTA h&i was 
calibrated by recording the curves for fusions and crystalline transitions of known 

enthaipy change. The technique will be dealt-with in detaii elsewhere. 

Combustion caionimtry 

Measurements were made with an adiabatic combustion calorimeter (Baircl 
and Tatiock) which was calibrated with benzoic acid (BDH, thermochemical grade)_ 

The pyrotechnic mixtures were compacted and burnt in a silica crucible in an atmos- 
phere of argon, They were ignited by passiig an eiectric current through a fine 
platinum wire in contact with the mix&e_ 

Powder photographs were obtained using a Debye-Scherrer 
Nonius) with Cr-K, radiation_ 

camera (Enraf- 

RESULTS 

Temperature profile anakj.fsis 

The temperature profiles showed considerable variations even when recorded 

for the same mixture. These variations we_- inevitabIe because of the irregular nature 
of the burning process. With solids, it is fiat possible to reproduce precisely the 

immediate environment of the thermocouple junction in the mixture_ All the temper- 
ature profiles showed a rapid temperature rise to the maximum value which was 

. 
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TABLE I 

ToTALREAcruR . -- 

5 217 2 O-18 218 *055- --._ 233 5 0_02 
6 246*0.22 242 2 0.61 266 j= 0.04 
7 37) I O-18 --- 244 & O-61 3-10 5 O-02 

= Tllcunitsr&rtoolugallloflllixmR 

TABLE2 _ 

be obxrved at about 650 K which is below the meititig teniperature of pure potassium 
dichromate (671 K). Superimposed on this exotherm was the endotherm of fusion 
of potassium dichromate, which was immediately followed by the main exotherm. 

The tcmpcrature of the pre-ignition cxotherm was dependent on the experimental 
conditions_ The DTA -es for the 5% boron mixture are shown in Fig. 3_ 

DT.. notigtdim experiments 

l?~ non-ignition DTA curves are shown in Fig. 4, They ail show an exotherm 
startkg in the region of 650 K and cxtcnding to 770 K and the superimposition of the 
f&ion endotherm of potzkun dichromak The maximum of-the exotherm was at 

about 710 R and the peak area was independent of the proportion of boron in the_ 
xmxture_ A second exotherm is observed with an extrapolated onset ternpeq of 

about 950 K_ For the 5 % boron mixture the second exotherm was very poorly defkd, 

but for the 6 and 7% boron mixtures, it was clearly resolved with th$ size insreasing 
fiomtht6u,7%boron~n~~~pmk~~,ofthesacondcxotherm~ 
at about 970 K_ DTA curves on_cooling also show a small’peak at about 9& K:&ich 
corresponds to the solid.- - -o* in potassium &i-&a&_ __-, __ _ _- T. ‘-5 :-.I’;‘..- y.;-’ 
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Retiction exothenniciti~ 

The results tion DTA ignition experiments and the values obtained by inte- 

grating the temperature profile power p1ot.s are shown in Table i_ The specific heat 

capacity was estimated to be 1.51 J Ic- 1 g- * based on differential sca.Wingkalorimehy 
(Perkin-Elmer, Model DSC lb), It is not possible to obtain an entirely reliable value 
because of the large temperature range and complex chemistry involved in the com- 

bustion process. The same value of the specific heat capacity was used for each of the 
_ 

rmxtmes and an uncertainty of & 25% was assigned to it, Also shown in Table 1 
are the cnmbusti~n calorimetric results. 

The exothermicities of the Grst and second exotherms obtained by DTA under 
non-ignition conditions are shown in Table 2 The errors quoted in the tables take 
into account the uncertainties in the calibration expetiments and the subsidiary data. 

Temperature profile analysis showed that there are two main exothermic stages 
in the pyrotechnic reaction between boron and potassium dichromate separated by 

ZKKI-500 K, This has been achieved by a higher level of instrumer%zl res~hzioz l thz;i 
was possible previously, Under ignition conditions, DTA with its considerably slower 
response time, was unabIe to resolve these stages and a single ignition peak was 
obtained_ Both techniques give values for the total exothermicity that a_- within the 
rather large.~uncertakties. In each case, X-ray analysis showed the presence of 

potassium chromate and chromic oxide in the products_ These resultssuggest that the 
reactions in the self-propagating combustion process also oaur under DTA ignition 
conditions_ The calorimetric values for the exothermicity shown in Table 1 are in 
agreement with the DTA and temperature profile analysis results for the 5 and 6% 
boron mixtums but there is a discrepancy, which is as yet u nauzountecl for, in the 
results for the 7% mixture_ 

DTA under non-ignition conditions showed two well-resolved peals sepked 

by 2oo-ulo IC in accord with the results from temperature profile analysis. The slower 
rates of heating compared with that in the self-propagating combustion, allowed the 

reaction stages to be studied in greater detail and the exothermicity to be determined 
for the individual stages, The values derived from the two peaks are shown in TabId 2. 

X-ray analysis of the products from the Gst reaction-exotherm showed the 
presence of potassium chromate which is confIrmed by the peak for the solid transition 
observed in the DTA curve_ There was no evidence for the presence of potassium 

dichromate in the products. Values for the exothe-ticity of the first reaction stage are 
shown in Table 3 and include those values already discussed together with the r&&s 

of subsidiary measurements on mixtures containing less than 5% boron. They show a 
s&Scant decrease when the proportion of boron is reduced below 4% which is 
consistent with the stoichiometric amount of boron (3S”b required by the equation 

: _- J 

_B _t K2Crz07 = &CrO, f 0.5 _CrzOs f- 0.5 B,O, 
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Fig 5. DTA curve fix a mixturr tax&Sing IW/o boron and 9@/o-potaSsium 6zbmatcsampk 
~20~~raSsi(min-‘;~~afargas100cmtmin-’, 

_~ -_ 

- -- -. 
The experimental values of the exothermicities for mixtures contgining 4_7% -boron 
are about 70% ofthe val&s predict&i on the basis of the equatiOnl’The diffetice of 
30% is rather iarge to be attributed solely to incorrect delineation of the peak areas; 

and thus, the equation may not be an entire description of the first stagk of the reaction, 
X-ray analysis showed that potassium chromate is partially consuined in the 

second reaction stage and that this consumption is greatest for the 7 % boron mixture_ 
These results were confirmed by spectrophotometric analysis which aiso showed that 

more potassium chromate is consumed under ignition conditions than on controlled 
heating to the completion of the second exotherxn, When mixtures of boron and 

potassium chromate containing 510% boron were heated under non-ignition con- 

ditions a singie DTA exothem~ was observed in the same temperature region as that 
for the second reaction exotherm with potassium dichromate (see Fig, 5) This shows‘ 
that the second stage of the pyrotechnic proakis the izzaction between the-boron 

remaining from the first stage and the potas&& chromate _whickis formed in the 
first stage_ Mixhves of boron and potksiuni ch.roma& have +en ignited under DTA 
conditions ax&the observed peak areas are in go&l agreement with those obtained 

from DTA ignition eq&menn.carr&d out kiti_ the prod& from t&z fkst kactik 
stage_Thepeakareasobtainedinthelatter ,expkriments~iaq+t&n~ose~bt&ed 
under non-ignition conditions indif&ing that t@ high ter@eratGe kiction~is FOE 
corkpkte i& the igqition ~pkzss_ Th&-may aa&.% for part of the di&r&~~hetween 
-the total e~othermicity obtain&d under @i&n c&ii&ns _$&.I _&i va@xe_de~~~_fiom 
~f&&d_&qn~txoif&&. : _ _ _; ,- I :I ~_.-s-~=_‘_~s_._~;__ _; : __;_I;cei ;I“ 

, - 
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Mixtures of boron and p&aMum dichtimtite contining &I!$- 4% boi& _do 

not propagate a combustion wave. This may be attributed to ti absence of su15cietitw 
boron to promote the second stage Thus, the first stage alone does not self-propagate 
combustion, it acts as a t&w, aud it is the second stage which actuahy propagate3 

the combustion wave. The second stage reaction can & established independcs~y 
of the first znd mixtwxs of boron and potassium chromate cau be ignited and bum 

smoothly. 
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