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The author investigated a two-component pyrotechnical mixture used in the manu- 
facture of delay detonators. Comparing the thermogravimetric, derivative thermo- 
gravimetric and differential thermal analysis curves of components with that of mixtures 
containing the components in different ratios, a relation has been found between the 
reaction rate and ratio. Initial temperature of reaction can be defined as well. Release 
of oxygen and oxidation takes place separately at certain temperatures and ratios. 
Mixture of highest rate of reaction generates the lowest heat of reaction. 

In the last twenty years delay detonators have been widely employed in blasting 
techniques to improve the efficiency of blastings [1, 2]. As delay elements usually 
pyrotechnical mixtures are used, containing combustible, oxidants, inhibitor and 
binding material [3, 4]. Their speed of combustion can mostly be controlled 
empirically, by variation of the composition and grain size. Since the combustion 
time, delay effect and the reaction mechanism are closely related, it is hoped that 
the study of the latter during combustion will help in designing and adjusting the 
timing of delay detonators. The differential thermal analysis of  pyrotechnical 
mixtures has been described [5 -7 ] .  I f  the behaviour of  the components with 
increasing temperature is known, changes in the behaviour of  mixtures indicate 
reactions among the components. When dealing with several components, it is 
necessary to investigate mixtures of  various ratios of  two, three, etc., components 
by means of the Derivatograph [8]. In the present paper it is intended to demon- 
strate this method on data referring to a mixture containing one oxidant and one 
combustible. 

Experimental 

The tests have been carried out with a M O M  Derivatograph using a ceramic 
specimen holder. 
Combustible: FeSi90 of  technical grade (made by 13tv6zetgy~tr, Zagyvar6na, 

Hungary).  
Oxidant: MnO 2 of mineral grade (pyrolusite homogenized by AKZO,  Amsterdam). 
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The components were air dried. Grain size <60 #m. The parameters during the 
test were as follows: Weight of  sample: 1500 +_ 5 mg, heating rate: I0~ 
TG, DTA and D T G  sensitivities were constant. Tests were carried out in air. 
T G  scale was marked by mg as the weight of sample was constant. 

1. M n O  2 

Peak temperatures of DTA and D T G  curves can be read from Fig. 1. The weight 
of  the sample decreases continuously during the test (TG). The peak at 130 ~ 
indicates the presence of adsorbed humidity. The reactions expected are 
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Fig. 1. Thermal curves of MnO 2 

The temperature of  decomposition corresponds to that given in the literature 
[ 9 -  11 ]. The calculated loss of  weight in the first decomposition is 9.2 ~ ,  in the 
second one 3.4 }/o; the observed values are 9.1 and 2.7 ~ ,  respectively. 

2. FeSi90 

The constitutional diagram of FeSi [ 1 2 -  14] indicates no change in modification 
at the Fe : Si ratio of  I0 : 90 between 20 and 1050 ~ The T G  curve starts to rise at 
about  4 2 0 - 4 6 0  ~ that is, the reaction of FeSi90 and the oxygen of  ambiency 
starts at this temperature. In Nz atmosphere no weight increase takes place and 
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the DTA curve does not rise suddenly. These facts prove that the weight increase 
is due to oxidation (dashed line in Fig~ 2). The D TG  curve cannot be evaluated 
well. 

3. Mixtures of  MnO 2 and FeSi90 

The evaluation of the thermal curves of the mixtures is based on comparing 
those of pure MnO 2 and pure FeSi90. Depending on the nature of the curves, they 
can be divided into various sections (denoted in Fig, 3 - 7 ) ;  section a) : up to the 
end of the first decomposition of MnO2; section b) : from the end of  the first 
decomposition of MnO 2 up to the end of the second one; section c) : from the 
end of the second decomposition of MnO 2 up to the termination of the test. 

The thermal curves can be divided into four groups. 

Group I 

Mixtures containing 55 - 80 ~ of MnO 2 are discussed here. Fig. 3 represents the 
thermal curves of  the mixture 72.8 ~o MnO2 + 27.2 ~ FeSi90, which is the example 
of the weight change calculations and from which some conclusions can be drawn. 

Section a. The weight loss of pure MnO 2 (Fig. 2) is 9.1 ~ up to the end of the 
first decomposition (820~ In the mixture this decomposition already ends at 
780 ~ therefore the weight increase of FeSi90 should only be calculated up to 
that temperature. This is 2.3 ~ (Fig. 3). The difference between the calculated 
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Fig. 2. T h e r m a l  curves  o f  FeSi90 
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Fig. 3. T h e r m a l  curves  of  the  mix tu r e  o f  
72.8 ~ MnOz -t- 27.2 ~ FeSi90 
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weight  loss and  weight  increase is in good  agreement  with the measured  value 
wi thin  the exper imenta l  error .  Tha t  is, up to 780 ~ FeSi90 reacts wi th  oxygen 
re leased by  MnO.~ bu t  there  is no fur ther  react ion.  

S e c t i o n  b + c. In  these sections a violent  exo thermic  reac t ion  takes  place  con-  
nected with  cons iderab le  weight  increase and rise in the sample  t empera tu re  for  a 
shor t  pe r iod  over  tha t  o f  the oven (see Table  1). The second decompos i t i on  o f  
M n O  2 takes  place  in this in terva l  and  the weight  o f  FeSig0 should  con t inuous ly  
increase  in the  whole  section. In  spite o f  this the thermal  curves on ly  show a 
weight  increase and  D T A  and  D T G  changes be tween 7 0 0 - 8 1 0  ~ 

As  men t ioned  above,  the sample  t empera tu re  rises suddenly  to 1020 ~ , but  
a f t e r w a r d s  drops  to tha t  of  the oven. Over  810 ~ nei ther  the weight  o f  the sample  
nor  the  D T A  and  D T G  curves indicate  fur ther  changes.  This means  tha t  be tween 
oven t empera tu re s  o f  7 8 0 - 8 1 0  ~ , in the given c i rcumstances  all poss ible  react ions  
are  finished. As the  sample  t empera tu re  rises for  a shor t  pe r iod  to  1020 ~ even 
the Mn20  3 -+ Mn304 reac t ion  mus t  be comple ted .  The  weight  increase o f  pure  
FeSig0 be tween 7 8 0 - 8 1 0  ~ is 0.6 ~ ,  but  as the t empera tu re  is ra ised t empora r i l y  to 
1020 ~ , the weight increase should  be ca lcula ted  up  to this point .  This value would  
be 16.6 ~ between 7 8 0 -  1020 ~ Due  to the shor t  reac t ion  t ime and  sudden  decom-  
pos i t ion  o f  MnO~, the gain o f  such a cons iderab le  weight  is impossible .  The 
measured  value  is 1.7 ~ .  Thus  the real  weight  increase is grea ter  t han  i t  wou ld  be 
wi thou t  the exo thermic  react ion,  but  less than  expected at  the t empera tu re  o f  
cxo the rmic  reac t ion  in air. 

Table t 

Thermal properties of powdered MnQ + FeSi90 mixtures 

Minimum of Duration of Heat ofreactior~ 
MnO2 the first de- Peak tempera- exothermic referred to 

content, composition ture of sample, reaction, 1 g mixture, 
of Mn02, ~ rain cal ~ 

1 2 3 4 5 

85 
83 
82 
80 
75 
72.8 
69 7 
60 
55 
50 
45 
41 
39 

650 
640 
655 
640 
655 
660 
660 
635 
650 
640 
640 
640 
640 

850 
880 

1040 
1030 
1025 
1015 
1000 
980 
97O 
98O 
955 
955 
860 

15 
16 
4 
6 
4 
3.5 
4 
6 
6 
6 

10 
12 
18 

86 
99 
61 
86 
40 
45 
52 
71 
74 
70 
85 

103 
141 
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This behaviour is characteristic of  this group of mixtures. It  is remarkable that, 
at a given heating rate, in mixtures containing about  70 ~ of MnO2, about  3 min 
are necessary to complete exothermic reactions. At 60 ~ of MnO 2 this time in- 
creases to 6 min. The knowledge of this relation between reaction rate and com- 
position is important  when designing and adjusting delay mixtures. 

Group H 

Mixtures containing 83 ~ and more MnO 2 are discussed here. The behaviour o f  
the mixture with 85 ~ MnO 2 and 15 ~ FeSi90 is described below (Fig. 4). 

Section a. Similar to that of  group I. 
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Fig. 4. Thermal curves of the mixture of 85~ MnO 2 q- 15~ FeSi90 

Section b. Although the exothermic reaction taking place in this temperature 
interval is also connected with a weight increase, its rate is much less than that  o f  
group I. The time requirement is 15 min. The weight increase is greater than cal- 
culated, because as MnO2 does not provide a sufficient amount  of  oxygen, the 
reactive FeSi90 interacts with the oxygen of ambiency too. 

Section c. On the DTA and D T G  curves, the second decomposition of MnO 2 
can be well recognized. This means that  the reaction of section b) around 800 ~ 
cannot induce Mn20 3 to a quick oxygen release, the excess of  oxygen leaves the 
system slowly. Thus above 925 ~ a weight loss is observed. The calculated and 
measured values agree within the error of  experiment. 
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Group I I I  

Mixtures containing 3 1 - 5 0 %  of MnO 2 are discussed here, The T G  curves of 
these have a special bend. Fig. 5 shows the curves of a mixture of 50 % MnO 2 + 
50 % FeSi90. 

Section a. Weight losses calculated and measured agree well within the experi- 
mental error up to 750 ~ The released oxygen reacts with the FeSi90 present, but no 
other reaction takes place. 
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Fig. 5. T h e r m a l  curves  of  the  mix tu re  of  50% MnO~ + 5 0 ~  FeSi90 

Section b. In this interval an exothermic reaction takes place connected with a 
weight increase which is considerably greater than that of group I, and within 2 
min its conversion reaches about 80%. The peak temperature of the sample 
reaches 980 ~ so that also the Mn20 3 --, MnaO 4 reaction should be completed. 
According to the calculation procedure described for group I, the weight increase 
of FeSi90 has to be calculated up to this point (12.2%), but the measured value is 
only 4.4% due to the short reaction time (see also group I, section b + e). The 
process is rather complicated. The sudden weight increase coincides with the 
sudden rise in temperature. Most probably the release of the second oxygen of 
MnOz and its reaction with FeSi90 is instantaneous. This process is not connected 
with weight change, but as the oxygen released is not sufficient to oxidize the total 
reactive FeSi90, the balance will be taken from the air. 

Seetion e. Over the exothermic reaction, the T G  curve shows a mild weight 
increase but neither the DTA nor the DTG curve indicates further changes. 

The 39% MnO~ (see Fig. 6) mixture is the dividing line between mixtures 
showing predominance of FeSi90 and mixtures exhibiting a more or less violen! 
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exothermic reaction. According to the thermal curves of this mixture the end of 
the exothermic reaction and the beginning of the second decomposition of MnO 2 
can only be separated with the help of the above mentioned special TG curve 
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Fig. 6. Thermal curves of the mixture 
of 39~ MnO 2 § 61~ FeSi90 
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Fig. 7. Thermal curves of the mixture 
of 25 ~ MnO2 § 75 ~ FeSi90 

bend, because here the DTA and DTG curves are not suitable for this. A chord 
is to be plotted over the bend of the curve. The intersection of the height of the 
circular arc gives the required temperature. During the exothermic reaction of 
section b) the sample temperature does not exceed that of the oven and needs 
18 min which is the longest period in our series of measurements. 

Group I V  

Mixtures containing 25 ~ and less MnO 2 belong to this group. The curves of  
the mixture 25 ~ MnO 2 + 75 ~ FeSi90 are presented. By comparing the curves 
of the pure component with those of mixtures, the predominance of FeSig0 
becomes evident. 

Section a. Up to 580 ~ there is practically no change on the TG curve. Above 
this, up to 750 ~ it shows loss of weight due to the first decomposition of MnO 2 
(see also the DTA and DTG curves). The calculated and measured weight losses 
agree, the oxygen release from MnO 2 reacts with FeSi90 but there is no accel- 
eration of the reaction. 

Section b + c. A comparison of the calculated and measured data shows 
that the reaction is much slower than expected. 

The TG curve exhibits a continuous weight increase, i.e. the mixture reacts 
with ambient oxygen. The characteristic bend of group III  can still be recognized' 
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Mixtures below 25% of MnO 2 behave similarly to those referring 25%, but 
without the characteristic bend. The weight increase measured is less than ex- 
pected, which indicates that the reaction slows down, thus a small quantity of 
MnO 2 inhibits the oxidation of FeSi90. 

Heat of reaction 

The area below the exothermic DTA peaks can be considered as the measure of 
the heat of reaction [8]. Comparing these areas with those obtained from the 
NaC1 calibration curve (124 cal/g), the reaction heats of different mixtures can be 
calculated, referring to l g of mixture (see Table 1). The minimum value is at 
75 % MnO 2. 

Provided that the Fe ~ Fe20 a and Si -~ SiO 2 reactions take place and both 
(first and second) decompositions of M n Q  can be taken into account, a mixture 
of 10% FeSi90 and 90% MnO 2 shows zero oxygen balance, and the heat of re- 
action should be the highest. In spite of this, this mixture hardly burns. During 
tests, the oxygen of the first decomposition cannot be taken into account, as an 
exothermic reaction only takes place beyond the temperature of the first decom- 
position. Without the oxygen of the first decompositions the oxygen balance is 
zero for mixtures containing 2.4% MnO 2. 

However, this discussion is purely theoretical, as practically in detonators, due 
to the closed space and quick temperature rise, oxygen can be reckoned with in 
both steps. The most violently burning mixture is of negative oxygen balance 
which is a well known fact in pyrotechniques. Its heat of reaction referred to 1 g 
is less than that of  the zero oxygen balance mixture. The explanation is that, 
being a powdered mixture, the greater the qtmntity of combustible material 
present, the larger is the surface area where burning starts and the larger is the 
substance to be heated. On further increasing the amount of combustible material, 
however, the ratio of oxidant decreases, the reaction time becomes longer, and the 
reactive material reacts with the oxygen of air too, thus the released heat of reaction 
increases. The error is rather high. Testing the 5 0 : 5 0 %  mixture in nitrogen 
results in an exothermic reaction of higher starting point (480~ lower peak 
temperature (860 ~ ) and considerably less heat of reaction (46.3) than those in air 
and it is not followed by an increase in weight. These facts support our conclusions. 
The actual situation may be much more complicated. Simultaneous reactions in 
various layers and the mechanism of  oxidation may be different. However, we 
have drawn the following conclusions. 

Conclusions 

1. At the beginning of heating partial release of oxygen from M n Q  precedes 
the temperature where FeSi90 becomes reactive, thus a part of oxygen leaves the 
system. The knowledge of this phenomenon is important when designing a" delay 
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mixture containing these substances. The situation may be entirely different 
in mixtures where the combustible becomes reactive before the oxidant re- 
leases oxygen. 

2. Maximum velocity of the first decomposition of MnO 2 (MnOz --+ Mn203) is 
practically independent of the component ratio. 

3. FeSi90 becomes reactive around 800 ~ In mixtures containing 4 1 - 8 2 %  of 
MnO 2, the components react exothermic around this temperature. The reaction is 
the most violent in mixtures containing 72.8 % of MnO2, its duration being 3.5 
min. The temperature and duration of reaction are sufficient for the completion of  
all reactions possible in the given circumstances. Thus the release of oxygen and 
oxidation take place simultaneously. 

4. The most violently burning mixture is of negative oxygen balance and its 
heat of reaction is the lowest. 

5. In mixtures containing 3 1 - 5 0 %  MnO2, the oxidation of FeSi90 takes place 
in two stages, rapidly between 780-850  ~ , and slowly above 850 ~ . 

6. Below 41% and above 82 % MnO 2 content, the two stages, namely the de- 
composition of MnO 2 and the oxidation of FeSi90, are independent processes and 
no reaction takes place. 

7. If  the changes on the DTA and DTG curves cannot be distinguished with 
the required certainty, the procedure described in the case of 39% MnO 2 
mixture may be useful. 

The author wishes to acknowledge the helpful suggestions and comments of Dr F. Paulik, 
Dr J. Paulik and Dr T. Kompolthy. 
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R~SUMi-  L'auteur a 6tudi6 un m61ange pyrotechnique 5, 2 constituants utilis~ dans la pro- 
duction des d6tonateurs /t retardement. En comparant les courbes d'analyse thermogravi- 
m6trique, de thermogravim6trie ddrivde et d'analyse thermique diffdrentielle de chacun des 
constituants 5. celles de leurs mdlanges en proportions diff6rentes, on a trouv6 une correlation 
entre la vitesse de r6action et la composition. La temp6rature initiale de la r6action peut 
6galement 6tre 6tudide. Le d6gagement de l'oxyg~ne et l 'oxydation s'effectuent s6par6ment ~t 
temp6ratures donn6es ddpendant du rapport des constituants. Les chaleurs de r6action les 
plus faibles correspondent aux mdlanges poss6dant les vitesses de rdaction les plus 61ev6es. 

ZUSAMMENFASSUNG - -  Verfasser untersuchte ein bei der Herstellung von Verz6gerungs- 
zfindern verwendetes pyrotechnisches Zweikomponentengemisch. Der Vergleich der thermo- 
gravimetrischen, derivativ-thermogravimetrischen und differentialthermoanalytischen Kurven 
der Komponenten mit jenen yon Gemischen, welche die Komponenten in verschiedenen Ver- 
Mltnissen enthielten, ffihrte zu der Auffindung eines Zusammenhanges zwischen Reaktions- 
geschwindigkeit und Verh~ltnis. Die Anfangstemperatur der Reaktion kann ebenfatls ermit- 
teIt werden. Sauerstoffabgabe und Oxydation erfolgen gesondert bei bestimmten Temperaturen 
und unter bestimmten Verhgltnissen. Gemische von hSchster Reaktionsgeschwindigkeit ent- 
wickeln die geringste Reaktionswfirme. 

Pe3roMe. - -  I/Iccne/loBaHa mupoTexnnqecKa~ cMecr~ COCTOmttaa n3 2 KOMHOHeHTOB, ~4cnoxb3yeMag 
B rIpoH3gO~CrBe 3aMe)2~mt~I~x )~eTOHaTOpOB. ~epHBaTorpaMMbI I(OMrrOHeHTOB cpaB~eHbI c 
RepHBaTOrpaMMaMH CMeceR, co~ep~at~ax KOMHOHeHTbI B pa3nau~ix nponop~Hsx ~ ~a~AeHo 
COOTnOme~e Me>~xy CKOpOCTI,tO peaKHn~ ~ ~lo~efl KOMIIOHeHTOB. OTMeqeHO ~eT~oe onpezle~e- 
Hae HaqaYlbHo~ TeMnepaTyp~I peaK~m 1-Ip~ pa3YlHqHbIX TeMneparypax H co~ep~KaH~n KOM- 
noHeHTOB ~cc~e~oBaH 3~)~eKT y~aneH~. CMecb, o6na~a~maa HaH6o~bme~ CKOpOCT~rO, peaK- 
~HH, ~laeT HaHMeKbmyro TenJ~OTy peax~nm 
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