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ABSTRACT

A combined experimental and theoretical study of the system TiHy/
KC104 has been undertaken to investigate the thermodynamic and

x kinetic aspects of initiation of the TiHx/KC104

pyrotechnic system

and to obtain parameters of interest in mathematical modeling of

the initiation and propagation from a hot bridgewire source.

Ex.er-

imental results along with kinetic computations are of interest in
understanding the chemical processes involved and in determining

the stability of the pyrotechnic system.

Initial computation from

a number of experimental reaction exotherms obtained by use of a
differential scanning calorimeter yielded a reasonably consistent
set of kinetic parameters over a range of heating rates.

1. INTROLUCTION

An interest in the initiation character-
istics and long term stability of the
pyrotechnic materials TiHX/KC‘lO4 led to a
thermoanalytical study of these materials.
Thermoanalysis data were obtained by use
of both a Perkin-Elmer DSC-2 differential
scanning calorimeter and a Mettler TA-]
thermobalance. This ciscussion will be
confined to the results of work with the
differential scanning calorimeter (DSC)
because the thermal output is directly
calorimetric. Typical exotherms obtained
in the initiation temperature region for

the pyrotechnic blend Eontaining titanium

‘subhydride and potass um perchlorate are

shown in Figures 1 and 2.

*Mound Facility is operated by the
Monsanto Research Coporation for the
Department of Energy under Contract No.
EY-76-C-04-0053.

A kinetic analysis of the thermal data
established a basis for predicting the
behavior of these pyrotechnic blends at
other temperatures such as would be ex-
perienced during rapid initiation or at
somewhat lower temperatures where a slow,
prolonged reaction would be evidence of a
compatibility problem. The kinetic anal-
ysis consisted of fitting DSC data to a
series of Arrhenius equations, each asso-
ciated with an apparent separate process.

2. EXPERIMENTAL

The experimental procedure involved heat-
ing smali samples of pyrotechnic blends at
constant heating rates through the tem-
perature range of interest. Only features
of the D3C curves in the vicinity of the
reaction exotherm were treated in this
study. No significant features were ob-

served between the phase change in KC]O4
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at 573 K and the reaction exotherm at
'approximately 750 K. The sample weight
was limited to approximately 100-150 ug

- to minimize temperature gradients through
the sample. The‘powder samples were
spread thinly over the sample pan surface,
again to minimize'température gradients
and thermal resistance. The samples were
contained in sealed platinum pans with
pressed-on lids.
of gas were released during the reaction
exotherm; these gases had to be contained

Considerable quantities

to minimize thermal losses as APV work.

" Samples larger than about 140-150 pg
tended to .vent, with corresponding large -
thermal losses.

Because the differential scanning calorim-
eter operates on the principle of main-
taining a constant heating rate by elec-
trical heating with compensation for
sample exothermic or endothermic changes,
the sample temperature was maintained

very close to the programmed temperature.
In addition, a relatively large thermal
‘mass or heat sink was available to supply
or dissipate heat'during large thermal
effects.
sample pan was maintained at the same

During the measuring cycle the

temperature as in the reference pan.
Differences in electrical energy required
to maintain identical temperatures in
both pans were converted directly to

heat flow, i.e., dq/dt in units of mcal
sec-1, Output (heat.flow as a function
of time) was converted to punched cards
for data reduction. The temperature was
calculated from the initial temperature

and heating rate.

Several techniques were used in an attempt
to obtain kinetic perameters for these
pyrotechnic reactions. Initially, iso-
thermal annealing work was done to obtain
constants for the Arrhenius equation.

Very large deviations were observed in

the energy obtained after isothermal
annealing. Little useful information

was obtained from the poor isothermal
annealing data when an attempt was made
to.obtain the constants for an Arrhenius
equation. It was then decided to attempt
a direct fit of the data by a chisquare
minimization technique. This work .assumes
an exponential rate dependence on temperaQ
ture and a power dependence.of rate on
concentration of reactive material pres-
ent. It is further assumed that the

- heat evolved in the reaction can be used
‘as a measure-of the.completeness. of. .

reaction,
'3, DISCUSSION

The output of the differential scanning
calorimeter after appropriate adjustment
of baseline was used directly as the rate
of reaction, The rate of heat production
was assumed to be directly proportional
to the reaction rate and the quantity of
heat released at a given time was assum2d
proportional to the extent of the re-
action.

If we assume the Arrhenius equation,
then the output of the calorimeter,
dq/dt in mcal mg'1 sec-1, can be repre-
sented by

(dg/dt); = A (q;)"e~¢/RT; : ()

where subscript i represents the ith gata

point, (dq7dt)i,'at temperature T,. The
quantity n' can be obtained by a numerical
integration over dq/dt from a temperature
where {dq/dt) is essentially O to the jth
data puint. The equation defining Qi’
the fractional heat remaining at time
t1 and temperature Ti’ is: §

-
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i .
dq/dt-dt (2)

Qy =1 - .
dq/dt-dt

o\.58 o\-%’ )

where t, 2 Ti/(dT/dt)

The denominator in Equation 2 is the in-
tegral over the total ‘exotherm and repre-
sents complete reaction.

If we assume that the total exotherm
represents a single process we can use a
chisquare minimization technique to fit
~the data to-.the above Equation 1.

can be and has been done. However, the

' exotherms appear to represent more than

one process as indicated by the several
peaks observed in the exotherms of Fig-
ures 1 and 2. In Figure 1 a major maxi-
mum appears at about 885 K with subsid-
jary maxima at about 835 K and 810 K. In
Figure 2 the major maximum is at about
940 K with at least one subsidiary maxi-
mum at about 860 K.

peaks are assumed to Dbe produced by separ-

[f these subsidiary

ate processes it would be desirable to
fit each process separately.

A technique has been developed to separ-
ate the peaks by first fitting the higher
temperature region of the high tempera-
ture pcak where there appears to be little
interference from low2r temperature pro-
cesses. Equations 1 through 3 are as-
sumed to hold for each single process
with appropriate constants for Equation .
1. Special procedures, however, are
required to obtain tha function Q; since
a simple integration from T° to Ti will
not yield the proper value of Q-

Equation 2 yields the following

This ..

o t. o .
S dqsdt-dt - b/" da/dt-dt
Q = ° - (3)
' J dasdt-dt
0
i
0, = — (4)
J dq/dt-dt
o
If we then let
A= A/(S dqsét-dt)n ' (5)
o]}
and
) ; .. L . ) .o K
ey = J dq/dtedt . (6)
DR S A L R B S
then Equation 1 becomes
(dg/dt); = a(ay)d ¢/RTi (7)

Equation 7 allows us to fit a peak from an
arbitrary Ti to the high temperature cut-

. off where no more reactive material re-

mains.

An iterative procedure is required to
obtain the values for the Qi function for
each Ti from A, n, € and the computed
value of (dq/dt)i.

One such procedure used here follows:

let D

computed (dq/dt)i (8)

-8
n

0.5 (t., -t;) (9)

Fo= Dy - Dyyy ¥ (da/dt)y

- (dQ/dt)i+] (10)

E, = Ae-€/RT (1)



then DIF = E.[R,,; + 8(20,+F)1" -F-D, ,
(12)
F=F + DIF (13)
Dj = Dyuy * F (14)
Q; = ;.4 + 8(20; + F). (15)

The values of Di and Q; become the new
"estimates for the chisquare fitting pro-
cedure.

4. CRESULTS

N

- . These. techniques have been aﬁplied to- a-

limited number of differential scanning
calorimeter data runs. Reasonably con-
sistent sets of parameters have been
obtained for A, n and ¢ over a fairly
wide range of heating rates. The values
obtained for the Arrhenius equation con-
stants are shown in Table 1. The heating
rates cover a range of 40 K min-1 to 320
K min-1. The fastest heating rate avail-
able on the calorimeter is 320 K min~!.
Slower heating rates have been run, but

to date no fits have been attempted at the

slower heating rates.

A typical plot of the fitted data is shown
in Figure 3 for data obtained at 40 K

The solid curve is the raw data
The dotted
line is the computed dq/dt from the

min-T1,
after baseline adjustment.
Arrhenius constants. The dashed lincs are
the Q functions corresbonding to the
fitted curve. This fit was obtained for
the temperature region 850 K to 895 K. A
fit of data obtained at 160 K/min is shown
in Figure 4. The residual fit for this
data is shown in Figure 5 and the second
residual in Figure ».

Upon comparing the calculated exotherm
curves in Figures 3 through 6 with the
the experimental, it appears that the
Arrhenius constants derived by this
fitting technique can be used to predict
initiation processes occurring at some-
what faster heating rates where the major
exotherm occurs at a higher temperature.
This, of course, assumes the data are a
reasonable measure of the rate of the
reaction of interest. Over the range of
heating rates studied the activation

energy, €, does not vary greatly, indi-

.cating that this assumption is reasonable.

5. FUTURE PLANS

Extending-the‘work to much lower heating
rates should give an indication of the
reliability of the data. There are tech-
niques available which can be used to
estimate the effect of thermal resistance.
Large thermal resistance would indicate
lower temperature than actually exists.
Corrections have been made using the

phase change in KC]O4 as an indication

of actual temperature. It is possible to
use the shape of the endotherm occurring
during a phase change to obtain an indi-
cation of the extent of thermal resist-
ance and thus obtain an additional tem-
perature correction. 'This correction has
not heen incorporated into this work, but

will be included in future work.

Using the Arrhenius parameters obtained-
by this technique without applying addi=
tional temperature corrections to the raw
data should yield lower reaction rates at
lower temperatures than ‘would be obtained
with additional temperature corrections.
Any temperature corrections would indi-
cate a higher observed temperature than

~a



indicated by the raw data. The correc-
tions would then yield a less rapid rate
of increase of dq/dt and a subsequent
lowering of the computed activation en-
ergy, €. To date, the extent of this
correction and the effect on activation
energy have not been determined. This

correction will be applied in future work.

Improvements in the fitting technique are
possible, but it is not anticipated that-
radical changes in the computed parameters
will result.
routine would improve the precision of the
fitting process for any data set, but
would not be expected to make.large
changes . in the, parameters. A second ob-
vious improvement would be to extend the
technique to fit data over several peaks.
This appears to be possible in principle.
A slight chance in the iterative procedure
for computing Qi in Equations 10 through
15 will allow an independent computation
of Qi for each peak. In principle a more
consistent set of Arrh2nius parameters
would be obtained over the full tempera-
ture range of the data. In practiée,
however, obtaining a convergence in the
fitting process may be quite difficult, or

indeed, impossible.

Future work will involve primarily im-
proving the techniques for temperature
corrections and secondarily improving the
fitting procedure.
minimization search program will be de-

An improved chisquare

veloped and applied to a general fit of
the DSC data over the complete reaction
exotherm temperature range.

An improved chisquare search

" 1ng pyrotechnic blends.
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Table 1

Heating Peak Range
Rate Temperature A T e _. of Fit
(K/min) (K) (cal-g~!.sec™ ) A n (anl-mole"'K Y (K) -
320 65 1.19 x 102’ 7.57 x 10'° 0.663 - B3.7 925-980
: 3.91 x 102° 2.38 x 10%® 0.666 81.3 920-980
1.18 x 102° 7.57 x 10'°® 0.664 83.7 925-980
890 1.03 x 1022 2.11 x 10'° 0.946 84.5 865-945
160 930 9.34 x 102} 3.30 x 10'° D.782 85.3 915-950
9.80 x 102! 3.34 x 10'° D.785 85.3 920-950
1.11 x 1022 3.45 x 10'® 0.795 85.7 925-950
9.34 x 102' 3.30 x 10'° 0.782 85.3 915-950
365 1.53 x 10°' 8.19 x 10'" 0.867 79.0 845-900
1.49 x 107" 8.28 x 10'® 0.863 79.0 850-910
330 7.23 x 102° 3.18 x 10'° 0.773 77.4 820-850 -
6.81 x 102° 3.21 x 10'® 0.755 77.0 815-845
80 885 2.30 x 102° 5.48 x 10'°® 0.623 76.7 850-900
5.38 x 102° 5.07 x 10'" 0.726 79.4 865-900
5.36 x 102° 4.66 x 10'¢ 0.735 77.4 835-900
- 6.06 x 10°% 4.30 x 10%7 0.749 77.8 855-900
830 9.06 x 102° 2.81 x 10'® 0.770 . 77.0 820-855
800 1.22 x 102' 2.8l x 10'® 0.546 73.8 785-815
40 885 6.32 x 102° 2.62 x 10'° 0.581 79.3 850-895
_ 5.54 x 10%' 1.95 x 10%' 0.615 . 87.0 855-895
835 4,10 x 10%2° 1.13 x 10'° 0.372 -:  74.2 827-845
810 1.49 x 10%° 2.33 x 10'? 0.603 73.8 . 785-825-
. 1.48 x 102° 2.32 x 10*® 0.602 73.8 781-825
(810 & 835 combined) 1.30 x 9.10 x 10'° 0.717 T4.4

102°

785-845
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FIGURE 1 - Differential scanning calorimeter reaction exotherm obta1ned from TiH,/KC10:
pyrotechn1c blend at a heating rate of 40 Kemin=1. The dashed line is the fract10na1
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