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Preface

This report is an account of my afforts to verify the
applicability of the differential scanning calorimeter in determining
properties of organic explosives, The work will, hopétuuy. be a
useful guide to gaining further understanding of the behavior of
explosives in increasing temperature environments,

The organic explosives used in this study were as received; no
attenpts were sade to purify them or alter their crystalline form,
Only those known ss "high explcsives” were tested. Inorganic
explosives such as lead azide were not studied because their higher
sensitivity would have nmade nec~ssary anp entirely different labor-
atory procedure. Amounts of explosives kept on hand were small enouwgh
to permit sample preparation and storage with very little danger of
injury, Sample sizes were on the order of 1 ag for heat of fusion,
purity, and activation encrrgy tests; specific heat test samples were
larger =- about 30 mg ~- to compare in =sss to the test standard
used. No laborstory eccidents occurred during the test program,

My inspiration for this study was provided by Dr, William C.
Bahr, a man with an inquiring mind and a love for researcn, He
rotivated in his students an interest in thermoclemistry in genevral
and in organic explosives in particular, as well as a lively respect
for the techaical literature, His sudden death in March removed from
our midst a man whe zontributions were only beginning, but who may
at last be finding some of the answers he continually sought.

i wish to expreas tharks to Tulomal Josaph R, 9'Brisn, Chief,

Weapons Technology Branch, for his assistance in our obtaining the use

it
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of DBC equipment purchased by his crganization, Without this special
help, the study would not have been possible. |

The interest and assistance of hj. William ¥, Baker is gratefully
acknowledged. His help in setting up the instrument for many of the
test runs saved many hours,

Pinally, my wife Gloria's help’ulness and serene patience while

this study was in progress are grea:ly appreciated,

Jerry D, Wilcox
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Abstract

Differential Scanning Calorimetry methods are applied in
deteraining heat of fusion, purity, specific heat, and activation
energy of decomposition for undiluted, unmixed semples of the high
explosives TNR, TNT, tetryl, HMX, RDX, and PETN, Thermograms
describing energy absorption or evolution from 300°Xx to 800°K are
presented, Heat of fusion and purity results are consistent for
explosives which melt at lower temperatures without vaporisation,
such as TNT and tetryl. Specific heat values in the 313°K to 423k
range all lie between 0.325 and 0.35 cal/gm °K, monotonicelly increas-
ing with temperature, Activations energies obtained are 20% - 50%

higher than those reported from isothermal tests,
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DIFFERENTIAL SCANNING CALORIMETRY METHODS
IN THE DETERMINATION OF

THERMAL PROPERTIES OF EXPLOSIVES

I. Introduction

The thermal analysis of organic explosives has for many years
Yielded information to improve the design snd safe manufacturing
procedures of wespons and related devices, One useful technique has
been differential thermel analysis (DTA), in ‘vhich the temperature of
a sample is ccmpared with the ta‘portturo of n:t:iom material
while both are being heated at some controlled temperature rate, The
results are usually plotted as temperature difference versus reference
temperature. The differential scanning calorimeter, developed by the
Perkin-Elmer Corporation in 1963, combines the DTA msthod of temper-
ature comparison with closed loop heat addition, Rather than
difference in tomperatury, the quantity messured by this instrument is
the electrical power in calories per second required to meintain the
sample and reference at the same temperature, Thus, the actual power
supplied to either the semple side -~ in an endothermic resction such
as melting, or the reference side -- in an exotheramic reaction such as
decomposition, is plotted on the recorder chart versus temperature,
The recorder output shows endothermic and exothermic peaks whose areas
are directly proportional to the energy absorbed or liberated by the
sample, This feature suggests that quantitative studies nf reactions
involving energy changs are possibie, The purpoee of this atudy,

then, is to investigate the applicebility of differentisl scanning



oalosimetry techniques to the determination of thermal properties of

-oxplosives,

Experimental Approech

The use of the differential scanning calcrimeter in deterwuining
heat of fusiom, purity, specific heat, and activation energy for
decomposition was investigated for the following explosives: TNR, TNT,
tetryl, HMX, RDX, and PETN. Magnified (3.75X) views of the actual
explosives used are given in Figure 6,

The following experimental procedures were applied:

1. Heat of fusion was calculatedl by comparing the ares of
the sample's melting o:;dothnr- with the axvwa of indium's melting
endotherm,

2. Purity determinations were =ade by compariag thes shape
and curvature of the sample's melting endotherm with the shape and
curvature of a pure sample of indiun metal,

3. 8pecific heats were determined by directly comparing tie
recorder trace displacemsnts of the sample with those of a reforonce
material at successive temperatures,

4. Activation energy was determined by studying the shape

and curvature of the lesding edge of the decomposition exctherm,
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II. Apparatus

The equipment used in this study consisted of a Perkin-Elmer Model
D8C=18 Differential Scanning Calorimeter and accessories, leeds and
Northrup "Speedomax W' Potentiometer Recorder, and a Cahn Gram Electro-

balance, Model G, These instruments are shown in Pigure 1,

Figure 1

View of Test Apparatus

Differential Scannini Calorimeter

Pigure 2 shows the differential acanning csalorimeter, Perkin-Elmer
Cat. Yo, 219=-0139, which consists of a sample holder assembly, trans-
parent~top sample enclosure cover, sample holder base unit, and control
unit, The removable sample holder uu;lbly. FPigure 3, consists of a
base plate upon which two 0,27 inch inside diameter sample holders are
symmetrically mcunted w.th platinum resistance thermometers and heating
elemwents embedded in the base of each, and with purge gas inlet and
outlet tirdes .cxtending downward into the base unit, The sample enclo-
sure cover has two ports whose teflon stoppers can be removed for
access to the sample holders during use, The control unit contains a
multi-renge two--directiounal linear temperature programmer with eight

scau speeds from 0.625 °K/min to 80 %K/min, a range sensitivity
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Differential Scanning Calorimster

Sample Holder Assembly 3 Range Selection

Base Unit 4 Trace Pen Zero

Control Unit S Scan Speed Selection
Temperature Calibration 6 Temperature Programming
Slope Adjustment 7 Scaa Increase, Decrease

Figure 3

Closeup of Sample Hoider
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selector with seven ranges from 1 to 64 millicalories full scale; tran~-
sistorized amplifiers and power supply, and electronic baseline slope
compensator, Normal temperature range is 273°K to 773°X. Accessories
include a Sola type CVS constant voltage transformer (not shown) and a
nitrogen purge gas system with a filter dryer and a Matheson ges
regulator,

The DSC~-1B calibration performed at the factory was reported as a
chart of suggested settings for the two temperature calibration dials
on the base unit. The sample holder for which the calibration had been
performed was installed in the base, and the calibratio» was repeated
sccording to the published instructions for the equipmont as installad,
Since no deviations in temperature were observed, the suggested set-

tings were used throughout the experimental work., The same sample

holder was used for all experiments,

Potentiometer Recorder

" chart recorder with a

The leeds and
Northrup potentiometer
recorder, Figure 4, is

a domnward feed strip

horizontally moving
trace pen to record

the differential power

gsignal from the DSC-1B
gample holder and a Figure 4

second pen at the Potentiometer Recorder

right margin to mark




each degree of increase or dacresase of the tempsrature programming

dial, Three chart sp2eds are available: 0,25, 1.0, and 4,0 inches

per minute,

Electrobelance

The Cahn Gram Electrobalaace, Figure S, has eight selscted full-

scale ranges from 0-~1 to 0-1000 milligrams, with a precision of 0,0001

mg on the smallest scale, Aucessories include a set of calibrating

Figure §

Blectrobalance

weights, forceps, and
tvo sizea of weighing
pans apd stirrups,

In order to handle
gross weights rang-
ing from 20 to 60 mg;
the 0=-100 mg scale
was used in this
study, The precision
on this ranges, given
as 0,01 ng, was
verified by exact
duplication of weigh-
ings over a period of

several weeks,
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I1I. Experimental Procedures

Many methods have been developed by DSC users to take advantage of
the instrument's capability for quantitative energy determinations,
Sources for the four tests described in this report are as follows:
heat of fusion (Ref 8:42), purity (Ref 35:1), specific heat (Ref
20:1331), and activation energy (Ref 28:412),

Jull scale recorder deflections for heat of fusion, purity, and
activction energy tests were obtained for samples of 1 mg or less,
dopending omn the control settings chosen, PFour DBC control settings
were available: range (Ra) in millicalories full scale, scan speed
(8c) in Kelvin degrees per minute, chart speed (Ch) in inches per
minute,; and slope, dimensionless, The Ra setting provided ordinate
size control, vhile Sc and Ch gave abscissa control, To facilitate
comparison, most tests of a series were run with similar settings,

In all tests with the DSC, a straight baseline parallel to the
recorder chart edges was souyght, Depending on the results of the first
try with an "average” setting, the slope control was adjusted up or
down mtil a straightness adequates for the test to be performed was
ackieved, The effect of slope setting on recorded areas was sssumed
negligible for tests having a baselins within s few degrees of parallel

to the chart edges.

Preparation of Semples

In the preparation of a sample, Figure 7, a small amount of
explosive (stock described in Pigure 6) was removed from the storsgo
vial a4 piaced in ta aluminum cup of 1/4 inch diameter, which was

placed cn the left stirrup of the elsctrobalance for weighing, The



. - g

Pigwe 6
Details of Explosives

T™R 2,4,8-trinitroresorcinol
(mz) 3063(03)2

pale green-yellow

INT  2,4,8~trinitrotolusne

(¥02) 3CgH2CH3

pale yellow

Tetryl N-methyl-N,2,4,8-tetranitro~
ani.ine

(302)3CHQNN02

yellow

Octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine

(NO2) 4Ny (CHp) g
white

RIX 1,3,5-trinitro-s-triazine
(m2)3113 (012)3

pale tan

PETN Pentaerythritol tetranitrate

C(CHy) (04 (N05) 4

white
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et sample weight was tien obtained by subtracting the pre-recorded

tare weight of the pen and its flat aluminum 1id,

Figure 7

Sample Preparation 1

The sample pan edges could then be rolled downward over the pan
1id by use of the special crimping press, a DSC accessory. Crimped
samples were less likely to be spilled in handling or storage,
Activation energy test samples were crimped, as were those for the
signature thermograms. However, the crimping process frequently caused
the bottom surface of a sample pan to bulge inward, reducing the area
for thermal conduction from the sample holder to only the edges of the
lower surface, Because the crimped samples displayed varying degrees
of bulging, purity tests were run with covered, uncrimped samples to
ensure s flat swrface of contact. An additional factor for specific
heat tests, also uncrimped, was the large size (about 30 ®»¢g) required;

some samples would have been spilled by the crimping process itse.if,

rd

Signature Thermograms

Bafore the primary tests could be run a general knowledge of an

explosive's behavior due to rising temperature was nccessary, For
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this reason, a sample of each explosive was hwated at a comstant rato
(i.,e. scanned) from ambient temperature to the point vhere its thermsil
activity ended -~ between 500°K and 600°K. The recorder trace thus
produced is cslled a thermogram, Such thsrmograms, uniquely describing
the thermal behavior of the samples which produced them, are called
"signature thermograms” inm this report., They were used as guides for
selecting the tomperature ranges of interest of each explusive for the
variocous tests, The signature thermograms are pmsentsd in Appendix A,
Although the convention "endotherm downward (to the right of one
facing the recorder) and exotherm upward,” as followed in this report,
Goes not conform to recommended ISC practice, it allows direct
comparison with the many results of differential thermal analysis

tests over the last several years,

Heat 2£ Pusion Test

The latent heat of fusion was determined by messuring the ares of
the melting endotherm of the sample and comparing it ﬁth that of a
standard pure material, The 5.95 mg indium (99,9999%) ssmple provided
with ths DSC equipment was ugd as the standard, In this study the
heaty of fusion were generany“ calculated as a preliminary step in

the purity determinations,

Purity Test

Sample size was adjusted to that which would produce a large
melting endotherm at instrument settings of Ra, 2 mcal full scale,
7/
Ch, 4 in/min and ¢, 0.825 °K/min, The initisl temperature was set

fur anmm o Yalaw to ceanet of melting shown on the signaturs thermo—

grmA to ensure that the entire visible leading edge was included

10
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in the record, The trace pen wus sot on the low specific heat (left)
side of the recorder chart to allow space for the melting endotherm to
form, After the instrument had come to equilibrium -~ sbout two
ainutes ~= the sample was scanned upward through the melting trans-
ition, A return baseline was established in each test before stopping

the scan,

Specific Heat Test

A flat disc of aluminum oxide (in the form of synthstic sapphire
or corundum) provided as an accessory to the DSC instrument was used
as a standard referesnce material for the specific heat tests, The
baseline displacement of the sapphire, duc to a programmec energy
input producing a temperature zise of 10 °x/nin. was compared at ten
degree intervals from 313°K to 423°I: to that of known weights of
explosive, Large enough samples were used to produce specific heat
displacements of the same order of magnituds as those of the sapphire,
'No’dons shaped asluminum sample holder covers fitting snugly over
each sample holder were used as radfetion shields to minimize thermal
emissivity changes of the nnpie during heating.

Two different types of test series were performed and are com=
pared in this report: (1) two seriea of six short scans thi"ongh
overlapping cegments of the temperature range, and (2) one continuous
scan over the entire terperature range, 1In each test the sapphire,
oempty pan, and the six samples in turn were szcanned throuwgh the
required range, To allly the scanning baseline to adjust itself, the

)

instriment for sach test was equilibrated at 185 degrees below tho

tonparaturs at which the firat reading wss desired., The results are



compared graphically in Appendix C,

Activation Energy Test

The rate of energy evolution at any temperature is proportional to
the distance between the rising decomposition curve and the inter-
polated baseline at that temperature., Explosives which vaporize
before reaching their decomposition temperature, however, cannot be
tested for activation energy by t}:e method used here, O0f the siz
explosives baing considered in this report, TNR and TRT are in this
category; for each of the other four explosives activation energy
determinations were attempted,

With a small (about 1 mg) sample in the sample holdsr, and the
trace pen on the high specific heat side (right) of the recorder
chart, the instrument was equilibrated at a temperature below that
for which any exothermic deflection was indicated on the explosive's
signature thermogram. Each rur was performed with Ch, 4 in/min,
while Sc and Ra settings were adjusted to the expected exotherm's
size and shaps. Although for purity determinations the melting peak
had to be kept entirely on the chart for area messurement, only the
leading edge of the activation energy exotherm had to be preserved,
Thuas Sc and Ra sdjustment to keep the pesk ontirely om the chart was

not critical,

12
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IV, Data Analysis

The raw data from the four types of tests performed in this study
consisted of (1) chart recorder traces of .DSC power (mcal/sec) versus
temperature, with the associated control settings of Ra, Sc, and Ch,
and (2) sample weight (mg), where required, Details on the calculation
of the heat of fusion, purity, specific heat, and ac‘tivntion energy

are presented in this section.

Heat g{ Fusion

The basis for calculstion of heat of fusion by DSC is the
instruu;nt's direct measurement of the power input required to hold
the temperature difference between sample and reference equal to
zero, The endotherm produced during melting is then proportional to
the energy absorbed during fusion. To obtain the energy of tran=-
sition, the ares under the endothermic peak and above the interpol-
ated baseline was measured and compared with that »of the pure indium
standard, whose latent heat of fusion is known to be 6.8 cal/gmn, The

mothod is summarized as follows:

A Ra
(ﬂr)Suple - (w E) Sample (1)
) tnatom (-:—55) Indium

Purity

Purity was found from measurements of the increasing area at
corresponding temperatures along the melting curve, Temperature points
at which partial area measurements were to be made were marked along
the interpolated hbaseline of the endotherm, Then “slope’” lines, ecuel

in slope to the leading edge of the indium melting endotherm, were

13



drawvn from these points to the trace, defining points aslong the trace
from which verticals were drawn to the baseline (see melting traces,
Figures B-1 to B-~9), Thus the boundaries of the partial areas, with
their corresponding tsmperatures, were completely described, The
ratio of partial ares to total measured area, a/A, was dcfined as P,
the area fraction, Finally, a plot was made of temperature T, as a
function of reciprocal P,

Even though extra effcrts were made to obtain a straight and
parallel baseline trace before visible melting deflection, the Ty vs
1/F plot was not the straight line predicted by the theory (see
Appendixes B and F), indicating that not all the energy absorbsd in
melting was represented by the area between the curve and the inter-
polated .bueline. To correct for this effect the data vas modified as
suggested in Ref 36:1-4, The plot for

(1/?), = Aa (2)
was not a straight line; but with

(/P = (A + ¢c)/(a + ¢) 3)

the locus became straight for a specific valus of ¢, This occurred
when (1/F), values for successive partial areas differed by a
constant, The corrected area, (A + c), was used ir the heat of fusion
determiration., Pinally, the slope m and intercept T, of the modified

Tg V8 (1/r)c plo* were then used in the equation

-Ht
x:—j )
AT

v

to nhtain tha fraztion of immirity, X, present in the explosive,

Actual ther; xgrans, aiong with original and corrected data,

14




GAV/ME/67B~3

plotted points, and calculations, are presented in Appendix B,

Specific Heat

As samples were scanned on the DSC, the increase in specific-heat
with increasing temperaturs was indicated by a deflection of the trace
from the established pre-scanning baseline,

. At sach temperature of interest the total displacements of
sapphire reference, empty ﬁan. and sample were msasured in inches, The
empty pan displacemsnt at each temperature was added to the respective

sample and sapphire reference displacements in the following ratio:

Cp,s (dg + dp)/wg (5)
Q,r - (G + A/,

where (dg + dp) and (d, + dp) are the net trace displacements dus to

the sanple and sapphire reference, respectively,

The weight, w,., of the sapphire reference was found to be 34,34
ng. The values of cp,, for each temperature of interest were
obtained from a chart provided with the DSC specific heat standards.

Control setting Rz in all tests was 4 mcal full scale,

Activation Eneq

The ordinate deflections on the decomposition exotheram corres-
pording to several successive temperature readings were measured and
plotted versus temperature in the form 1°310d1 vs z/'ri. -The plot
obtained from these data was a modified Arrhenius plot which differs
from the usual only in the use of deflection distance d in place of
rate constant k aluong the ordinate, This modification was done -

barosuze the distonce measured is dirvectly proportional to the rate oF

15




energy evolved, and thus is proportional to the Arrhenius rate constant
k., For those tests whose data plots were straight lines, then, the

activation energy E® was calculated by the following equation:

wd

- -(x‘ /m _ 2,303 (logyqd; - logyqdg) )
1~ VI
or
't i} -4.58 lﬂlo(dl/dg) n
1/'1'1 -ﬂz

The development of equation (7) is given in Appendix G, _
Actual decomposition exotherms, along with measured data, plotted

points, and calculstions, are presented in Appendix D,

Temperature Correction

The temperature readings from the DSC temperature programming
dial were not exactly correct, The indium and tin samples provided
with the DSC instrument melted at 429.03°K and 306,.83°K, sccording to
the dial. This compares with the actual melting points of 429,6°K
and 504.9°K, respectively, resulting in differences of -0.57°Kk for
indium and +1.93°X for tin, Im examining the results of represent-
atire tests to determine the affect of this correction, it was found
that & -2,0°K temperature correction in the RIX result for E'
resulted in s negative adjustment of 0.8 keal/mole, or 0,83%, Since
other corrections would have been less, no general temperature

correction was made.,

16
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V. Results and Discussion

The calculated results for each of the properties considered in
this study are presented in Pigures 8 - 11, along with comparisons

with results published in the literature,

Heat of Fusion and Purity

Of the six explosives considered, only TNT, tetryl, and PETN were
tested successfully for purity and heat of fusion by the DSC method.
Results are given in Figures 8 and 9, The other three explosives pre-
sented various problems, some of which are described in this sectionm,

Very little data for comparison with the purity results was
available; only HMX and PETN values were found (see Appendix E), The
PETN stock from which all DSC samples were drawn was described as
"at least 98% pure”; the lowest purity indicated by these test
results was 99,14%, Purity of HMX was quoted as 99,8%; unfortunately
this could not be verified by the DSC methods,

Factors Inpairigg_ Results for TNR, HMX, and RDX, The TNR results

wore impaired by the occurrence of (a) endothermic changes at twelve
and five degrees below the omset of melting (see Pigure A-l), and (b)
vaporization before melting. As a result, fast scanning (Sc, 5 or
more) did not allow time for the rezorder trace vo form the essential
straight baseline between crystallization and melting, while slow
scanning magnified sample loss by vaporization,

HMX did not entirely melt before its decomposition began; there-
fore, the melting area was incomplete for fast scan speeds and non-
existent for slow spseds, The B¥Y signature thermogram (Pigure A-4)

shows this phenomenon,

17
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m melting of RDX was followed by an upward shift in the trace
after melting, as shown on the signature thermogram (Figure A-8), This
indicated that sample was being lost by vaporization defore the
occurrence of decompositicon, No RDX melting endotherm could be
produced on a slow scan speed (Sc, 0.625); instead, the recorder trace
consisted of a series of alternating endo~ and exothermic peaks of
decreasing amplitude, 20% to 5% of chart width, and centersd 4% to the
endothermic side of the original baseline., This effect was probably
caused by altnrnating melting and vaporization; no sustained cxo-'
thermic tendency m observed until at least fifteen degrees above |
the temperature at which mslting had begumn. ‘

Causes 21_ Error, Heat of fusion values both with and without the

area correction are compared with separate test values in Figure 8,
indicating the approximate range of reproducibility attained in these
tests, After practice with the planimeter it was ocbserved that the
areas could be measured within 1% of average over a series of measure-~
ments with several pole positions and starting points, The
differences in the results given, showing a variation ranging from

2% for tetryl to 18% for PRIN, indicate that factors cther than
inaccuracy in the mechanical area measurements probably affected the
reproducibility of these values,

One step which very likely introduced error was the interpolaticn
of the baseline to the tail cf the melting endotherm when the return
baseline was not level with the initial baseline, An arbitrary conven-
tion was to extend the initial baseline to the point immediately under
the peak, then draw a line to the established return bhageline, This ia

shown, for example, in Figure B-7, Results of direct interpclation of

19
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baseline, ignoring the above convantion, indicate that the interpolated

baseline's location was critical: there was 7% difference between

"before” and "after" values, marked with an asterisk (s) m Pigure 8,
Another problem was the slight vaparization of some samples

before and during melting. Vapor was observed during the melting of

PETN, and final weight was consistently 5% to 8% lower than initial

weight, Although average weight was used for heat of fusion calcul-

ations .‘ the results showed considerable scatter,

Specific Heat

Results in the literature, as plotted for comperison in Figure 10,
indicate that specific heat curves have decreasing positive siope with
rising temperature, Figure 10 shows that specific heat curves for the
explosives tested are monotonic increasing, but omly the HMX curve
exhibits a tendency toward decreasing slope, The erratic behavior of
the TNR and PETN curves may be due in part to weight loss and vapor-
ization observed for both., The averaged curves for TNT, tetryl, and
PETN in Pigure 10, as well as the continuous scan results in Appendix
C» show that at the scamning speed and range sensitivity used (8c,

10 °K/min; Ra, 4 mcal) the deflection toward melting began quite
early, This tendency, then, may have canceled the expected decrease
in slope,

The relative position of the recorder trace pen during scanning
was always proportional to two parametors: (1) size of sample, and
(2) specific heat, cp, of ssuple., If an uncnanged zerc setting for
the trace pen is assumed, the trace produced by a small semple was on

the low snecific keat side (laft) of & larger sample of siniler

20
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material; likewise, the trace for a sample with lov c' ocourred to the
left of thst for a higher G, sample of equal mass,

Althouwgh the aversge Cp curve for HMX matches litsrature values
quite well, no explanation has been found for the wide differences
between the TNT, tetryl, and RDX curves and their literature counter-
parts shown in Pigure 10, It is possible that the demsity and form of
the samples for which reference results are reported were quite
different frow those of the tests in this report., However, aithouwgh
the tetryl sample used in the second cp‘tut series was the melted
and refrozen sample from the first series, the results were very close

(see Pigure C-4), Therefore the above explansiion appears incomplete,

Activation Energy

Calculations by the DSC method yielded comparatiwvely high values
of activation snergy, E', for each explosive. Results for tetryl, RDX,
and PETN were 5% higher than those of Ref 28 :413, where the same
method was used, Pigure 11 shows these and other values of X',

The return baseline for decomposition exotherms was even less
likely than those of purity tests to be found at the pre-reactiom chart
position, In an attempt to determine the effect of a shiftid baseline
on the slope of the log;od vs 1/T curve, new baselines were drawn at an
arbitrary angle of eight degrees below the originsl on the tetryl, HMX,
and PETN sxotherms shown in Pigures D-2, D-4, and D~7, and distance
versus temperature data was recaren, The tetryl and BMX calculations
gave a significantly lower slope, reducing calculated 5 values by 19%
in each case., No noticeable improvsment could be observed for the PEIN

data, howsver, It was concluded that, in genersl, s bhaseline

22
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extrapolated toward endothormic would yield lower valwss of E°. 4s s
matter pt convention, then, the pre-decomposition baseline was extended
co=linearly, regardless of the location of the return beseline, Por
either an iunert reference material or an empty sample cwp the IS
trace usually began increasing in non-linear dofloctiqn to'u-d' endo-
theraic at a temperature between 500 and 530 °c. This cbservation
strengthens the validity of the above comvention,

Iunyl activation enexgy values presented in literature have
resulted from isothermal decomposition tests, in which the explosive
sample was by some mechanism placed suddenly in thermal comtact with a
conducting medium at a Specified temperature. By the Arrbenius equa-
tion (see Appendix G), sinco the fraction decomposed after t seconds
equals t times k, the plot of 1n k vs 1/T for a series of temperstures
yields E*/R as the slope of the line. Results were 20 to 50 percent
higher than thoee of the isothermal tests, Since there are indications
that this may severely affect the usefulness of the E* values (see
Ref 33:8), & modification of the DSC method is indicated. For the
description of a promising technique using solvents, see Ref 28:413,

S8ince activation energy is a measure of an explosive's
susceptibility to decomposition at any temperature, a high o norull;
indicates slow decomposition., Where design temperatures are
critically high, then, an incorrectly high value of 2% would imply
rates of decomposition lower than those vhich would actually be

observed, In many applications this could contribute to dangerously

-

premature or accidental decomposition, Thus, with other factors being
squal, a calculeted valus of E® which is too low would appear to be

hetter than ons #hich 1a ton high,
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Vi, Comclusions

Based on the results of this study of the applicability of DSC
asthods to the determination of explosive properties, the following
oconclusions are drawn:

1, Heat of fusion and purity results ary impaired by (a) tbhe
presence of vaporizatiom before or during melting, and (b)
the occurrence of decompasition near the melting point,
Explcsives without these problems, such as tetryl and THT,
give counsistent results,

2, At temperatures just below tha melting range the accuracy
of specific heat tests is affected by (a) t& beginning of
trace deflection due to welting, and (b) sample loss dwe to
vaporization, Explosives with high mslting points, such as
HMX, give best results,

3., 1he activation energy values I undiluted explosive samples
are high as compared with those from isothermal tests,
Modifications making DEC activation energy results more

useful appear possible,

25
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VIi. Recommendations

It is recommended that homogencous binary explosive mixtures be
tested by the DSC method to determine the extont of varia*ion in the
melting point, decompooition texperature, and activation energy of ore
explosive dus to the introduction of incressing mole percentages of
snother explosive, Such data could be presented ‘n phase diagiam form,

It is recommended that DSC methods be used to coapare tb» pro-
perties of recently developed explosives such as TFET, PF, and "NTF
with similar explosives already in wide military use, both in pure
form and in mixtures over a range of percent compositions,

It is further proposed that tests using sealed sampie cups (DSC
Part No, 219~0062) be performed and their rasults compared with those
presented in this report for open and crimped cups., The sealied cups
may make possible more reproduceable results for those explosives such
a# TNR, PETN, RIX, and TNT which showed vaporization before
decomposition,

Finally, it is reéonnended that the heat sensitivity of explosives
be studied, with emphasis on determining the induction time at various
temperatures at and above fhe decomposition point, It is suggested
that the memory effect, which is the possibility that induction time
is shortened by the effects of previous partial heating, be chserved
and reported,

The necessary equipment and supplies for the recommended studies

are available,
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Appendix B

Purity Endothexms, Calculations, and Data Plols
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T,

451.4

451.2¢

451.0

450.8

T a (1/F) (1/F)

[o] [
. : ¢x100 ¢z150 ¢=200
1 451.0 43 28.8 9736 7& 5Y02
2 451,1 99 12.5 6.72 5.58 4.81
3 451.2 159 7.78 5.16 4.49 4.0l
4 451.3 304 4.07 3.31 3.06 2.85
5 2.16 1.97 1.85

1/F

Figure B-1

Purity: TNR (Unsuccessful)




GAW/ME/67B-3

bﬁt

T»

(vm
(/P
r T 3 (1/ )O e
QO x40 c=80 0=200
1 346.275 106 10.5 7.75 6725 4.15
2 346.444 1235 8.35 6.58 5.49 3.83
5 3 346.637 185 6.34 3.30 4.59 3.41
(f 346.843 225 4.64 4.09 3,69 2.93
5 346.961 276 3.79 3.42 3.16 2.62
6 347.077 351 2.98 2.77 2.61 2.26
347 0 7 347.212 490 2.13 2.05 1.98 1.81
O+ 8 347.261 648 1.61 1.58 1.55 1.47
| 0 m = 0.217
T°=347.635°K
: H, = 5.84 keal/mole
. -2 H
RT 2
346.8 | o
= 0.00287
6.6 |
r
346.4 | Sty
2 4 6 8
1/F
Pigure B-2

Purity:s TNT (1)

39




GAW/ME/67B~3

347.2[

347.0

346.8 |

T

346.6

T s (P (1/F)
o C
Q =200 05180
1. 346.6 110 14.7 5.86 6320
2 346.8 170 9.51 4.91 5,13
3 347.0 259 6.24 3.96 4,09
4 347.1 321 5.04 3.9 3.58
5 347.2 403 4.01 3,01 3.08
6 347.3 522 3.10 2.52 2.56
7 2347.4 715 2.26 1.98 2,01
Y m = 0.192
T = 347.78°%K
H = 5.61 keal/mole
] H
.
RTZ
(o)
O O = 0.00449

6
1/F
Figure B-3
Purity: TNT (2)

40




T %K

®vn s od
.-

400.3

400.0

399.4

399.31

T s (/W) wvr)
c

Q  caB80 =100 c#120

399.6 60 20.2 1.1.5 8.23 7.42
399,7 90 13.8 9,06 6.93 6.36
399.8 137 8.87 6.77 5.55 3.2
399.9 218 5.58 4.72 4.14 4
400.0 350 3.48 3.17 2.92 2.9
400.1 3585 2,08 1,99 1,92 1

n= 00091
T, = 400,27°K
H, = 5,90 kcal/mole

Rk oN»r

_-Bt
=2

RT,

= 0,00169

X

.a:
al
-
®

Figure B-4

Purity: Totryi (1)

41




Ny oot e i 3

T, °K

359.6

399.‘

399.2

392.0

ST

T

a (/7
o

(/¥)
c

o Q=170 ¢=150 ¢=120

1399.0

39e.2
399.3
399.4
399.5
399.6
399.7

69
119
187
209
282
385
536

16.4

9.
7.
S.

52
21
42

4.02

2.
2,

o4
11

5.4
4.31
3.98
3.44
2.88
2.38
1.84

3.86
4.77
4.18
3.57
2,97
2.42
1.87

m = 0,141
T, = 399.94%

Bf =2 5,82 kcal/mole

6.63
5.24
4,52
3.81
3.11
2.48
1.91

mH
X = b 4
2
R To
[ = 0,00248
i 0
b
2 4 6 é
/»
Pigure B-S
Purity: Tetryl (2)




T, oK

399.4

399.2

olo)

QO c=100 c=80 a7
x 3”0‘ 40 ”.8 a.o’ 9.” ‘05‘
2 399.8 63 16.4 6.93 7.77 7T.97
3 399.6 97 10,6 8.74 6.28 6.40
4 399.7 1564 6.70 4.45 4.73 4.81
8 399.8 241 4.28 3,32 3.46 3.48
¢ 399.9 376 2,74 2,38 2,43 2.45

E= 0.“‘

Hy - $.73 kcal/mole

£
R To

O x=

vr

Figure B-8
Purity: Tetryl (3)

43




GAV/ME/67B-3

-
412.8|
|
412.6
°§4
[
412.4 |
A
412,2,

I W W2 LR

T a

(/p)

[

412,2 73 27.7
412.4 149 13.3
412.6 309 6.43
412,7 £72 4.2
412,8 788 2,52
412,84 998 1,99

Lo

=200 c=150 c=158
O

8,01 9,87 9.35
6.27 7.14 7.02
4.30 4.65 4.60

3.26 -~ 3.40
2.20 2.28 2,26
1.83 - 10185 .
0.084
412.29%
B
X F n b 4
RT 2
o
= 0,00287

r

Figure B-7

Purity: PETN (1)




Ty

| T s (VD) (vm
[ ' o e
. O  ce200 c=220 cx260
S1L8 167 10.3 6.10 4.88 4=
411.9 213 7.61 4.41 4.35
412.0 287 S.65 3.74 3.63
4121 392 4.1¢ 3,08 3.0l
€12.2 542 2.99 3.46 32.41
412.3 722 2,24 1.98 1.98

L
8888E3

o BN R W 3

DWW

412.2

L0

n= 00173
T, = 412,61%
l!f = 10.1 kcal/mole

aK
= b 4

-7

R T;

= 0,00618

b ¢

‘13.0 oo

411.8}

411.6 |

vr

Pigure B-8
Purity: PETY (2)

L 1]




T, %

412.4

412.2

412.0

411.8

T s (V/P) wn
o ¢

Q  ¢=200 c=260 c=300
—_—— O
1 413.0 164 10.5 5.29 4.63 4.36
2 4132.1 212 8.14 4.67 4.20 3.95
Q3 412.2 278 4.20 4.03 3.69 3.50
4 412.3 3% 4,87 3.43 3.23 3.09
8 413.4 452 3.82 2.95 2.79 2.69
6 412.5 585 2.96 2.46 2.36 2,30
7 413.6 750 2.30 2,03 1,94 1,90
o n = 0,244
T, = 413.06°K
B, = 11,9 kcal/mole
X = n Bf
RT3
O = 0.00855

vr

Figure B-9

Purity: PETX (3)




Appendix C

‘3pecific Heat Traces and Coxparative Data Plo*s

47




dn) £3duyg pue pawpus;s exyyddug :3wey oyJyoedg

-0 ey

‘aanjeredwue;

qo®e 3% TUAORS SNT¥A 9} SATS O3 SJUMEOSIASTIP POIRAISNTIIT oYy 03

pPeppe oxs sjucwedssidsyp dndo L3dwe ay3 O xipueddy Jo ety yowe ujy

‘sjucmsdvidsip pawpuels 03 peppe oaw niusmedwiderp dndo Li3duyg :e3j0N

B P YT Ty T T T e e BN b
, L_ ] _ ! “ {3, *emjvieduay s ‘..w..m
- 4 M H i — ¥ [~
i ! L . s | W | W ok R
. ol 3 L bl
m« - . “ . . dz_ - 4. ||u v.l- .
_ i i : . L -
U S L : T ef
: [} - PR
=L 8L
F . > “W
1 -4
.. .v ) . t .
e ot @ G4 MF. e 4
o Shuve® nplihy bl B ] m
Ibh cHlelul e v u i
. -8 &
o =
= Soagmn a i
h,.n.rﬂm,..H
o Qintnds g b4
= H!l.nwwl.,m ..4..%
ittt 3 ,MMJN

48




CGAW/XR/87B~3

(41uQ s3Insey) suwog pojuomBag ‘YNL ¢ 3weH OFFyoedg

2-0 ean3x

i, ‘eanjsreduay

eey 118 4 €ov €6¢ €8t €LE €9¢ 12413 14 < €ee eTe 54 €
- L ¥ v L4 - 1 4 R T ’ -r i 1
@] 192°0
g @ ©
Z °ON uwdg peojuemnleg ] o
Q) 0} 188°0
T ‘o) uwmcg pejuemdeg O o)
B 5 °
© o o 0g°0
0]
© © 0]
© O ge'o

X, u8/1wo ¢dp t3wen oyzyoeds

49




Yus0og pejusmsSeg pus cnonuyiuwo) ‘IAL :3weH oyJycedg

€0 sanfyyx

uwdg§ snonayruw) -
T "ON t¥og DPoyausBus ]

1 °ON us2g pejucmfeg O

o

-

-

———a

Ro ‘emjsaeduay

Lok _| opsrigll]

A1

sl

- et

L |

r

]J |
TV

— 4

v
S & B orde

b .

.

ﬁ-i_,

A @

N

O]
O
<

Lol _

]

DR—
e
¥

o

)
¥, mB/1e0 ¢dy ¢jway orzyoedg

4}
s
©

50



GAW/ME/6 TB-3

-

sSu3dg pejucwBes puw ‘snonuriuo) ¢ yLIel

0 emiyy

i3veH orzyreds

do ‘eanjexadmay

o e e R o e e T " N T " B "
. . .". 1 .‘ - _w.f S S " A = ._ ..
1 l.l.ll .‘.tl ——— . ‘. -dwe m R 1."‘4.'[. .-“.|_| . '.UIII -———
. g R i . B
R RS __v . 1 -
RN R R | 1 : .
B e | i : . u
—- - +—¢r—1 i - ——d
BN B B ! ” B
— - - : =
B B i =

T8 snoruiiund <
¢ ‘ox uwdg pejucmBeg [

T "ON uscg pejuewseg 0]

@& 4

®A

&
*
©

108°0

18¢°0

X, u3/125 % ¢3wem oyzroedg

81




GAVW/ME/67B~3

8UBOS pojusmdeg pusv sMONUTIUOD ¢ YWH

G- eanByyg

i13weg oryroedg

A, ‘Samivrodmay,

w2 e ‘

REan |
gl il L
m m Ty 1 -

_-J_t-._x-
[
g_.
||

8§ snonufyucd <
€ °ON wwog pejuswBag [ 0

1 °ON uwdg pajuemdes O

- & B

BDAO

ol ol

1sz°0

loe’0

iee’o

i, ul/teo «do ¢3ueg orzyoedg




GAW/ME/67B-3

SUBOS PajuUSNISE PUE SNONUTIUOY XU ¢ 3eey OrFioedg:

=0 eamBry

—————t e —

i, ‘omjexedmer -

B - S {119 m.- a_| m.‘ﬂ. I.W /- 2h lﬂlﬂﬂd_|.|ln|.am!.ll
. i . . : H ! 1

i
.

—-- 8
i

AL -
I U B .1. — R L SRR
~ ! | ~r R
: B A I
| . . i ;
] . .
A . . o
PR | . . H K
h i . ’ H
| : :
- ‘.m.lc. le-..,...l ” .rw - - h -
} I : . H
T AT X _

n3

[

g ]

B

W
'

usdg MonuyId <
g "o ueds pejucmdep [

I °‘ON uwog pojmewleg ()

ca A

oA

0g8°0

1ce°0

X, w3/1e0 ¢d) ¢3uep oyyoedsg




GAW/ME/67B-3

)

dn-e38¥g susog pojusu8ag ¢yuy t3eag OFyyroadg

L=0 eun3Bty

PRE RS R ET




GAW/MR/67B-3

suwog pojuckBeg p.tB SNONULIWOD ‘NIEd :3¥SH Orxyoedg

i, ‘exnjeredwma]

*
h 7T
; H H H ! 1 m i
1 S T S e e o m
R QRSN S ! . '
, . i i ' q
- o - - . o ST L e e . : :
B ' : A LT | D | _
* " " ' ] R .|.. . e G B . [}
S S SO S N R | TN FREE I J :
H ' ) H : : :
! ; i : i : ! : _
o H R 3 JU LT | S .
- R 8 C - - -t - . v
. ! ' ! ) :
Y ) P S |.‘ S .“ F S S . - - R ¥ AR Avb

_!. .

-
~
.

B et St bl S = 4 B et FE e [ eV

uedg enonuyIvod <J

g °"ON uedg pojuemleg () M m

1 "ON uwdog pojucaleg (O

O
od
D

ACOB

108'0

A

1¢€°0

X, u3/1%o 95 ¢3wen oyrroeds

oA
oA




GAW/ME/6TB-3

Appendix D

Activation Energy Exotherms, Calculations, and Data Plots
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Activation Eneryy: Tetryl (1)
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Activation Emergy: HMX (1)
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Activation Energy:

HMX (2)
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Activation Energy: RIE (1) With Data Adjustment
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Activation Energy: PETN (1)
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Activation Brergy: PETN (4)
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Appendix E

Sources of Explosives

The explcsives used in this study were obtained from the following
sources

(1) Distillation Products Industries,
Rochester 3, New York '
(Division of Rastman Kodak Company)

25 grams each

TNR and TNT No lot numbers
No purity information

(2) lawrence Radiation laboratories,
Livermore, California (Ref 17)
100 grams each

Tetryl (BX3047} Stock on hand over five years:
Purity: no information

HMX (Lot A436) Origin: Holston Defense Corporation,
Kingsport, Tennessae
Purity: 99,8%+

RIX (Lot A212) Origin: Holston Defense Corporation,
Kingsport, Tennessee
Purity: no information
PETN (lot A358) Origin: Trojan Powder Company,
Allentown, Pennsylvania
Purity: 98%:

No attempts were made to purify the explosives prior to testing,
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Appendix F

Development of Purity Analysis

For an absolutely pure compound, the ordinary heat capacity dq/dT,

of the sample would approach infinity at the pure melting point T,.

But for ar impure material, dq/dT; is a function of sample temperature

8o that -

da/dT, = q (T, - Tp)/(T, - Tg)> (8)

The melting roint depression due to impurities is calculated by

®RTZ2x
2 (9)

Row, the fraction P of sample melted at any temperature Tg 1s

. To =~ Ta (10)
=
Ty = Tg
or
To =~ Tg = (T - Tm)(lll?) (11)
which gives the slope-intercept equation for a straight 1line:
Tg = To = (Tg =~ Tp){1/F) 12)
Thus, with Equation (9)
slope m = Tg = Tp (13)
2
RTox (14)
-
Hy
where X is the mole fraction of impurity present, Therefore,
m Hf @
X =
R T2
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Appondix G

Development of Activation Energy Anslysis

The basis for the development of the activaticn energy analysis

iz the Arrhenius equation, usually given in the form

k = A" sxp(~2'/RT) - £18)
For an ¢:losive sample, the DSC trace deflections d; slong the
decomposition exotheram are proportional to the Arrhenius rate
constant kg

k=Cd=A® exp(-E'/RT) (16)
vhich becomes

InC+1nd=1nA" - EV/RT a7
Any two points, (d,,T;) and (dpsTo), sre chosen: then

In C+ 1n d; = n A* - E*/RT, (18)

1n C + 1n dg = 1n A* - E*/RT, (19)
Subtracting, the constants C and A vanish:

Ind, - lnd, = -*/R (1/1y - 1/Ty) (20)

“E*/R = (n 4 - 1n d)(U/Ty = V1)) (21)

2,303 (log,qd, = log,qd,)

- (8)
For R = 1,987 kcal/mole °K,
g _ ~4.38 1log;qg(d;/ds) N

l/Tl - l/Tz
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