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ABSTRACT: Results of a dila.tometric study of TNT have
shown that cons 'iderable amuounts of liquid TNT can exist at
temperatures below the melting point'., At 7500,:two samples
of Grade I TNT showed 5.2%ý and 7.4%~ liquid TNT. A purified
sample-of TNT showed no liquid at the same temperature.

over the irange of 500 to 640c the linetr and cubical
*expansion gf Ti1T wasfi'ound-to: be 1.01 x 10O /C And

3.03 x 10- /*C, ,respect'ively..

A discontinuaity in the data was observed between 64*
and 65*c, which was ascribed to a solid-solid phase
transition.

"A theoretical discussion is given of the predicted,
malting behavior of TNT.
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of elevated temperaturi) storage but considerably below the
recognized melting poiUkt. The information sho-4,d be helpful
in establishing Quality 'standards as well as mxixaua allowable
storage te;operatuxese for TNT loaded Weapons.

This work was performed under ak No Mo. •01-664/4306/08,

NELL A.* PETERSON
Captain, USN
Commander
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THE MELTING BEHAVIOR OF TNT

INTRODUCTION

For severa le a br -een, co-le-vn ovel ;hl LU'or-
mation of liquid TNT during long-term storage of TNT loaded
weapons. Following World War I, liquid TNT often was
observed exuding from stored warheads. Such liquid resulted
from low melting eutectics of the alpha TNT with impurities
consisting of largely beta and gamma TNT, as well as.2,4-
dinitrotoluene. T1ho amount of liquid exudate was a function
of ;everal variables including nature of the i-p' Itlea, their
amounts and the storage conditions.

"1"1Jy 1AIIU "t JIAWAUL IkL1.L11 . ..A . .kJL.L± U.LV1L Uv".LvywG

prior to World War II have lea • a military grade of TNT of
higher quality,, designated as Grade I. In spite of the
improved quality, there have been reports of TNT exudation
from shells (I) and mines (2).

Exudation may produce a cavity in the loaded weapon,
which in perhaps the major abjection to it. If the cavity is
under the booster, the charge may fail to detonate. Grain
growth and ,lack of dimensional stability are more subtle un-
desirable changes resulting from liquid formation in TNT
castings.

Questions have arisen from time to time as to the prob-
ability of exudate formation in TNT or TPNT based munitions
under conditions of elevated temperature storage. In order'
to better answer these questions, a study has been made of
the melting behavior of TNT.

As there is a relatively large volume change during the
solid to liquid transitlon, a dilatometric method was used
to study progressive volum el changes occurririg in thqe sample
as a function of temperature. The dilatometric technique
was found to be satisfactory, as reported herein.

RESULTS AND DISCUSSION

Data in the form of curves are given in Figures 1, 2,
3and 4- in whieh capillary height inilthe dilatomater 'a
plotted as a function of temperature, Changes in the capil-
lary height are produced by the cumulative effects of water,
sample and glass expansion. At the lower end of the curve
it Is assumed that no liquid TNT is present in the dilatometer.

1OONF7DENTIAL
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The amount of' liquid TNT calculated to 'be present in
each of the fou~r samples in the dilatometors as a function
of temperature is given In Table I below. In order to
calculate the values In this table it is neoessar~y to esti-
mate the position on the curve where t~he slope ls' beginning
to increase. Li~quid in the Composition B sample hatd to be
deterulned graphically owing to absence of data on lthe thormal
expansion of solid RDX.

TARTE I

PERCENT LIQUID IN TNT

Samr. Ie ___

Temperature,, G~iiUiar Flake -- -W-1n~ar- comip. B
_____ rodctin roduiction Puri- -ed proiki etio

70.0 0.35 0.46 nil 10.2

73.9.,(165 F) 2.'9 4.2 nil :2.7

75.0 5.2 7.4 nil 16.8

Tepee~edakAAgea of i~quid shown In Ta~ble I do noIt
include come additional liquid iknown to exist In production
grade TNT at temperatures far below those shown. Exudation
has been observed in TNT And Compositi~on B loaded shells
stored at 650C for five months (3).- Certainly a small amount

* of liquid exists in a TNT castin above 414.4*C, the ternary
vkfry TNT eutectic6 melting ]point (4). Infrared spectirophoto-
metric analyses of TNT exudate (1), collected from several
90 mm shells loaded with Grade I TNT stor~ed only four dayso
at 716C, showed that the'exudate consisted chiefly o:n*VTN
with' the following average percentages of` iD2puritlesZ
ff TNT, 3.l1%; -( TNT, 6,..l% and 2, 4-dinitrotc)lluene, 5. 1% The
ratio of the -y t~o the P isomer is close t6O that found In. the
,kO~ TNT ter-nary eutectic composition.

Table II below shows the amount of liqui~d TNT calculated
to be present in a cast charge at several temperatures at two

*levels of impurity, 0.5% and 1.0%. It In assumed that the
Impurity, consists of 0 and 'y TNT in the same, ratio as present

Me -U.,IA ý, .. -'fiie and Rowson
(5) have determined the purity of onei sample of service "grade
TNT of U., S. origin and found it to b~e 99. 4%, pure. Thus,,
the values sh'own in Table II are believed to be a realistic
level of liquid possible in a cast charge.

2,
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TABLE II

PERCENT LIQUID TNT IN A CAST
CHARGE CONTAINING BETA AND GA•MA TNT

Total 0 and .yTNT
Temperature, °C *C2

44.4 0.881
6o,,o 1.43 2.96
65.0 1.82 - 64
70.0 2.72 5.4

The granular purified TNT, Table I, showed no liquid
formation at 75*C based on the dil]atometric measurements.
Although the qimple must contain soe small amount of impurity,
it could not be detected by the method used. The difference
between the purified sample and the two production samples,
Table I, shows clearly the effect of purity on liquild for-

tation in the range of 700 to 75*C.

No precise maximum allowable temperature can be given
for the storage of TNT loaded weapons, because the amount of
liquid that will form in a cast charge, is also a function of
other variables such as the type and \quantity ,of mpuritiespresent. However, the results reported herein, as well as
the work of other investigators auggest that 65*C is close to
the maximum storage temperature for production quallty TNT if
significant quantities of liquid are to be avoided.

Over the range of temperatures where no melting was
detected, our measurements allow a calculation of the coeffi-
cient linear and cubical expansion- of TNT, Table III. The
values for the linear coefficient of expansion represent the
average expansion along: 1he three crystAllographic directions.
Etbank and Vai Dolah (6) have measured the coefficient of
linear expansion along each of the three crystallographic axes.
They did not report a value for the cubical expansion of TNT,
but this on. be calculated readily. The calculated value,
2.78 ' Y$' per "C, is in reasonably good agreement with our
data. The NMval Ordnance Test Station measurements covered
a teamperature range of about 25 to 75*.

CO'TfIDENTIAL
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TABLE III

COEFFICIE~NT OF THERNAL EXPANSION OF TNT

NOL NOTS

Average Linear (50 -640c) 1.00 x io-4 / c*
1.02 x lo-4

Cubical (50 -64'00 3, 0.1 X 10-1t/ c 2.78 x 10-4
3.-05 X 1O

* Repo-ted for the three crystallographic Axc
** Ca~lclated value

Several literature values of the linear ý`Vcpanslon of
TNT are given in a report prepared by the Armour Research
'Foundation (7). There is gross disagreement az1zong the values.,
The very high values may result'from the solubility of air
in-TNT (8), or inclusions of trapped gas within la large charge.

Results have been reported on the density of TNT at
250C prepared from an air-free melt. Smiall air-free TNT
castings at 25*C have an average density off 1.13,(~ The,
difference between 1.630'and the crystal donsitY,, .54, repre-
sent s, the, "voids produced as a result of shriniae of the-solid
TNT as i'cools. It to not p~osolb-le, except undei. the moot
Ideal conditions, to obtain a TNT density at, 25*0 greater
than 1.*637 by a casting te'chnique. This calculat44 value,
1.637, 'is based on a crystal densij'Y' of 1.06540, a coefficient
of cubical expansion of 5 .03 x 10- per % and the absence
of &Ppr.eciable'- sulneroooli n g during cry#stallization.,.

We observed a. diapontinuity in our dilatonmetriý measure-
menta betviwee ý64 and 65"C. It is believed that the c6bserved
infl~ecti~on roiiulttfrom a solid-solid polymorphic tnr'anadition.
Similarly,, Ebank aind Van Dolah (6) observed an ivirltct~ion in
their 'expansion," curveis near 64*c and Ascri';ýd this 't4 a poly-
morphic trasiin. Thyttempted to conftrm this Vi'ansition
by accurate calorimetric measurements but were unisucc~nsful..
At leasta t~iree crystalline modificataiona of TNT14 have been
reported (9), although the stability ranges and the I otr-
rielationshlin of thp, thirbi fn'n % are nt Ironmr

4
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"THEORETICAL CONSIDERATIONS

The thermodynamic prediction of the behavior of Grade I
TNT is considerably simplified because the impurities presentare almost entirely the isomers 20,4,-trinitrotoluene., beta
TNT; 2,4,5-trinitrotoluene, gamma TNT; and 2,4'dinitrotoluene,
(1), typically present in about the ratio l:P:2. These sub-
stances are Ao similar to TNT that only small error seems
possible in considering their mutual solutions with each
other and with TNT to be ideal, For this to be true over
large concentration ranges, ti.a escaping tendency of a
molecule of alpha or ordinary TNT must be the same whir, it 1i
surround4pd by saylbeta TNTas when it is surrounded in the
liquid b, its own kind of molecules. This Is a r1•orous
requirement, as it has as a consequence (10) vthr.c no volme
change occurs on mixing the liquid, or fused, components, that
they a$je miscible in a]l proportions, that t.Iere is no heat
of mix•,ýng of the liquid or fused components, and that if one
or morie of the components aa colA--, jt, t , .G . .r ng to
form the solution is just the absor'ption 6't enough heat to
melt the solids. Thus, partially miscible liquids or those
evollng heat on mixing carmot possibly C rm ideal solutionrI.

Two-component Ideal Solutions

'Considerable Insig~ht into the phenomena involved in
fu.D -" can be acquired throwgh examination of the
simpiest possible condensed phase solution, a two-component
ideei'l solution in which the liquids are miscible but the
solaLds mutually insoluble. The relations aile particularly
sadle when concentrations are expressed in mole fractions,

number Of moles of AA number o Fmoles of A + number of mT5iieTfB ' etc.

4 our case, NA + Nee= 1; In three component systems
A 4 NB + NC - 1, e.

In a saturated ideal solution of solid A in liquid B,
the escaping tendency of A in the liquid and the solid must
be the same. This has as a consequence (10)

dn _N .4 HijA 'P,(3.

5SýCONFIDENTIAL
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w .are NA is the mole fraction of the solid A in the solution,
& HA is the heat absorbed on melting one mole of A at its
melting point TA, R Is the gas constant and T is the absolute
temperature. Since when NA - 1, the solutio• i pure A and
and melts at TA, we can integrate equation (l) between the
limitsN A - 1, T - TA and NA - Np, T a T. This results in
the remarkable relation -in NA J4HA TA - T , or, inserting

R TAT
the value of R in calories per degree and changing to common
logarithms,

SNA " ( HA/4.5'5) (TA- T)/TAT (2)

The remarkable featur.e noP _ uantion (21 i4 thAt 1t con-
tains only the properties of A. The solubility of A at a
giverin temperature depends only on the heat of fusion of A and
is the same in all solvents so long as the solution is Mdeal,
Note that the Aolubi•!tyr ia greater at higher temperatures.

One Lmpor'tant application Of equation (2) can be made at
once. At the melting point, the temperature at which the
last crystal of TNT has Just. disappeared in the melt, the
solution is saturated with TýNT, as it 1i in equilibrium with
the solid. If this meltin,§;point is lower than that for pure
TNT, 80.900C (5) or 354.06 A, not only is it known that the
TNT is not pure, but the mole fraction of the impurity has
been measured, and, with orne further fact discussed below, the
proportion of liquid is known at all temperatures.

So far the heat of fusion has been supposed to be inde-
pendent of the temperature. It ean be readily shown (10) that
d4H/dT - ACp. where AC- is the difference of the heat capacity
at "constant pressure of the liquid and the ýsolid. Since the
liquid melt: has a larger heat capacity than the solid, AC, is
positive, and the heat of fusion decreases as the temperature
is lowered. This correction is generally small, as Ac is
usually near 13 calories per mole per degree, but is rather
8.63 calories per mole for TNI. When it must be used, as
when the temperature is more than a few degrees below the
melting point, equation (2) becomes
-log Ni- 4 HA TA- T A CG TA- T - AC % lo TA.,"

T57TA T 4-51 U. W Tr

6
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ERtectics

The other constituent, or constituents in a multlcom-
pozwk 601utlon, behaves in exactly the =ae way. The
solution can be regarded as a solution 0f B in A just as
*011 as A in B. If the heat of fusion " AC and melting
tkiptrature of B is used in equation (5), the reault is the
Solubility of B as a function of temperA~ture. If a two-
component solution is cooled, a temperature will be reached
at which one constituent, B or A, will crystallize out,
depending on the proportions of A and B in the original mix-
ture. This process cannot continue indefi"IWely, as if B
crystallizes out, on further cooling the i:•;:.d portion

A 4. 1 4 44- +4 'd..1,
LieUomue more~ andu M-LArJL- AL in .LAA UnA & .v

becomes eaturated. The liquid thus iv saturated with both
components, and they crystallize out togethrr. The temper-
ature and composition at which this occurs is the eutectic
temperature and composition. Inan ideal solution,'no liquid
,ase can exist below the eutect;Lc temperature. At the
eiuectit temperature all of one )r the other component melts
with enough of the other to make a liquid of the eutectic
composition. Further rise in temperature causes solution of
the component present in greater pioportion than in the
eUtectic, until, at some temperature below its melting point,
it Is all dissolved in the liquid.

Thus' in a casting of impure TNT, no liquid forms until
the temperature is attained, at which the eutectic formed by
the impurities with the TNT melts. This eutectic temperature
is the one further fact needed to define the melting behavior
completely. Figure 5 illustrates this behavior for impurities
produci#g a eutectic melting at 160, about th found iv
Grade I TNT. Figure 5 is the ideal solubility of TNT as a
function of temperature, plotted fro2o the data of Table IV,
caiculated using 5,075 calories per mole for the heat of
fUsion of TNT (5) and ACp - 8.6 calories per mole (11).

7
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TABLE IV

THE IDEAL SOLU3ILITY OfT TNT

T, OC . 4e Fractlon

80.90 100.00
80.70 99-54

80.30 98.65

80.00 97.97

79.70 97.31

79),30 96.42

79.001 95.74

78.00 94.22

75=00 88.34

7k. 00 82.40

68.00 76.36

64.O0 70.03

60.O0 64.11

55.00 57.32

50.00 51.11

45.O0 45.45

40.00 40.13

35.00 35.67

8
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EXPKRIMENTAL

Miatometps

The . -41--tommtpra were conAt x uetoed a6 shown in Figuxae '6
using a sa•ple tube of about 3 cc capacity. Capillaries
were tested for unif(.rmity of bore and their volumes per
unit length were determined by calibration with mercuriy.

''Reference marks Wýfre sandblasted on the 1 mm capillary
tubing used for the dilatometers. After 'the volume of the
dilatometer had been measure4, an accurately weighed sample
of about 2.5 9 of explosive was added to 'the sample tube.
The 12/18 stanOard tapered Joint was sealed with a thin film
of sco1,choast Rfesin No. 2 and allowed to cure for at least
Et1T~Y..•.et -rn ho-Wi. st ldded vo-the dilato-
meter by means of a three-way stopcock after evaciatlon for
about an hour with a Megavac pump. A Burgess. "Vnbrot-ool"
proved helpful inloosening the sample particles for easy
removal of trapped air. After adjusting the height of the
water, the capilla y was sealud. Overall length of the
dilatometer was about fourteen inches.

Procedure

The dilatometers were held rig.Ldly in a metal rack and
completely imnersed in a constant temperature bath held to
within 0.02'C, No readings were taken at tho otarting
temperature (about 50C) until the dilatometers had been
immersed for 48 hours to insure solubility equilibrium.
Mhe liquid level was measured with a Gaertner 100 mm

micrometer slide cathetometer. Further readings were taken
at 2 to 30C!intervals" utntil- about 65*C. Above 6r50IC the
temperature intervav vas reduced to about i-C or less.

Samples

Purified TNT., This sample was obtained from
R. W. Van Dolah of the Naval Ordnance Test Station, China
Lake, California. No data was supplied with respect to the
mole percent impurity estliated in the sample.

Granular ,TNT, Grade I, manufacturer unknown.

Flake TNT, Grade I, Keystone Ordnance Works.

Comp B, Production Gra.%;e, Holston Ordnance Works.
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