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ABSTRACT

Four semples of reagent grede ammonium perchlorate weighing five grams
each were irrediated in the Aerojet-General Nuclear Industrial Reactor (AGNIR)}
for periods of 37, 78, 187 and 224 hours. Total radiation exposures ranged
from 1.0 x 1017 to 6.1 x 1017 neutrons per sq. cm. of neutron exposure, and
from 1.7 x 108 to 9.9 x 108 Reds of gamms exposure.

Semple decompositions were found to be proportional to total radiation
sxposure. In the experiment of longest durstion, 36.5 weight percent of the
irradlated sample decomposed into gaseous decomposition products and generated
a gas pressure of 19.5 atmospheres in the sealed irradiation pressure vessel.
Only 1.5 grams or 30% of the original sample, was recovered in useable form.

The crystalline samples recovered for analytical and calorimetric mea-
suremente all showed excessive radiation damage with extremely porous struc-
tures and acildic residues.

The Apparent Lattice Energy Content was determined by measurement of
hest of solution before and after the radiation exposure. Measured heats of
solution ranged from +68.04 cal/g for the unirradiated sample to & minimum >f
-34.70 cal/g for the sample of 187 hours exposure. Correspondingly derived
values of apparent energy storage ranged from 13.C2 cal/g for tke 37 hour
exposure to a meximum of 102.T4 cal/g for the 187 hour exposure sample.

Corparison of measured heats of solution with estimated heats of solu-
tion based on cheulcal analyses of the samples indicated that the derived
values of apparent lattice energy could be acccunted for on the basis c¢f changes
in chemical composition alone, particularly the accumulation of free perchlorle
acld in the irradiated samples.

It is concluded that under the experimental conditions of this study in
which the irradiated sample was continually exposed to water and other products
of radlolytic decomposition, no lattice energy was stored.

The mechanism by which the initially induced lattice energy storage was
lost is believed to be, not thermal annealing, but rather recrystallization due
to contact with water formed by partiel sample decomposltion.
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SECTION 1

INTRCDUCTION

The practicai value of & material as a solid rocket propellant is largely
determined by the amount of heat released during combustion to exhaust products.
The major emphasis in advanced propellant technology has been directed toward
the synthesis of endothermic fuels and oxidizers. Although the phenomena of
radiation-induced lattice deformation and bond alteration of ¢rystalline and
metallic materials are well known the implications of these effects to rocket
propulsion and combustion have not been demonstrated. The practical utility of
this concept is limited by two factors: (1) the extent to which extra, avail-
able energy can be stored in the material, and (2) the percentage of the
material normally used in solid rocket propellant formulatiens.

The present requirements are the creation of permanent deformations in
the lattice of an appropriate model solid msterisl and the subsequent calori-
metric demonstration of the extra energy available as heat during combustion.

Much data has been available in recent years regerding disruption of the
normal arrangement of crystalline lattices by various forms of radiant energy
including that due to accelerated particles as well electromagnetic radiation.
hmong the varicus types of radiation for which pertinent data are available
are X-ray, gamms rays, beta particles, neutrons, ultraviolet and visible light.
However, from an analysis of available data regarding relative effectiveness
in disrupting crystalline lattices, it is concluded that pile neutrons offer
the best combination of effectiveness, flux and availability.

Previous work on nuclear radiation in materisls shows that the amount of
stored energy in solids, resulting from prolonged exposure in reactors, varies
from a few tenths of a calorie per gram up tc five hundred or more calories
per gram for graphite. Extensive work on aluminum, beryllium, zirconium,
various steels, and tungsten verified that the annealing process in metals is
g0 rapid at room temperature that no more than a few tenths of a calorie per
gram of energy is retained. The high value for graphite is also egually well
demonstrated, and the rate at which it can be annealed out at various tempera-
tures has been thoroughly investigated, both here and in England.

The energy storage capability of ionic crystalline materials probably
lies somewhere between that of grephite and the metals noted sbove. There is
evidence that ionic ecrystalline materials can and do store measureable amounts
of energy due to radiation damage; however, the exact amounts of such storage
liave not been quantitatively demonstrated to date, particularly for materials
of interest as propellant ingredients. The well-known phenomenon of thermo-
luminescence is now considered as evidence of energy storage due to radiation
damage of crystalline lattices. The thermoluminescence pattern of naturally
occurring calcite has been duplicated in the laboratory by exposing calcite
crystals to gamma or X-rays.




I, Introduction {cont.)

The propellant ingredients which enter into consideraticn in this appli-
cation are the binder, the added metal, the burning rate modifiers, and the
oxidizers. Previous irradiaticn studies on polymers indicate that the binder
and its ingredients are most likely to be adversely affected by radiation. In
addition the mobility of the polymer structure would not permit retention of
any significant amount of stored energy. Metals, such as beryllium and aluminum,
are known not to retain more ther triviel amounts of stored energy and these
two metals are used, as the moderator and structural members, respectively, in
high-flux regions of high-power rewctors The moderator and the reflector in
the very high power Materials Test Reactor at the Arco, Idaho, test center was
made of beryllium blocks. Aluminum cans are used to contain the uranium slugs
in the plutonium production reactors. Many metals become converted into radio-
active isctopes on exposure to neutrons, and thus would be radicactive for a
protracted period after irradiation. Burning rate modifiers such as copper
chromite or organometellics are present in propellents in amounts too small to
elter propellant energetics, even if they did store large amounts of energy.
From these coneiderations, it is clear that the ecnly ingredient which is a
reasonatle carndidate for irrsdietion is emmonium perchlorate, an cxidizer most
widely wused in solid propellants.

This conclusion is alsoc borne cut in considerations of propellant per-
formance caleulations. For a typicsl sclid propellant containing 12% poly-
butadiene binder, 15% aluminum ard T3% ammonium percholorate, & stored energr
of 200 cal/g in the oxidizer will result in & gain in standard specific impulse
of 8.7 units (from 264.b4 to 273.1) whereas an equal amount of stored energy in
the metal or binder phases would result irn corresponding increases of 1.8 or
1.4 units respectively.

Exposure to X-ray and gamma-rsy radiation has been shown to significantly
alter the thermal stability and decompocition characteristics of ammonium
perchlorate in the solid state. Changes in DTA patterns, while not claimed
to be quantitative, appear to indicate energy storages of several calories per
gram as 8 result of X-rey radiation. Significent increases in burning-rate
activity as & result of gamma radiastion of NHhCth have alsc been observed.

The majJor energy storage mechanism with NHLCl0L was expected to be dis-
placed atoms which simultaneously produce a lattice vecancy plus an interstitial
atom (Frenkel defect). The average neutron flux estim d for the portion of
the reactor used in this study was approximately 2 x 1 neutrons cm‘eseC'l,
with planned irradiation periods of from 40 to 800 hours. Over the maximum
time period p-aianed this weuld amount toc a total dosage of 5 x 1010 incident
particles/emc. Theoretical calculations indicated that the lattice deformation
energy storasge aue to the 300-hour exposure would have an upper limit value
of 23.8 cal/g «nd a probable actual storage in the range from 2.3 to 8 cal/g.
This compares with & measured energy storage uf 3.6 cal/g from graphite irrad-
iated with the same dosage. Coincidentally, the upper limit value corresponds
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I, Introduction {cont.)

closely to the measured value for the heat of transition of KHYC1lO) from the
orthorhombic to cubic phase, 2.3 Kcel/mole or 19.6 cal/g.

Instead of combustion calorimetry as suggested in the proposal reguest,
solution celorimetry was chosen as the best and most accurate means of
quantitetively measuring stored energy contents of ammonium perchlorate. This
calorimetric technique offers at least & 9:1 advantage in sensitivity compared
with the combustion calorimetry technigue. With the celorimeter used, energy
contents as low as 0.35 cal/g can be detected.

Although the amount of energy storage measured was not sufficient to
cause an appreciable increase in solid propellant specific impulse, the
calorimetric determinetion was sufficiently accurate to establish the feasibil-
ity ¢f the concept. The real problem encountered, largely unanticipated, was
that of distinguishing tetween genuine lattice deformation energy and apparent
lattice deformation energy due to chemical degradation of the sample,
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SECTION II

SUMMARY AND CONCLUSIONS

1. SUMMARY

Four samples of reagent grade ammonium perchlorate weighing five
grams each were irradiated in the Aerojet-Genersal Nuclear Industriasl Reactor
(AGNIR) for periods 37, 78, 187 and 22L hours.

Total rediation exposures ranged from 1.0 x lOlT to 6.1 x 1017
neutrons per sg cm of neutron exposure, and from 1.7 x 10¥ to 9.9 x 10Y Rads
of gamma exposure.

To prevent annealing of lattice dzfects formed in the irradiation,
the tempersture gradient between sample and reactor pool was kept to a minimum,.
This was accomplished by placing the NHyClO), irradiation samples in direct con-
tact with the aluminum pressure vessels, by filling the pressure vessel with
helium before sealing and by maintaining an atmosphere of helium inside the
secondard containment capsule. The maximum sample temperature for each of the
four samples during irradiation was 53°C.

In the experiment of longest durstion, 36.5 weight percent of the
irradiated sample decomposed into gaseous decomposition products and generated
a gas pressure of 19.5 atmospheres in the sealed irradiation pressure vessel.
Only 1.5 grams, or 30%, of this sample was recovered in useable form; the
remainder could not be removed from the capsule without excessive contamination.

The crystalline sample residues recovered for analyticel and
calorimetric measurements all showed excessive radiation damage with extremely
porous structures and acidic residues. The sample of least exposwure was
recovered as o white porous crystalline product compacted and sintered together,
with the individual crystals reduced to about 10% of thelr original size. This
sample ccntained impurities of approximatzly 10 mole % HCth and T mole % NH,C1,
and was somewhat hydroscopic in nature.

The samples of longer radiatic., exposures showed increasing
hydroscopicity and increasing impurity cciitents, and microscopiec examination
showed evidence of re-crystallizaticr of portions of the demaged crystals,

Calorimetric measurements igiicated heats of solqtion of
+68.04 + 0.14 cal/g for the unirradiated sample, +55.02 + 0.65 cal'g for the
37 hour irradiated sample and & minimum value of -34.TO cal/g for he 187 hour
sample.

Corresponding values of "Appa.cent Energy Storage," which do not
include corrections for the effects of impurities, ranged from 13.02 :.0.67
cal/g for the 37 hour exposure sample to a maximum of 102.74 cal/g for the
187 hour exposure sample.
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II, 1, Summary (cont.)

The chemical analyses were not of sufficient accuracy to permit
precise evaluaticn of meaningful corrections for the effects of impurities on
the derived values of Apparent Energy Storage. The general conclusion derived
from the analysis results however was that the amounts of free perchloric acid
found were sufficient to account for most, if not all, of the Apparent Fnergy
Storage.

2.  CONCLUSICNS

Under the exact experimental conditions of this study the storage
of energy in the form of lattice defects was undetectable and probably negli-
gible because of the overshadowing effect of chemical degradation of the
samples.

The apparent storage of lattice energy cobserved is attributable to
the presence of large amounts of decomposition product impurities, particularly
free perchloric acid, in the recovered samples.

The disappearance of the lattice defects initially formed by the
neutron bombsrdment is not believed to have been caused by an annealing pro-
cess, since the sample tempersturs never exceeded 53°C. Rather the mechanism
of loss is believed to have involved recrystallization, since the samples were
continually exposed to water and other decomposition products throughout the
irradiation.

Microscopic examination showed definite evidence of recrystallization
in the samples of T8 hours and greaver exposure; the sintering effect observed
in the shortest duration experiment is also interpreted as evidence of
recrystallization.

In order to prevent this occurrence in future studies, irradiations
nust be made under anhydrous conditions through the use of either continuous
evacuation of sample containers, cold traps or desiccating agents,




SECTION III

THEORETICAL AND EXPERIMENTAL APPROACH

1. SAMPLE IRRADIATION
8. Radiation Effects

Frolonged irradiation of crystalline sclids by high energy
particles produces several changes in the physical properties of the solids.
Among these properties are thermal conductivity, electrial resistivity, density,
hardnesg, critical shear stress, tensile strength, and accumulation of stored
energy which is of particular interest for propellant materials. The amount
of stored energy retained after significant irradiation varies from 0.1 cal
per gram for metals{1),(2),(3) to over 5CO cal per gram for graphite(k).

All of the effects on physical properties, ampart from transient
ones associated with electronic transitions, owe their existence to the ability
of particle radiation to displace atoms from their equilibrium positions and
to destroy local order in the crystalline martrix(5). The amount of stored
energy that is accumulsted in a solid will therefore depend upon the total flux
of particles available and the efficiency with which energy is transferred
upon collision.

The phencmenon of thermoluminescence is now believed to be
the result of lattice deformations by natural radiation sources. Daniels and
co-workers{6)(7) at the University of Wisconsin have shown that the thermo-
luminescence behavior of naturally activated calcite can be duplicstied by
means of gamme-ray or X-ray redistion in the laboratory. Heckelsberg and
Daniels(8) have shown that 14 alkali halide compounds (fluorides, chlorides,
bromides and iodides of Li, Na, K and Rb) also show thermoluminescent response
to y= or X-rays. Artificially induced thermoluminescence has also been
observed in the alkaline esrth fluorides(9), Zn0(10), CsBr(11), CaS0j(12) and
many other compounds. Fluorescence and phosphorescence are other examples of
stored radiant energy, although the energy levels involved are preooahly not
measurable by calorimetric techniques.

b. Comparison of Irradiation Methods

As the following table, based on work on germanium(S) shows,
pile neutrons offer the best combination of effectiveness, flux, and avail-
ability. Although machine irradiations, especially with the heavier charged
particles, can deliver large doses in short times, they are limited to very
small samples which can be adequately cooled or elge the large energy input
will vaporize the sample. In addition, radiation effects are confined to the
surface layer because of the low penetration of charged particles.




III, 1, Semple Irradiation (cont.)

ABLE I

COMPARATIVE RADIATION EFFECTS

1 2 3 L 5
Radiation Atoms displaced Useable flux, Practical Figure c¢f meric,
per incident particles exposure 2x3xhk
particle -2 -1 time, sec
cm Csec
Co-60 photons 6 x 1o'h 1 x 1013 3x 107 1.8 x 10%7
(1 year)
3 Mev electrons 11 x 10"2 1l x 10ls lO5 1l x 1019
(1 dey)
1 Mev neutrons 2.5 2 x 1013 7.5 x 10° & x 10%°
(3 menths)
5.2 Mev alphas 43 1 x 10%3 2x10° 8 x10%?
(2 deys)

Both neutrons and gamma rays have the adventage of deep
penetration into a sample so that radiation effects are produced more or less
uniformly throughout. However, the interaction of gamma rays with matter is
so much weaker than that of neutrons, that megacurie amounts of Co-60 are
required to produce the same results as the neutron flux available from a small
nuclear reacteor. Such large gamma sources present formidable sghielding problems
and require ccnsiderable mechanical complexity in order to secure uniform
irradiation. Nuclear reactors can provide nearly isotropic fluxes of fast
neutrons and are much more available for meking the long terzm irradiations of
relatively large amcunts of material which would te necessary for any practical
solid propellant application.

c. Calculation of Stored Energy

When a fast particle traverses the lattice of a crystalline
solid the most importunt means of energy loss is by elastin collision with the
atoms of the lattice. If the latiice atom receives an energy in excess of
Eq, defined as the displacement energy, it is displeced from its normal site.
Therefore, the displacement process creutes a Frenkel defect (a lattice vacsancy
plus an interstitial atom), hecause in most circunstances the recoiling atom
comes to rest in a non-egquilibrium position. The total amount of useful energy
which mey be stored in ammonium perchleorate will depend .pon the number of
Frenkel defects introduced by raediation and the energy relemsed by each defect
upon dissclution of the lattice. The latter, which is much less than Ej hecause
an atom recoil takes place before neighboring atoms can relax, mey be taken
equal to the energy, Epg, for thermal generation of a Frenkel defect, between
3 and 6 electron volts(5).
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Exact thecretical celculation of displacement energy, the
number of displacements per primary collision due to secondary collisions of
the ejected atoms and the number of collisions per unit flux is complex, and
in most cases the density of defects indicated by experiment is smsller than
the thecretical value by a factor of 3 to 10. Not 21l of this discrepancy is
due to deficiencies in the theory because in order to meke corparisons with
experiment it is necessary to reduce the observed physical property changes to
corcentrations of Frenkel defects. In many instances this reduction requires
the use of calcuiated relationships which cannot be readily verified by
experiment. However, even simple theory can be used to predict the order of
megnitude of stored energy expected and thus indicate the ameunt of irradiation
required to produce effects that can be measured accurately bty calorimetry.

The following treatment is based on the detailed theory
developed by Seitz{13) using the formulation given in The Effects of Radiation
on Materials{llh). The basic equation for the number of displaced atoms, Ny» is
given by,

L =¢n'v {1)

where @ is the total number of incident particles
n' is the number of primary collisions per incident particle
V is the number of atoms displaced per primary collision.

The stored energy, Es, will then be given by,

E, = Nifpg (2)

where EFd is the energy of Frenkel defect.

For irradiations by fast neutrons in the Aerojet-General
Nuclear Industrial Reactor {AGNIR), the total number of incident particles,
¢, may be taken as,

¢ = nvh (3)
- . 12
where nv = the fast neutron flux estimated as 2 x 10 neutrons
cem—2sec-
t = time in seconds.,
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For & nominal €00 hours irradiation near the core,
2 -
g=2x 1012 neutrons em “sec & x 800 hrs x 3600 EE%-

5.8 x 1018 incident particles/cm2

For fast neutron: the collisions are of the hard sphere type(15).
Only & very small fraction of the struck atoms are not displaced and,therefore,the
¢ross section for producing & primary displacement is the total neutron cross
section for scattering, equal to 3 x 10-2% cm? for most atoms. In one gram cf
ammon:um perchlorate, M.W., = 117.5, the number of primary collisions per
incident, fast neutron is then,

3 x lO-Qk e

1 g — x 6 x 1023 atoms mol-1 x
117.5 gm mol atom

n' =

0.015 cm?/neutron.

In light elements bombarded by fast neutrons, as in ammonium
perchlorate where the average mass number (A) is 11.75, the primary recoil is
sufficiently energetic to lose & considerable portion of its energy by ionizing
and exciting atoms of the lattice. Any energy lost this way is not avallable for
producing additional displacements and must be take- into account when estimating
v, the number of atoms displaced per primary collision. For this sitvation v is
given by,

. E; E;
VEoE (- ()
d | m

where Ej is & threshold ionization energy above which the particle is assumed
to lose energy by electronic events only and below which it is assumed to lose
all energy by elastic collisions. A convenient approrximation{(16) for the
threshold ionizution energy is,

B, = Ax 102 ev (5)

for ammonium perchlorate for which an average A is 11.75,

Ei = 11.75 x 103 ev.

Eq is the energy required o permanently displace an atom
from a stuble site in the lattice, which Seitz{13) estimeted qualitatively as
follows. The energy required to remove a typical atom from an interior site
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in a reversible manner is about twice the energy of sublimation. If, however,
the process is carried out dynamically, as in & fast ceollision, the process is
highly irreversible and the energy required is expected to be about four times
the sublimation energy. The sublimation energy of NHLC10L into the neutral
species HC1Cy and NH4 is only of the order of 2.5 ev{17). However, the energy
of suvlimation into the ionic species Cl0) and NH, is probsbly somewhat higher
and the further dissociation of NH4* into NH3* and H, as observed by Hyde and
Freeman(18) in X-ray irradiation of NH)C10}, could easily lead to & net heat

of sublimation of 6 ev or more. Application of the factor of 4 noted above,
leads to an estimated value of 25 ev for Eg.

The remaining term in Equation (4} is Ep, the maximum energy
which may be transferred in an elastic cellision. For neutrons which have an
energy E around one Mev, and so lie in the non-relativistic region of velocity,
the maximm energy which may be transferred to an atom of mass number A is
given by Seitz and Koehler(19),

.Y S
E = e A)2 E. (%)

For ammonium perchlorats exposed to one Mev neutrons:

= ———-—-——————-h x 11.75 S X 106 ev
(1 + 11.75)
2.9 x 105 ev,

E
m

Equation (4) may now be evaluated for the nuuber of aoms
displeced per primary collision,

s 1L.T5x ;0_3 . AL.T5 % 10°
& 28 2x2.9x105;

230 atoms/collision.

The total number of displaced atoms expected for 800 hours
irradiation of one gram of ammonium perchlorate in the AGNIR reactor is
therefore,

Nd =@ n v
= 5.8 x 1018 neutrons = o 015 en 230 at
- 2 ) neutrons atoms
cm
19 ..
= 2,1 x 1077 displacements/gram.

10
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The major uncertainty in this calculation is in the estimation
of n' v = 3.5, the number of displaced atoms per incident neutron. This number
is not far from the value of 2.5 displaced atoms per incident neutron measured
for the neutron irracdiation of germanium{20), and suggests that the calculation
is reasonably valid.

18 The stored energy Eg to be expected from a total nvt of 5.8 x
10 neutroa/cme applied to one gram of ammonijum perchlorate is calculated from
Fquation (2), using 3 ev as *the energy of a Frenkel defect, to be,

1l cal

2.68 x 1018 ev

9

E =21 x 10%

s

[}

defects/gm x 3 ev/defect x

23.5 cal/gn.

Even if this figure is high by an order of magnitude,the stored energy would

be of the same order (about 2 cal/gm) as found for potassium chloride irradiated
with 350 Mev protons{2l). It is of the same order as the stored energy

(3.6 cal/gm)} found in graphite irradiated to the same nvt(L).

The maximum calculated energy storage is 23.5 cal/g and
compares quite closely to the heat of transition (orthorhombic to cubic at
2h0°C} of 19.6 cal/g as reported by Markowitz and Boryta{22).

Freemen and Anderson(23),(24),(25),(26) in DTA measurements
with y- and X-ray irradiated ammonium perchlorate show one trace with an
exothern indicating a AT of approximately 25°C. While admittedly the DTA does
not givz quantitative measures of reaction exotherms, a simple multiplication
of Cp X AT for this case indicates an exotherm of about 900 calories per mole
or over 7.5 cal/g. This exotherm is due primarily to sample decomposition,
but may be ut least partially due to stored lattice energy.

a. Dosimetry

An important factor in all radiation effects experiments is
the characterization of the nuclear environment. Such a characterization
permits the correlation of the changes observed to the particular radiation
f*eld responsible for these changes. In the mixed-radiation field of a reactor,
a dose component of interest must be measured independently in the presence of
the other. HNeutron fluxes are readily measured using the threshold foil
system(27 to 32).

Of the many methods available for gamma dosimetry(33), the
glass dosimeters(34 to 36) are best suited for determining the gamma contribu-
tion to the total dose.

11
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1 Neutron doses are best described by integrated fluxes for
;I specific neutron energy groups. The "sulfur flux", i.e., the neutron flux

' sbove the threshold energy (2.9 Mev) for the reaction 532 + neutron ————+p32
+ proton, is & good index for the fast neutron population. Keutron dose
measurements for the AGNIR irradiations were monitored with sulfur neutron
3 detection foils. These foils were placed at appropriate intervals along the
' entire length of the dummy fuel element irradiaticn capsule to determine the
fast flux gradient for the irradietion position.

Glass dosimeters were used to determine the extent of the
| gamme contribution to the total dose during the NHyC10y irradiation. The low-Z
silver-metaphosphate glass dosimeters have known thermal and fast neutron
responses which were used to determine the gamma dose.

e. Reactor Description

Trne AGNIR is a zirconium-hydride moderated water-cooled pool
type reactor licensed for 250 kwit) maximum operating power. The reactor core
is located at the becttom of an aluminum tank 23 ft deep and 1C ft in dismeter.
In-pool storage is provided for 21 irradieted fuel and/or dummy element
irradiation capsules. The entire facility is serviced by a 3 ton bridge crane.
A mechanical positioned large component irradiation box can be actuated from
the top of the reactor pool.

The performance and design data are:

4 (1) Power 250 kv, maximum

] (2) Critical Mass 2.4 Kg

z (3) Cooling Natural convection

L (4} Shielding 17 ft of water over core

i (5) Reactor Tank Aluminum, 10 £t ID by

' 23 ft deep
(6) Fuel-Moderator Material Uranium-zirconium hydride

1 {7) Uranium Enrichment 20% U-235

F (8) Active lattice Dimensions 17 in. dia. by 14 in. high
(9) PReflector Materials Aluminum clad graphite & water
(10) Control Rods 3, boron carbide

ST

12




I1I, Theoretical and Experimental Approach (cont.)

2. CALORIMETRY
8. Choice of Calorimetric Method

Although & high precision rotating bomb comcustion calorimeter
(U.S. Bureau of Mines, Bartlesville, Oklshoma, Design(37)}anu personnel experi-
enced Iin its use were availsble for this study, the use of a heat of solution
calorimeter offered significant advantsges in achieving the highest precisiocn
and ebsolute accuracy.

The maximum anticipeted amount of stored erergy in the first
sample to be studied (1 week exposure) is of the order of 1.25 cal/g. If heat
of combustion (or heat of explosion) is used as the basis of comparing the
irradieted sample with the untreated semple, the total energy corresponding
to the reacticn,

NH,C10, () » 1/2 N, (g) + 3/2 H,0(1) + HCL (aq) + 5/4 o, (&), (1)

will be of the order of -610 calories per gram (exothermic). A stored energy
content of 1.25 cal/g therefore represents slightly more than 0.2% of the
total measured heat. Furthermore, if the NHYClOL is mixed with e combustible
fuel (in order to assure a more reproducible combustion reaction) the total
energy release per gram of NH,C10y will be even higher - with a corresponding
reduction in the fraction due to NH)C10) energy storage.

Measurement of the heat of solution on the other hand,
}n )
NH)C10) {c) + nH,0 (1) -~ KH)C10,.0H,0 (aq}. (8)

involves a heat of reacticon of approximately +68 cal/g (endothermic). In this
case, an energy storage of 1.25 cal/g represents 1.84% of the total measured
heat which 1s well within the accuracy of the apparatus,

Another advantage of the heat of solution method lies in the
fact that the heats of sclution of meny of the possible impurities present
in the irradiated sample {as & result of partisl decomposition) have heats
of solution nearly equal to that of NH,Cl0)y. Therefore, the anelysis for
these particular impurities becomes less critical. These heats of soluticn,
derived from deta in references (38) and (3%9) are shown in Table II.

13
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III, 2, Calorimetry (cont.)

TABLE II

HEATS OF SOLUTION OF POSSIBLE IMPURITIES

Difference in

Heat of Solution Heat of Solution
Substance cal/g cal/g %
NHhCIOh +68, 09 0 0
NHhC1 +65.99 -2.02 -2.97
Nchm3 +94,59 +26. 50 +38,92
NHhN03 +76.T1 +8.62 +12.66
NEHSCl +75.91 +6.82 +10.02
N2H5010h +71.70 +3,61 +5.30
NHhNOE +T1.825 +3.Th +5.49

Although the roteting bomb combustion calorimeter could be
adapted for use as a sclution calorimeter, it would necessitste great care to
assure that the sample was not prematurely exposed to water vapor. By com-
parison, the solution calorimeter offers a proven design, ideally suited for
this work.

b. Calorimeter Description

The calorir "=r used for this work is identical in all essen-
tial details to that origina. ; described by Scuthard(L0) and to an improved
version more recently descrited by Coughlin(kl).

The basic design utilizes a 2-quart glass Dewar reaction
vessel completely submerged in an isothermal bath (see Figures 1 and 2).
Internal metal parts are either made from an inert metal or coated with a
layer of "Tygon" paint for protection from corrosion by the acid solutions
usually employed for heat of solutjon work.

Temperature measurements are made with a copper-manganin

resistance thermometer of the transposed bridge type originally described by
Maier(42) in conjunction with a Rubicon six disl high precision potentiometer,

1k
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III, 2, Calorimetry (zont.)

which is direct reading to 0.0l microvolt (yv) when operated at the highest
gsensitivity range. The sensitivity of the resistance thermometer is
approximately 1500 pyv/°C when operated at & constant current of 2000 micro-
amperes. The current is held constant to + 0.0l microamp by periodically
checking the potential drop across a standard resistor in series with the
resistance thermometer and adjusting as required with a pair of resistance
boxes in serles-parallel arrangement. Slince the bridge type thermometer has
a null point (a unique temperature at which the potential drop is zero,
usually set for about 2° below bath temperature), its principal advantage
lies in the combination of high sensitivity and ability to be used with a
high-sensitivity, low-range microvelt potentiometer.

The galvanometer used in the initial measurements with
unirradiated AP is a Leeds and Northrup, Type HS, used in conjunction with a
telescope and an illuminated scale approximately 8 meters distant from the
galvanometer mirror (Figure 3 shows the identical set-up of telescope and
instrument panel used with the Rotating Bomd Calorimeter). This arrangement
effectively increeses the galvanometer sensitivity by a factor of 8 when
compared with the normal usage employing a projected light beam and a glass
scale at 1 meter distance. In the later measurements with irradiated
samples a Keithley Model 147 Nanovolt Null Detector sensitive to 0.001 micro-
volt was substituted for the galvanometer and telescope in crder to gain
increased accuracy for the small sample sizes mvajilable.

A number of recent improvements not included in the original
design(k0, 41) are:

(a) The Keithley Null Detector Just described.

(h) A synchronous motor with nylon gear drive for the
calorimeter stirrer.

fe) The six-dial poctentiometer, direct reading to ¢.C1l uv,
cl Precision and Accuracy
An indication of the precision and absolute accuracy
attainable with the calorimeter is shown by reference to a typical portion

of the work performed in an earlier model of the same design -~ showa in
Table III.

17
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IIL, 2, Calorimetry {cont.)

1]

The uncertainties shown are "Precision Uncertainties," or twice the standard

Geviation of the mean,

-/Ed2
ebnfmﬂ’

as recommended by Rossini(hbk) for thermochemical work; in most cases the mean
value for the heat of solution represents the average of 5 or more determinatioms.
The data shown (L5), (L6}, (L4T)cover a wide range of sample sizes, reaction
heats and reaction rztes. However, aside from experimental difficulties
asscciated with individuel samples, the absolute accuracy of = determination

is primarily dependent upon the total heat evolution in the measurements. In
Figure L precision uncerteinty is plotted as a function of total heat evolutien,
with the dotted lines representing the limiting (optimum and worst) cases.
Although &ll of the examples shown apply to excthermie resctions, the method
appiies equally weli to *he study of endothermic reactions.

For an NHLC10) sample size corresponding to a heat gbsorption
of 100 %o 200 calories the indicated absolute uncertainty from Figure 4 should
be less than + .5 calories. (This estimate of uncerteinty is considered
conservative since NHLCl0),, like Na,50) and AlCl3.6H20, 1s readily soluble
with a low heat of sclution, and therefore an ideal substance for seolution
celorimetry.)} The original plans based on an sssumed sample size of about
10 grams called for a series of five measurements, using about 2 grams per
measurement. Under these conditions the total heat evolution (absorption)
would be of the order of 1L0 calories (370 cal/g) with an anticipated
uncertainty of + 0.50 cal or + 0.25 cal/g. For the smaller sizes actually
used (*0.3g for the irradiated samples) the ccrresponding anticipated
uncertainty is + 0.3 cal or + 1.0 cal/g.

Sirce the amount of energy storage is determined from the
difference in heats of solution of two samples, the overall uncertainty must
inelude the uncertainties in the measurements with both samples, combined on
a root mean square basis according to the recommendations of Rossini(Lk). Thus,
if each series resulted in & precision uncertainty of + 0.25 cal/g, the
precision uncertainty assoclated with the Aifference is (0.252 + 0.252)1/2 or

+ 0.35 cal/g.

It must be rointed out, however, that this uncertainty
summation represents only the precision uncertainty in the measurements and
does not reflect possible err-ors due to decomposition preduct impurities in
the irradiated sample. A proper assessment of the error due to this effect
must be made at the time of the measurements, taeking into account the amounts
of the individual impurities, the heats of soluticn of the respective
impurities and a suitable estimate of the error in analysis for impurities.

20
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III, 2, Calorimetry {cont.)

d. Auxiliary Thermochemical Data

Since the heat of solutlon calorimeter is celibrated against
ar: electrical standard as a part of each heat of solution experiment, it is
in effect a heat capacity calorimeter. The heat of solution results can then
also be used to derive other thermodynamic data for the NHLC1Oy - HoO system,
such as heat capacity of various concentrations of NELC1Cp solution, heat of
dilution, apparent molal heat capacity of agueous NH}ClOp solutions, and ACp
of the solution reaction.

3.  ANALYTICAL

The planned analytical approach included not only assessment of
the irradiated samples by chemical means but also by X-ray and microscopic
techniques. Extensive radiation damage to the single crystal samples to be
used for X-ray examination made this technique completeiy impractical. Valuable
qualitative information was obtained from the microscopic exemination but the
final scope of the program did not permit quantitative examination. 1In
addition problems were encountered in the chemical approach both from equip-
ment failures and from greater than anticipeted decomposition of samples under
irradiation.

The procedvres originally proposed and a discussion of their
theoretical aspects are included herein to guide the reader in his evaluation
of the ensuing experimental sections. Deviations from the original plaen are
discussed individually in Section VI.2 which covers the experimental results.

a. Chemical Appreoach

The primary purpose of the analysis is to determine both
qualitatively and quantitatively what, if any, chemical impurities are present
in the irradiated ammonium perchlorate as a basis for applying accurate
corrections to the measured heat of solution. Since a knowledge of the
gaseous decomposition products from the AP and of possible container corrosion
products was needed to aid in identification of the solid decomposition
products remaining in the irradiated AP, sampling and analysis were carried out
in three phases as follows:

(1) A ges sample was taken from the irradiation capsule
before removal of the sample and subjected to mass spectrometric analysis.

(2) After removal of the sample the capsule was washed and
the washings analyzed for metal corrosion products.

22




IIT, 3, Analytical (cont.)

(3) The aqueous liguors remeining after the calorimetric
measurements for heat of solution were analyzed for possible decomposition
products using stendard techniques of quantitative analysis(48), (L9). The
analysis included the negative ioms C103 , C10, , C107, C1°, NOo3~, N0 , end
O , the positiv2 ion H and the neutral gases Cl, and Cl0p, #ith the NH)ClOj
purity being computed by difference from 100 percent.

fuidelires for the analyses necessary are erbodied in the
final report on Contract AF 49(638)-1125, "Radiation Induced Solid Propellant
Decomposition" (50}, which lists a considerable amount of useful daste regarding
G values (uumber of ions or molecules produced per 100 ev} of emmonium
perchlorate decomposition products due to Cobalt-60 gamme radiation. This
report also lists analytical procedures used in the quantitative anslysis for
armonium perchlorate decomposition products.

b. Structural Damage Eveluation by X-Ray Technigques

High-energy neutrons may produce disturbances in the
arrangement of atcms in & crystal as a result of elastic collisions with
atomic nuclei. A struck atom (primary knock-cn) will travel through the
crystal lattice producing other displaced atoms some of which are capable of
further multiplying the process in a paniculate or branching manner. Mean-
while, the initisl neutron is capable of producing further knock-ons and
permanently displacing atoms until its energy is reguced to about 30 ev.

The probebility for the initial collision with a 10 ev neutron is very
small but the subsequent chain of reaction may produce appreciable damage
of a displecement nature.

It was anticipated that the principal high energy structural
defect produced by the aforementioned processes would be the interstitial-
vacancy pair (Frenkel defect) and this should amount to a few ev per defect.
In sddition, there may be a great diversity of minor structural rearrangements
of & type producible by thermal energy, i.e., <0.1 ev/atom.

The planned approach utilized large single crystals which
were to be surveyed with X-ray diffraction technigues both before and after
sample irradiation.

¢. Optical Crystallographic Study

In some previous studies at Aerojet-General, it had been
shown that deformetion of ammenium perchlorate produces multiple twin planes
in the initial monoecrystalline lattice(51). Thermal deformation produces
polysynthetic twins oriented parallel to the (10C) and (010} planes while
mechanical deformation produces twins parallel to the (110} planes. Analysis
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of the irradiated crystals for possible twinning will give the type of twin
from which thé type of linear dislocation can be assigned. The concentration
of any twinning can also be determined volumetricaelly with the microscope

from whick changes in energy can be estimated. These estimates can be
recalculated more accuracely if the X-ray analysis yilelds satisfactory results.

Radietion normally produces a series of vacancies in an ionic
lattice by the Schottky cor Frenkel mechanism. A high concentration of con-
densed vacancies can be readlly recognized under the microscope and thelr
concentration evaluated. These Schottky vacancies have beern identified and
assigned, on a thecretical basis, to the F, R, M, and Z bands. Frenkel dis-
order, i.e., vecaencies with associasted intersytitiasls, have heen indicsted by
three separate observations of either a glassy or liquid “mmenium perchlorste
phase. If neutron radiation is effective in increasing tle enthalpy, as deter-
mined by celorimetry, it will be due to a highly concentrated Frenkel disorder.
This disorder, recognized as a glassy phase, may be volumetrically determined
in single crystals and thus afford a direct correlation with the calorimetric
data. Freeman(23) has extensively examined X-irradiated ammonium perchlorate.
Correistion can be established between the neutron and X-ray resulte by use
of DTA and the microscope hot stage, or more accurately with TGA if time
permits.

d. DTA and Drop Test

In order to facilitate comparison of data generated on this
program with similar dats obtained by others with other varieties of activated
NHEC10,(23), (52), (53) plens were made to run & standard DTA pattern on each
sample of irrediated ummonium verchlore.e before the start of calorimetric
worn. This test was inlended to give some preliminary indication of the
amount of stored energy tc be expected as well as safety information regarding
the temperaiture gt which the stcred energy is reieased.

As an added safety precaution, the standard 2Kg weight drop
test {Bureau of Mines Apparatus) was planned for each sample before the start
of celerimetric work.

k.  PERFORMANCT POTENTIAL
a. Aluminum-Polybutadiene-Ammonium Perchlorate

Theoretical sp2cific impulse calculations were mede for a
typical modern solid propellant consisting of 12% polybutadiene binder, 15%
aluminum fuel and T3% ammonium perchlorate assuming various emounts of stored
energy in the prcpellant or propellant ingredients. The results of these
celculations are summarlzed in Figure 5.
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i The four lines shown represent the effects, of stored energy
j in (&) the complete propellant, (b) the NH,C10), (c) the aluminum metal, and
1 (d) the binder, with the 20 Kcal/100g or 230 cal/g the maximum amount
E considered. Note that a 20 Keal/l00g energy storage, on an overall propellant
" basis, represents a specific impulse gain of 11.9 I units, whereas a
20 Keal/100g energy storage applied to the aluminum represents a gain of
L only 1.8 I units. A 20 Kcal/100g energy storage applied to the NH)ClOy,
{ an the other hand, represents an I, gain of 8.7 wnits. Thus it seems obvious
that if the energy storage principle is to be effective it must be applied
to the major component of the propellant, namely NHhCIOh.

b. Graphite-Polybutadiene-Ammonium Perchlorate

It has been previously noted that a considerable smount of
lattice defect energy can be stored in graphite. Therefore, a second series
of specific impulse calculations were made considering graphite (with various
amounts of stored energy up to a maximm of 50 Keal/1COg or 500 cal/g) as a
replacement for aluminum. Three graphite concentrations were considered:

8, 12, and 16%, at a constant binder content of 12%. These calculations are
sumarized in Tsble IV,

TABLE IV

SPECIFIC IMPULSE AS A FUNCTION OF STORED ENERGY
i IN GRAPHITE

(12% PBD Binder, NH) C10, Oxidizer)

Graphite Stored Energy, Keal /100y

Wt% Graphite 0 +10 +25 +50
16 195.0 196.5 198.5 202.2

12 207.6 208.9 210.8 21h.2

8 2244 225.3 226.6 228.7

These calculations serve to illustrate two distinet points:

(1) Even with a stored energy of 500 cal/g (or 50 Keal/100g)
grephite does not compare with aluminum as a fuel additive.

(2) An energy storage as high as 500 cal/g, when applied to

an ingredient which is 16% by weight of the propellant, represents an I_ gain
of only 7.2 units. &
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IIT, 4, Performance Potential {cont.)

This further justifies the choice of an oxidizer as the
practical candidate for this study.

5. SAFETY
B. Radiation Hazards

Radiation hazards, as well as pressure vessel design and
other safety features associated with the use of the reactor were covered
in the "Hazards Analysis" which must be submitted to the AGN Safety Committee
and the Atomic Energy Commission -- and approved -- before the start of any
sample radiation.

After completion of the scheduled nuclear exposure the
individual sample pressure vessels were removed from the hot zone and placed
in a storege rack in the reactor pool, until such time as appropriate tests
indicated negligible radicactivity.

b. Explorive Hazards

No explscive hazards were anticipated as a result of the
radiation treatment. However, a3 a precautionary measure, nmilligram quantities
of the irradiated samples were removed {immediately after opening the pressure
vessels in the dry box) for standerd DTA and Drop Weight tests ~ before pro-
ceeding with the calorimetric and analytical work.
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SECTIOH IV

SAFETY ANALYSIS AND TESTING

1.  INTRODUCTION

Although in original concept the safety analysis and testing were
considered as relatively small portions of the overall program effort, in
actual practice this phase of the work proved to be a major effort which was
responsible for approximately one half of the total man-hour expenditures.
Therefore, this phase of the work is considered separately from the Irradiation
and Calorimetry portions of the program.

2.  SAFETY ANALYSIS (ORIGINAL)

The original safety analysis was conducted during the initial
months of the program and consisted primerily of a literature search for
pertinent data and engineering design of the equipment to be used.

Also included were plans for hydrostatically testing of the
irradiation capsules at aouble the anticipated .saximum working pressure and
& thermal decomposition test of a sealed capsule containing a 10 gram sample
of NHhCIOh. The temperature planned for this test was 200°C, or 95° above
the maximum anticipated working temperature of 105°C.

This original safety analysis document, which also contained a
heat transfer analysis and an evaluation of all possible nuclear and non-nuclear
hazards is included in this report as Appendix A.

This safety analysis had received the tentative approval of the
Reactor (San Ramon) Safety Committee, subject to the final approval of the
Atomic Energy Commission which controls the use of the reactor.

3. THERMAL DECOMPOSITION TESTS

In tue course of preparing for the thermal decomposition test,
the procedure to be used was reviewed by an AEC Inspector, who insisted upon
carrying this test to the autoignition temperature, rather than the planned
prolonged heating at 200°C.

The revised test procedure called for heating of the sealed pres-
sure vessel containing 10 grams of AP at a rate of 5°C/minute until the auto-
ignition temperature was reached. The first three such tests resulted in
failure of the irradiation capsules and revocation of the previously granted
program approval. (See Figure 6)
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IV, 3, Thermel Decomposition Tests (cont.)

Appendix B summarizes the results of the autoignition tests to
this time, including an analysis of the reasons for failure and & suggested
‘room temperature ignition test designed to more closely simulate the actual
reactor conditions.

All other work on the program was suspended during the time
period required for carrying out of the room temperature ignition tests,
additional elevated temperature testing and rewriting of the Safety Analysis
Report for submission to the AZC.

4.,  ROOM TEMPERATURE IGNITION TESTS

Mixtures of NH)C10}, and JPN (Ballistite) were ignited in simulated
pressure vessels. The JPN was necessary to initiate the decomposition of
NH),C10y; a fuse wire was used to ignite the JPN. The pressure generated by
each mixture was measured by closed-bomb tests in a separate series of measure-
ments conducted at Sacramento and described in detail in Appendix C. Post-
ignition examination of the pressure vessel showed that ail the NHjyCl0) was
consumed during the test. The test data were normalized to the rating of
sample weight-to-free volume projected for the AGNIR experiment. The results
are shown in Table V.

The results show that a 10 g semple of emmonium perchlorate wilil
result in a pressure of about 13,700 psi in the pressure vessel; this is
significantly less than the demonstrated burst strength of 21,500 psi. Of
particular significance is the fact that the NH)C10) did not detonate but
completely decomposed at less than sonic velccities.

5. EXPERIMENTS AT ELEVATED TEMPERATURES

Thermal decomposition tests were performed with 2 g and 5 g samples
of NH)C10) in the standard pressure vessel without failure. A heating rate of
=5°C/minute, supplied by a heating tape, was used to simulate the heating
rate of reaction radiation (3 x 107 Rads/hr) in the reactor. The surface
temperature of the pressure vessel was monitored with a chromel-alumel thermo-
couple and a Leeds & Northrup potentiometer. The experimental data for these
tests are shown in Tables VI and VII.
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IV, 5, Experiments at Eleveted Temperatures (cont.)

TABLE V

NHuClOR-JPN ROOM TEMPERATURE IGN.[ION TEST RESULTS

Sample Weights, Grams o .. ure Pressure®

Experiment NH),C10, JPN Vessel psia Remerks

1 - 1.90 No. 1 3,000 No pressure vessel
rupture

2 = 3.76 No. 1 7.700 No pressure vegsel
rupture

3 1.68 2.91 No. 1 10,500 No pressure vessel
rupture

b 3.9 2.19 No. 2 12,300 No pressure vessel
rupture

5 5.8 1.46 No. 1 12,800 No pressure vessel
rupture

6 7.8 0.73 No. 2 13,400 No pressure vessel
rupture

7 7.8 0.73 No. 1 13,400 No pressure vessel
rupture

*Values derived from experimental dats from AGC-Sacramento tests scaled to
AGC-Sen Remon test conditions.

A finel out-of-pile ignition test was conductzd with a 0.73 g
JPN-7.8 g NHLCLO0y mixture (13,400 psia) in e simulated pressure vessel whole
surface was externally heated to 100°C. The surface tempereture wes more than
twice the temperature (45°C) measured during the thermometr; experiments
discussed in Section V.2.b. The pressure vessel contained the NHuCIOh decom-
position without any evidence of pressure vessel damege.

6. AEC APPROVAL

After suitable documentatiou of the safety test experiments
described here, the Atomic Energy Commission granted final approvel to proceed
with the progrem, using semple sizes equal to 1/2 of the maximum size success-
fully tested in the "Out of Core" ignition tests.

On this basis since 10 gram samples had been successfully tested,

the program was re-activated on the basis of irrediating 5 gram samples instead
of the 10 grem size originally plenned.
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TABLE VI

THERMAL DECOMPOSITION TEST RESULTS - 2 GRAMS OF NHhCIOh

Elapsed Temperature,“C AT, Heating Rate, .
Time, Min. Inside Qutside °c °C/min.
0 22 27 - -
3 b1 9 2 )
10 63 73 10 6
15 88 100 12 5
20 108 123 1L. L
25 124 132 8 3
30 lhe 153 11 4
35 168 181 15 5
4o 193 202 9 5
45 212 222 10 L
50 235 2k2 T 5
55 259 265 & 5
60 277 28l T b
65 300% 312 12 5
69 330 3k0 10 8
70 332 347 15 2
T1 337 355 18 50
75 353 380 27 60
78 363 396## 33 3

¥Observed rapid rise of internal temperature.
¥k wtimated temperature - potentiometer failure.
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TABLE_VIL

THERMAL DECOMPOSITION TEST RESULTS - 5 GRAME OF I‘ﬂ!l_l’Cl('J..+

Elapsed T2mperature,°C AT, Heating Rete,
Time, Min. Inside Outside fc_ °C/min.

] 0 25 25 = -
5 39 50 11 3

10 59 T2 13 L
15 9z 111 19 T
20 122 139 17 6
25 14T 161 14 5
30 169 186 17 4
35 198 216 18 6
40 227 243 16 6
L5 2kt 265 18 4
50 275 291 16 6
51 280 296 16 5
52 287 302 15 T
23 292 307 15 5
54 298 312 1k &
55 304 317 13 3
56 312 322 10 8

7 318 327 9 3

58 323 332 9 5
59 330 337 T T
60 336# 341 5 T
62 358 359 1 6

*Observed rapid rise of internal temperature.
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SECTION V

PHASE T - SAMPLE IRRADIATION

1. EXPERIMENTAL TECHNIQUES

The irradiation of four NH)Cl0j samples was performed in the F-26
position of the Aerojet-General Nuciear Industrial Reactor (AGNIR) located at
the San Ramon Plant of AGC. This reactor, described in Section IIT.l.e was
operated at its maximum licensed power of 25C Kw for these irradiations. The
primary containment for the NH{C10) was a sealed. aluminum pressure vessel,
which, in turn, was contained in a modified aluminum Dummy-Element Irradiation
Cepsule for szcondary containment. A chromel-alumel *thermocouple was used to
monitor the primary pressure vessel tempersture during the irradiation.

Post-irradistion analyses consisted of sampling thz gases from the
primary pressure vessel and recovery of the irradieted IMH|C10L. The primary
pressure vessel was then leached with hot water to insure compleve recovery
of all undecomposed HNHE)C10y. The guantity of NH;C10L obtained from the leach
solutions was used to facilitate material balance calculations.

a, Eguipment and Materials

The equipment for this experiment includes aluminum primary
pressure vessels, the AGNIR dummy-element irradiation capsule as secondary
container, and chromel-aiumel thermocouples for temperature monitoring.

1) Pressure Vessel

Type 6061 aluminum tubing and round stock was used to
fabricate the pressure vessels used for primary containment of the NHLC10
(Figure 7). These pressure vessels were fabricated in accordance with standards
=stablished by the ASME for thin-walled pressure vessels. The design pressure
for this pressure vessel was 5375 psia, and the working pressure wes 4030 psia.
These values were based on an ultimste tensile strength of 6L,000 psi calculated
from th2 experimentally determined burst strength (21,500 psi) of fabricated
pressure vessels and inelude an allowance for a tube wall thickness reduction
of 0.010 in. to accommodate worst case corrosion conditions. The main body
of the pressure vessel was 5/8 in. 0.D. tubing with 0.125 in. walls; the assembly
was 27 in. long. A 1/bk in. 0.D. tube with 0.049 in. walls, =2 in. in length,
was welded at one end of the main body for sample loading access. A Swagelok
closure was used to seal the pressure vessel. A puncture seal was welded at
the opposite end of the pressure vessel to facilitate post-irradiation gas
samplirg. The overall length of the pressure vessel was 30 in.; the total
internal volume was 51 emS (3.1 in3).
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Vv, 1, Experimental Techniques (cont.)

-

The complete pressure vessel, before loadlng of the sample,
was tempered to T6 and hydrostatically tested to 8100 psia (twice the working
pressure) to verify the mechanical integrity.

The following tests were conducted in support of the
development of the design discussed above:

(a) A specimen of 5/8 in. 0.D. aluminum tubing was
hydrostatically burst test; the burst pressure was 24,000 psi.

(b) A pressure vessel fabricated to the [inal desigm
was hydrostatically burst test; the burst pressure was 21,500 psi and this
value was used to calculate the design and working pressures as indicated
earlier.

(c) A series of out-of-pi e ignition tests was performed
to verify the pressure vessel integrity {see discussion in Section IV).

2) Secondary Container

An AGNIR dummy-element irradiation capsule (Figure 8) was
used for the secondary containment for this irradiation. This aluminum capsule
is capable of containing two primary pressure vessels (70 in. long, 1.4T in.
in 9.D., with 0.050 in. walls). The volume is 1690 cm3 (103 in.3). A lead
gasket is used to make the seal between the screw cap and the capsule body.

The design pressure is 400 psi and the working pressure is 300 psia. This

capsule has beer hydrostatically tested to 600 psia to verify the mechanical
- integrity. A stainless steel bulkhead fitting was used as the water-tight

connector for passing the thermocouples into the secondary capsule.

3} Instrumentation

The only instrumentation used was a chromel-aglumel
thermocouple attached to the surface of a primary pressure vessel. The signal
from this thermocouple was used to trip (Electronic Trip Control, Rochester
Instruments Systems, Model No. 21TA) the automatic temperature scram circuilt
at 80°C. {Ihis scram circuit is separate from that which protects against
excessive AGNIR pool temperature.) This temperature was recorded during the
entire irradiaticn periocd (Recorder, Foxboro Co. Model 6bL),

L) Gas Sampling Valve

A gas sampling valve (Whitey Research Tool Co. Model
IVF4-A-316) with a drill-bit stem was used for penetrating the puncture seal
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V, 1, Experimental Techniques (cont.

of the primary pressure vesgel (see Figure 9). A second valve (Whitey Research
Tool Co. Model LVFL) was used to regulate the gas flow from the primary .ressure
vessel to the gas-sampling vacuum system.

5} Chemicels

Reagent grade NH}C10), purchased from Matheson, Coleman
end Bell, was used for the irradiation samples. Ammonium perchlorete is a
colorless crystelline sclid and has a density of 1.5 g/cm3. It undergoes a
crystalline transition from orthorhombic to cubic at 240°C (4H = 2.3 kcel/mole)
and its autoignition temperature, as determined by differentiel thermal analysis,
is 380°C (heating rate = 5°C/min)}. No exotherm is observed below 240°C.

Both the primery and secondary capsules were pressurized
tc one ctmosphere with helium gas to improve the heat transfer,

2.  REACTOR IRRADIATIONS

Four samples of NH)Cl0) were irradiated in AGNIR for periods
ranging from 37 to 22k hours. A thermometry experiment, using (NH)),S0y, wes
elso performed to determine the centerline temparature of the loaded pressure
vessel during AGNIR irradiation.

a. Trradiation .Trocedure

The samples to be irrediated were loaded into previously
cleaned primary nressure vessels in a gloved-bag containing & helium atmosphere.
The sample weights were 10 g for the (NHy)}.80y irradiation and 5 g for the
NH)C10), irradiations. After the samples were loaded intc the pressure vessel,
the bag was evacuated, then filled with helium. This purging cycle was
repeated three times before the Swagelok end closure was fitted to the tube-
end to seel the pressure vessel containing the NHhCth and 1 atm of He,

Two primary pressure vessels were placed in the secondary
capsule and positioned (verticelly) to expose the NH)C10) to the highest
neutron flux in the F-26 position. Thermocouples were attached to the 224 hr
anid T8 hr pressure vessels to monitor the temperature during the irradiation.

b. Temperature Profile Experiment

The celculated temperature profile indicated that the center-
line temperature of the loaded pressure vessel might be as high as 108°C (due
to gemma heating) during the irrediation (see Figure 10). Such a temperature
increases the viability of the pressure vessel due to loss of tensile strength
and increased internal pressures. The possibility of annealing of lattice
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TEMPERATURE PROFILE OF IRRADIATION CAPSULE
(Estimated)

Secondary Container

Helium Fill Gas
AGNTR POOL

Primary Pressure
Vessel

Armornium
Perchlorete®

4.8 0.1

Ar °c 2.2 33 5.7 7.8 9.9 5
.9 62.7 0.2

°F L 6 10.2 14,0 17.8

Total T °C 107.8 105.6 102.3 96.6 88.8 78.9 78.4 k3.6 43.5°C
°F 225.8 221.8 215.8 205.6 191.6 173.8 172.9 110.2 110°F

*0,01 BTU/ft2 - sec - °F

was used for the thermal conductivity value (K) for poured
ammcenium perchlorate
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V, 2, Reactor Irradiations (cont.)

defects also increases with increasing temperature. Therefore, an irradiation
of {NH))2S0y was performed in a pressure vessel containing a centrally located
thermocouple and a chromel-alumel thermocouple attached to the outside wall of
the pressure vessel. Except for the substitution of (NH,),S0; for NH,Cl0, and
the intermal thermocouple, the experimental conditicns were identical to those
used for the irradiation of WNHyCl0p. The irradiation was performed in core
position F-26 at a reactor power of 250 Kw for 10 hours.

The results indicate that the centerline terperature of the

primary pressure vessel does not differ significantly from that at the ocuter
surface of the pressure vessel. The maximur temperature obtained for this

run was 43°C,
c. Ammonium Perchlorate Irradiation

The irradiation data for the four w¥M,Cl0) irradiations are
listed in Table VIII.

TABLE VIIT

TRRADIATION DATA

Dose
Length of Neutron
Irradiastion E > 1.0 Mev Gamma Maximum Temperature
Sample (hours) {(n/cm?) (Rads) During Irradiation
I 37 1.0x10%7 1.7::108 53°C (124°F)
IT 187 5,1x10%7 8.2x10% 53°¢ {124°F)
ITI 224 6.1x10%7 9.9x10° 539C {124°F)
v 78 2.1x10% 3.4x10° 539C (124°F)

d. Dosimetry

An izportant factor in all rediation effects experiments is
the characterization of the nuclear envirounment. Such a characterization per-
mits the correlation of the changes observed to the particular radiation field
responsible for these changes. In the mixed-radistion fleld of a reactor, a
dose component of interest must be measured independently in the presence of
the other. Neutron fluxes ar= readily measured using the threchold feoil
system({27-32).
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V, 2, Reactor Irradiations (ceat.)

0f the meny methods availsble for gamma dosimetry(33), the
glass dosimeters(34-36) are west suited for determining the gamma contribution
to the toial dose,

Neutron doses are best described by integrated fluxes for
specific aeutron energy groups. The "sulfur flux", i.e,, the neutron flux
sbove the threshold energy (2.9 Mev} for the reaction SJé 4+ neutron— P
+ proton, is a good index for the fast neutron population. Neutron dose
measurements for the AGNIR irradiations were performed with sulfur neutron
detection foils in the F-26 position. These foils were placed at appropriate
intervals along the entire length of the dummy fuel element irradiaticn capsule
to determine the fast flux gradient for the irradiation position. The thermal
neutron flux in this position is 3.3 x 1032 n/cm@-sec.

Sulfur fcils were irradiated in AGNIR at a power level of

2 Kw to determine the fast neutron flux of the selected irradiation position
(F-26). The sulfur foils determine the neutron flux above 3 Mev, the threshold
energy of the Sulfur-32 (neutron, proton} Phosphorous-32 reaction. The neutron
flux for neutrons with energies greater than 1 Mev can be estimated using the
Wett(56) or Nereson-Rosen(57) fission spectra. The results from the experiment
arnd the estimated >1 Mev neutron flux for four positions near the centerline
of the core are listed in Table IX.

TABIE IX

FAST NEUTRON FLUX OF AGNIR

> 1 Mev > 3 Mev
Position 5 5
(Inches above or below {Neutron/cm -sec) {Neutron/cm =-sec)
core centerline) 2 Kw* 250 Kwh 2 Kw 250 Kw*
-5 4.7x10° 5.9x10™% 1.43x10° 2. 8x1011
-1 6.6x10° 8.2x10* 2.00x10° 2.5x10%t
+1 6.9x10° 8.7x10Mt 2.11x10° 2.6x10%t
+5 5.1x10° 6.4x10%* L.55x10° 1.9x10%t

#Calculated values

Glass dosimeters were used to determine the extent of the gamma
contribution to the total dose during NHLCl0L irradiation. The low-Z, silver meta-
phosphate glass dosimeters have known thermal and fast neutron responses which
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V, 2, Reactor Irradiations (cont.)
vere used to determine the gamme dose. The results from the glass dosimeters,
exposed for 15 minutes at 0.1 Kw ure listed in Table X.

TABLE X

GAMMA DOSE DISTRIBUTION (F-26)

Position Doget Dose Rate
(in. from top of core) Rads {Rads/nr 10"6)

220 2.2
280 ' 2.8
330 | 3.3

10 h10 4.1

12 LLo L.k

13 430 4.3

1k Loo 4.0

16 Lo L.l

18 360 3.6

20 250 2.5

22 200 2.0

¥Regctor Irradistion - .25 heur et 0.1 Kw.
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SECTION VI

PHASE II-CALORIMETRY AND ANALYSIO

1, CALOPIMETRY
8. Introduction

Hee*t of solution measurements were made with the irradiated
semples obtained during this program and with a separate unirradiated
portien of the same ammonium perchlorate reagent starting material. In the
1deal case, in which the rediastion causes no chemical change in the irradiated
sample, the amount of lattice deformetion energy stored in tne sample is
obtainable directly from the difference in heats of soluticon of the irradiated
and unirradiated samples. However, in the real case chemical changes do occur
und must be taken into account in order to obtaein a realistic evaluation of
the actual lattice deformation energy storage. Therefore, the measured
difference in heats of solution must be referred to as "ipparent Energy
Storage" until the effects of the chemical impurities produced in the
irradiaticn can be evaluated. -

The apparatus used is described briefly in Section III 2. b.
and more completely in the Proposal (55) and in the open literature (L0, k1),

b. Samples

The starting reagent used in the irrediations and all
calorimetric measurements was Matheson, Colemen and Bell, Heagent Crystals,
CB 150-AK 1335 with maximum limits of impurities listed as: Ca, 0.01%;

C1" and C10.~ {as Cl), 0.01%; Heavy metals (as Pb), 0.001%; Insoluble, 0.01%;
Fe, 0.001%;3Na, 0.03%; and S0,~, 0.005%. The sample was screened besfore use
and only those porticns passing through a 1.0 mm opening scresn and retained
by a 0.5 mm opening screen were used in subsequent work. Two samples

(L0 to 45 grams each) after screening were placed in 2 desiccator over

P.0_ for a determination of residual moisture content, Both samples lost
agoét 2.0 to 2.9 mg or 0.005% during the first week, and totals of 0.006%

and 0.008% respectively after 8 period of 53 days. A recrystallized sample,
intended fur nse “n the X-ray and microscopic studies was also evaluated in
this msuner, but *X%7 3 sample was not used because of poor optical crystalline
proveriies. Large single crystals previously grown were used for the Xeray
and microscopic work.

1) Irradiated Sample I

The most striking effect of the irradiation was a
significant reduction in particle size of the first irradiated sample
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VI, 1, Calorimetry (cont.)

(37 hours exposure). Although the NH,C10) was dry, the materisl was sufficiently
compucted 30 that the powder could znot be removed by vigorous tapping of the
various scctions of the pressure vessel, and, therefore, required the uss of a
spatula., The NHjC1l0) crystels did not exhibit the brown color associated with
crystals which have Leen severely damaged by rediation. However, a portion of

the NH|C10), had a yellowish tinge similar to that of chlorine and some of its
ccmpounds. The amount of sample actually recovered was 3.16 grams of which

2.70 grums was found to be -60 mesh as compared with the starting size of

>0.5 mm. The yellow color noted sbove was probably attributeble to & trace of
surface moisture or other volatile impurity, es it disappeared after the sample
had been exposed tc the dry nitrogen atmosphere in the dry box. The coarse
frections from the sample screening aeppeared to be contaminated with residues

from the X-ray sample holder and other unidentified fragments and were, therefore,
not used ir subseguent measurements. The -60 mesh fraction which was used for i
the heat of solution measurements was homogeneous in appesarance with a uniform

white color.

2)  Sample II

The irrsdiated ammonium perchlorate recovered from the
second pressure vessel was tinted yellow at removal, but faded to & dirty
brownish-green color in e matter of minutes. The powder wes not compacted
(unlike the first sample which had to be removed with a spatula) and could be
p ed into the weighing dish. Only 1.42L6 grams were recovered (not including
water rince of pressure vessel) from the original 5 gram sample. ILuring the
microscopic examinetion of the crystals, a great increase in hygroscopicity was
noted for the irrad.sted crystals. Because of high residusl radicactiv'ty only
a small portion {ca. 0.4 g) could be sent to Sacramento initially. This sample
was definitely "wet" in appearance and dried to & crusty materisl after storage
in & Jdesiccator. Thils crust waes easily broken up vwith & spatuwle, in the dry box, :
end the sample was transferred to & single heat of solution bulb. The remainder
of thls sample, which was shipped later, was similaer in appe&rance and behavior.

The hygroscopicity noted in the microscople studles was definitely confirmed
during sample welghings when the samples geained weight at & noticeshle rate 4
during exposure to the (25% Relative Humidity Controlled) room air.

3) Sample III

Sample III, which had the greatest radiation exposure,
had the same general sappearance as Cample II, and showed an even greater
hygroscopiclty and wet appearance. Unlike Sample II, it had to be removed with
& spatula and was conteminated with fregments from the foil wrapping on the
X-ray samples. (Capsules I and III, which were loaded and placed in the reactor
during the first week o¢f irradiation, contained speclal foil wrepped samples of i
single crystals and powdered NHhCIOh for the ¥-ray and microscopic work. When
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VI, 1, Calorimetry (cont.)

Capsule I was removed after the first week of irradiation, it was found that
the large single crystals had been completely decrepitated by the neutron
bombardmeut. Therefere, when Cansules II and IV were loaded later, the foil
wrapped samples were omitted).

After drying in the desiceator the sample formed a hard
crusi, which on breaking up with a spatula seemed to separate intc large and
small sized particles., The semple was screened in the dry box, with the major
imparities appearing to remain with the large particles and the small sized
fraction used for heat of solution and analysis.

L)  Sample IV

Sample IV (the second shortest exposure) was similar in
sppearance to Sample I with somewhat more sintering and also some small grey
particles of insoluble matter. The sample was crushed lightly in a small
mortar in the dry-box and subdivided directly from the mortar into five heat
of selution bulbs. The sample tended to separate into coarse and fine fractions
but the entire semple was used and the distribution of coarse and fine particles
mey not have been uniform throughout the five bulbs.

c. Equipment Calibration and Auxiliary Data

As noted above in Sectlon III. 2. 4, an electrical calibration
of the apparatus as s whcle is made as an integral part of esch heat of solution
measurement.. As a matter of fact, two such calibrations are made with each run,
one before breaking the sample bulb and one after, in order to determine the ACp
of reaction. During a run the current through the resistance thermometer is
periodically checked and maintained at exactly 2.00000 (+ 0.00001) milliamps.
Similarly the internal working current of *he potentiometer ie checked {and
re-adjusted if necessary) every few minutes against an external standard cell.

Items of auxiliary equipment requiring calibration are the
standard cell, the balauce weights used for welghing of semples and the stop-
watch used for timing of the electricsl energy input. These items are maintained
by periodic calibrations according to established procedures.

All weighings included corrections Lo vacuum, and the results
are expressed in terms of the defined calerie, L.18L0 absolute joules.

d. Results with Unirrediated Sample
Since the calorimeter was used for the first time on this
program and several minor changes in design had been made over the previous

model (L0, 41), the effects of these changes were evaluated before the start
of actual measurements.
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VI, 1, Calorimetry (cont.)

The only change of significence was that associated with the
use of a Dewar vessel of smaller neck diameter than that previcusly used. While
this change produced the desiired effect of lowering the heat trensfer coefficient
(vetween calorimeter and bath) it also necessitated the use of smaller diameter
calorimeter stirrer and resistence thermometer housing and required a series of
measurementgs to determine the optimum coubination of propeller blade area, pitch
and stirrer speed.

These exploratory tes.. were macde in actual heat of soluticn
measurements with the unirradiated sample, and the results are summarized in
Table XI. The first four measurements, which were made with the stirrer as
originally fabricated operated at a stirring speed of 672 rpm, indicated that
the stirring was inadeguate for the coarse sample particles uged, as evidenced
by the long eguiiibrium times sand pcer precision.

The last three measurements shown in Table XI were made after
increasing the surface arca and pitch of the stirrer bledes and showed the
desired effect of improved precision end more vapid eguilibrium. The averege
of these three runs, +68.0b4 cal/g, with & precision uncertainty of + 0.1k cal/g,
was used as the basis for evaluating the apparent energy storage of the irradi-
ated samples. Likewige, the improved stirrer was used in all subseguent
measurements with the .irradisted samples and operated at a speed of 845 rpm,

e. Results With Irrediated Samples

Heat of solution messurements were made with four of the six
individuel sealed glass bulbs containing Semple I. The mean value, as shown
in Table XII is +55.02 cal/g with a precision uncertainty of + 0.65 cal/g.

Table XI

HEAT OF SOLUTION OF UNIRFADIATED NHpClOy
(Last Three Runs are with lmgvoved Stirrer)

Sample Wt. Temp. Heat of Solution Equilibrium Time  Stirrer Speed
greris °c cal/g L minutes RrM
1.5731 29.70 +67.13 30 672
1.0103 30.17 +67.58 L2 672
0.9976 30.17 +65.89 29 672
1,0088 30.16 +68.23 24 672

Average of 1lst 4 +68.21 31
1.5047 30.03 +68.17 2k 672
1.5078 29.80 +67.97 1k 8Ls
1.5020 29.95 +67.97 12 8ks

Averege of last 3 +68. 04 17
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Table XIT

HEATS OF SOLUTION OF IRRADIATICN SAMPLES I AND IV

Sample I
Equil. Time Mass Calibrations, Cal/uV AT &H

Semple No. minutes g, in Vac Initial Final W/g cal/g

1 k 0.2603 0.94675 0.94k92  58.97 55.72

2 & 0.3780 0.94493 0.94355  57.59 5L.3b

3 2 0.4481 0.94608 0.94608  57.73 s5k.62

4 2 0.2603 0.94358 0.94278 58.76 55.40
Average 0.3417 0.94533 0.9LL33 58.26 55,02
Std Dev of Meen* - +0.00182 +0.00182  + 0.35 +0.325
Precision uncertainty¥ - +0.0035L +0.00364  + 0.70 + 0.65
Pracision uncertainty, % - +0.38L . +0.384 +1.20 +1.18

Sample IV

Equil. Time Tags Calibrations, Cal/uV AT LH

Sample No. minutes By i Vac Initial Final w/g cal

1 b 0.3211 0.9L4s502 0.94601 T.26 ~6.87

2 2 0.2928 0.94512 0.94796 L.&5 -L.60

3 2 0.2605 0.94327 0.94338 6.06 -5.72

L L 0.2456 G.9L391 0.9L4L06 g.92 -8.k2
Average 0.2800 0.94k432 0.94535 6.77 =-6.40
Std Dev of Mean® +0.000k5 +0.0010k  +0.87 +0.82
Precisicn uncertainty¥ +0.00090 +0.00208  +1.74 +1.6L
Precision uncertainty, % +0.10 +0.22 +25.7 +25.6

"The precision undertainty is defined as twice the standard deviation of the

mean, or —_

VLE
2 nin-1)
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VI, 1, Cualorimetry (cont.)

This uncertain.; interval, achieved with b samples, agrees
with the upper limit of uncertsint, ronge predicted in Figure U snd in the
Proposc (45) for repli.ate measurements with five or more samples. {The heat
sbsorption corresponding to the average sample size of 0.34k g is 1§ calories,
which from the upper limit curve of Figure ! corresponds to an uncertainty of
4+ 0.22 calories or # 0.65 cal/g). Although the uncertainty interval could have
been considerably reduced by measurements with the remeining two samples, these
samples were reserved for special tests.

The results of the meesurements with sample IV are also listed
in Table XII. 1In this case only four of six bulbs filled were actually used
for heat of solution measurements with the remaining two being reserved for
analysis and & special test. The precision achieved in this case was somewhat
peorer than thet for semple I, probably because of non-uniform distribution
of the coarse and fire particle porticns o¢f the sample, The expected uncertainty
interval for a sample of this size, based on the previous data in Figure L is
+0.10 calories or #0.35 cal/g.

Single measurements with sennles II .nd III resulted in values
of ~34.70 cal/g for sample II and -23.83 cal./;, for sample III.

3o Apparent Energy Storage

Combination of the heat of solution measurements of the
irradizted samples with the previously meagur:d heat of solution of the
unirradisted sample (+68.04 + 0.14 cal/g) leais t. the derived values of
Apparent Energy Storage shown in Table XIII,

The precision uncerteinty shown is the uncertainty in the
measurement only, obtained from the rool mean sgquare of precision unnertainties
of the unirrsdieted sample and the individusel irrediated samples, as for example
in the case of sample I,

V(0.65)2 + (0.14)2 = + 0.67.
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VI, 1, Calorimetry (cont.)

Table XIII

APPARENT ENERGY STORAGE OF IRRADIATED SAMPLES

Gample Number I IT ITI IV
Irradiation Exposure hours 36.82 187.17 22h 78
n vt (x1017) 1.0 5.1 6.1 2.1
Anparent Energy Storags, cal/g 13.02  102.7h 91.87 TT. 44
Uncertainty Interval , cal/g +0.67 - - +1.65
Rate of Apparent Energy Stcrege,
Cal/g-hr 0.35 0.55 0.h1 0.99

g. Awxiliary Thermochemical Data

The ACp of the solution reasction was measured, as the differ-
ence in the average heat capacities of the calorimeier before arnd ufter breaking
the sample bulb (as shown in Table XII), but the weasured difference was not
significant since it was less than the combined limits of errcr in the two sets
of measurements. This wes beceuse of the extremely smell sample sizes used and
the correspondingly diiute solutions formed. Ewven if the apparent molar heat
capacity of NH)C10) were as large as -100 cal/deg-mole, the average amount of
sample I dissolved (0.3l grams) would change the heat capacity of the calori-
metric system by 0.34 x -100/117.5 or -0.29 cal/deg C, which when compared with
the measured heat capacity of approximately 1760 cal/°C (1865 wV/deg x
0.94533 cal/uV) amounts to & change of less thsn 0.02%.

50

|
IJl.- L




VI, Phase Il--Calorimetry and Anslysis (cont.)

2.  ANALYSIS
a. Intreoduction

The sole purpose of the analysis is that of determining the
exact chemical composition of the recovered irradiated sample in order to apply
eppropriate corrections to the measured heat of solution for the effects of
decomposition produet impurities. It was believed at first that the best
analysis of the irradiated sample might be obtained indirectly by separate
analysis of the gaseous decomposition products and capsule corrosion products
with the recovered sample analysis being computed by difference.

To implement this apprcach plans were made to make pressure-
volume measurements end mass-rpectrographle measurements of the collected
gaseous decomposition products and standard wet-chemical analyses of the solid
corrosion products leachel from the irradiation capsule after removal of the
sample. This approach was not successful because of failure of the gas-
gampling device in two cases and because of the inability of the mass-
spectrograph apparatus to produce constant values for the concentrations of
gaseous chlorine compounds.

Later in the progrem an alternate method of gas analysis was
developed based on fractionation of the gas sample by liquid nitrogen conden-
sation followed by determination of the average molecular weight and special
chemical analysis of the two frecticns. Unfortunetely this anslysis method
was applicable to only one of the four irradlated samples.

Because of the difficulties associated with the planned indi-
rect chemical analysis and incomplete data available, the primary emphasis was
shifted to that of direct enalysis of the irradiated samples.

b. Semple Recoveries

The first crude analytical data was in the form of sample
recovery data which is summarirzed in Table XIV. The various handling steps
involved (gas sempling, opening capsule with pipe-cutter, scraping scmple from
conteiner, working in s dry box, screening and separation of sample from alumi-
num filings and special precautions because of radiocactivity) made it extremely
difficult to obtain good quantitative data and as a result approximately one
gram is unaccounted for iu eacu of the first three samples.

As expected the total solids and total useable solids
rcecovered were inversely proportional to the total radiation exposure (excep
fer a slight reversal in samples II and III}. The total extent of deccmposi-
tion, however, was much worse than originally expected. Although the sample

.
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VI, 2, Analyuis (cont.)

of highest radiation exposure (sample III; nvt = 6.1 x 107 neutrons/cmz)

received only about 10% of the maximum radiation exposure initially planned,
nevertheless only about 30% of the sample was recovered in usesble form. On
the basis of the data in Table XIV it is estimated that complete sample decom-
position would have occurred at & total exposure of much less than 1018 nvt
(or 367 hours).

TABLE XIV

RECOVERY OF IRRADIATED SAMPLES

Sample No. I 11 ITI v

Hours irradiated 5 17 36,82 187.17 224.0 78.0
Total nvt, neutrons/em” (x107') 1.0 5.1 6.1 2.1
Original Sample Weight, grams 5.0 5.0 5.0 5.0
Usesble sample recovered, grams 3.16 1.42 1.50 2.19
Sample removed by hot water leach,

grams 0.6 1.16 0.8k 2.35
Total Solids recovered, grams 3.76 2.58 2,3k L, sk
Measured weight of gas recovered,

grams - - 1.825 =
Nstimated weight of gas® 0.30 1.52 - 0.6k
Total Accounted For L.06 4.10 L.16 5.18
Unaccounted For 0.9k 0.90 0.8k =

¥Linear proportion with hours exposure based on Sample III.
cs  Pressure-Volume (PV) Ansalysis

After the residual redioactivity of the sepled capsule had
decsyed sufficiently, the capsule was removed from the storage rack in the
resctor pool and fitted with the gas sampling device consisting of a standard
taper fitting, & threaded seal, a high pressure valve and a hand operated drill
shaft sealed with a high pressure packing gland {Figure 9). After drilling
through the puncture sesl the capsule and gas sampling device were then
attached to a vacuur glass manifold system of known volume equipped with a
manometer and several calibrated flasks of different volumes. The gases from
the capsule were then released through the high pressure valve and standard
taper joint into the vacuum manifold system, allowed to reach thermal equili-
briur with the room, and final pressure measured.
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VI, 2, Analysis (cont.)

From the measured pressure and known volume of the system,
the number of moles of gas was computed assuming appli<ation of the perfect
gas law and also assuming the gases to be at room ter__.rature. Pressure mea-
surements were teken over a period of time to verify the assumption of thermal
equilibrium with the room, since the computed adiabatic temperature changes
associated with expansion into vacuum smounted to over 100°C in some cases.
The results of the final PV measurements are given in Table XV.

Considerable difficulty was encountered in the use of the gas
sampling device except for work with Semple III, when it worked perfectly.
(1) with Semple I the packing gland on the drill shaft leaked slightly as
evidenced by a distinct odor of halogen gases. It was suspected that air
leeked into the vacuum system by the same means. (2) With Sample II the drill
point broke off and became imbedded in the puncture seal. A slight butocling
was noted arcund the broken drill immediately after unsuccessfully attempting

TABLE XV

PV ANALYSIS RESULTS

Semple Number I II III
Manometer Pressure, in.* - 2.88 T.65%%
Manometer Pressure,cm.% kb .05 - -
System Volume, liters* 0.5210 2.068 3.732
PV, liter atm 0.3020 0.2955 0.95L9
Millimoles, (PV/RT)x10° 12.34 12,08 39.03
Capsule free volume, liters 0.050 0.050 0.0L9
Capsule pressure, atmospheres 6.0k 6.01 19.4€
Sample Decomposition Pressure%*## 3.26%%% 501 18.48

*Sar Ramon measurements were made in inches of mercury; Sacramento measure-
ments were made in centimeters of mercury, system volumes include correc-
tions for movement of the mercury column.
##Previously reported {in error) as 6.65.
##%Based on Capsule pressure minus one except for Sample I which utilized the
Mass Spec Analysis to correct for He and air contamination (.539 x measured P).
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VI, 2, Analysis (cont.)

to remove it in the remnotes handling facility. The capsulc and sempling device

vere immediately attached t¢ the vacuum manifold system and, after determining

that the leak rate weas oiite small, left overnight to reach pressure eguilibrium.

A small amount of sarple was lost, but the exact amount is impossible tc estimate;

some air contamination probebly nccurrved &lso becsuse of slight leaks in the

glass joints of the manifold during the overright exposure. (3) With Sanple

1V the drill point zgaii broke orf and the gas semple was lost. .

d. Mass Spectrographic Analysis

The mass spectrometric analysis of the gaseous decomposition
products of Sample I was inconclusive because of reaction ¢f chlorine contain-
ing molecules vith metal parts of the inlet system, and unexpectedly large
alr contamination of the sample. In order to minimize the effect of chlorine
compourd remctions in the inlet systum, the system was passivated by repested
admissicns of sample. In repeated scans the mass 36 (HCl) pesk increased from
zers to & maximum of 7.6 mole%. The results of the scan corresponding to this
mesimum value are given in Table XVI. The measured srgon concentration of
0.4 mole% corresponds to an air contamination of 43%, based on an arerage air
analysis of 0.93 mole% Ar, 76.09 mole% N, + 20.95 molef Gp. The mass 70 peak
(Clg) was not observed, which casts further suspicion on the results, since
Clp is believed to be one cf the gaseous decomposition products,

TABLE XVI
MASS SPECTROMETRIC ANALYSIS OF IRRADIATION SAMPLE I*

Concentration, Mole %
Air Free Air & He

Molecule Original Basis Free Easis
He 3.1 5.1 =
HEO 1.6 2.8 3.0
N, k2.0 1k, 15.6
G, 28.5 3.3 36.2
HC1 7.6 13.3 1k.1 ’
Ar 0.4 - -
.0 16.8 29.5 31.1 e
Total 100.0 Do.o 160.0
Average MW 31.6 33.6 3%.3

¥*Based on the scan yielding the maximum value tor HC1l after passifying the gas
inlet system by repeated edmissions of sample.
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VI, 2, Analysis {cont.)

The mass spectrographic analysis can be reconciled with the
gas pressure measurement if it is aessumed that a portion of the air contemina-
tion occurred during capsule filling and the remainder occurred during the gas
sampling operation. This assumpticn is probably valid since the methed used
to displace the capsule air with helium before Irradiation involved flushing
ingide of a plastic bag (rather than positive vacuum displacement), and a leak
in the drill shaft pucking was noted during the ges sampling operation.

e, Molecular Weight Determination

The average molecular weight of the decomposition product
gases from Sample III was determined by accurate weighing {(to 0.0001 g) of a
500 ml sample in an especially prepared flask. The flasks used were 500 ml
round bottom flasks fitted with vecuum stopcocks and standerd taper joints
with the totel mass kept below 200 grams for welghings on the analyticel
balence. The difference in weight between the filled and evacuated flask
gave the vacuum mass of the gas sample directly since equal volumes of air
(presumed to be at equai temperature and pressure) were displaced in both
weighings. The average mol~cular weight wss then computed from the perfect
gas law relationship,

MW = WRT/PV.

Since some time hed elapsed after taking of the sample, the sample PV measure-
ment was repeated by expansion of the gas sample inte the vacuum manifold after
welghing of the flask. The molecular weight determination was then repeated by
reweighing the flask {at the reduced pressure) followed by evacuation and final
weighing. Two additional measurements were made with an enriched portion of
Sample III geses obtaired by condensing e portion of the higher boiling gases
in a ligquid nitrogen cold trap. The results are summarized in Table XVII, with
the enriched semples designuted as III-E. The barometric pressure was checked
periodically and found to be in the 753 to 758 mm range.

Portions of the same semples were alsc quantitatively trans-
ferred to other flasks for subsequent chemical analysis.

The disagreement in the dupiicate determinations with Sample
IIT is probably due to insufficient care exercised in taking and recording of
room temperature and pressure. A 1°C change in room temperature changes the
air buoyancy effect on a 500 ml sample flask by 0.33% or 2.0 mg; similarly s
1 m change in atmospheric pressure changes the buoyancy effect by 0.13% or
0.8 mg. This source of error is particularly critical in the cases of the two
smaller sized samples weighing only about 50 mg. Therefore, the 43.1 value
(of molecular weight)} based on the 0.2L7 g samp'e is the preferred value for
Sample III.
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VI, 2, Analysis {(cont.)

TABLE XVII

AVERAGE MOLECULAR WEIGHT OF SAMPLE III GASES

Semple No. III III Ii:i-E III-E
| Pressure, cm 19. 44 = 55.35 -
PV, liter atm} S 0.1292 - 0.3645 -
Pressure, cm 21.1 L.55 56.80 L.35
Flask volume, m%}Sacramento Meas. 50% 502 S0C 502
PV, liter atm 0.1403 0.0300 0.3736 0.0287
{ Flask + sample, grams 187.0336% 163.3235 188.9804 163.3258
. Room Temperature, °C - 25.7 - 25.0
Flask evacuated, grams 187.7864% 163.273% 188.3013 163.2734
Room Temperature, °C - 25.0 25.0 25.0
3 Semple mass, grams 0.24TH 0.0501 0.6791 0.052h
d Derived sample mass, grams - 0.0510%# - -
E Molecular Weight¥®## L3.1 L2, gee Lk.s L4 .6
Total mass of gas sample III, grams 1.825 - - -

*Flask too long for enalytical balance; weighings mede on 10 Kg capacity
balance and difference rounded to nearest milligram.
##Bpsed on original mass of 0.247 g and volume ratio used in manifold distri-
bution. 0.0501 g sample weight yielded 2 molecular weight of 40.8.
###Based on Sacramento Determinetion of PV which takes into account possible
air leak during transportation and storage.

f. Cnemical Analysis of Gases

During the course of the gas molecular weight determinations
for Sample III, the gascs were also quantitatively sub-divided into several
reaction flasks in order to analyze for Clp, end Cl02 and other pessible oxidiz-
ing gases. The flasks used for this purpose are shown Iin Figure 11.

After obteining the gas sample, the flask was remnved from
the manifold, an excess of a reducing agent solution was pipetted in through
the funnel and carefully rinsed in while still retaining a partial vacuum in
the flask. After allowing it to stand for some time, the flask was then
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VI, 2, Analysis (cont.)

opened to the alr and titrated with either & standard oxidizing or e standard
reducing solution. Tne precedures used were modified versions of those
described by RAI (50) end included the following combinations.

1
standard O.1N As 0

) Neutral KI zsclutlon added in excess; back titrated with
3 solution to determine the amount of free iodine produced.

2) Acidic KI solution, back titrated with standard 0.1 N
thiosulfale solution.

3) Standard 0.1 N Fe(NH))o{(S0y), solution with unreacted
Fe titrated with standard 0.1 N dichromate solut?on and Barium diphenylamine
sulfenate indicator. This wes a modificationu of the RAI methed which utilized
KCNS as sn indicator for Fe™* ion and a colorimetric comparison method for
determination of cencentration. This modification did not yield quantitative
results and was dropped. The exact reason for failure is unknown, but the
probable cause was oxidation of chloride ion by the dichromate.

4)  Weutral 0.1 N AspU3 sciuvion, first re-neutralized with
standard 0.1 N NaOH to determine acid coutent, followsd by addition of exress
NaHCO3 and titration of unoxldized A520q witnh standard 0.1 N 13- solution.

The analytical approach was based upon the selectivity of the
various reducing sgents toward the various C: and Cl-0 compounds as well as
other origiziﬁg species which might be present. According to the RAI report
{(50): Fe'  reduces Clp gas as well as the ions €10~ » C1057, v103 , and NO5™ in
acid medium; I~ in basic medium reduces Cl, gas and ClO to C1 and also par-
tially reduces Cl0, gas {to C10 ‘), I” in ecid medium reduces Cl, and C10,
gases as well as ClO' Cl0p~ and NOo~ lons. The use of neutral AspO3 solutlon
wes based on the work of Smith and Hubbard (58) who used this reagent as a
selective reducing agent for Cl, gas formed in the oxygen bomb combustion of
organic chlorides {this solution does not react appreciably with Op gas even
at pressures of over 30 atmospheres). The possible action of No0 gas on the
reagents used is not known but is assumed to be inert in all cases.

Exemination of the data in Teble XVIIT, therefore, appears
to indicate that the oxidizing portion ¢f the gas mixtures studied is made
up entirely cf Clo gas, since the acid - KI titrations were glightly lower
than both the neutral KI and neutral A3203 titrations. The HCl content of
the gas mixture is obtained from the total acid titration minus the acid result-
ing fror the reduction of Clp by A5203,

1/2hsp03(aq) + Cly(g) + Hp0(1)—1/2As,05(aq) + 2HC1(aq).
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VI, 2, Analysis (cont.)

TABLE XVIII
GAS ANALYSIE OF SAMPLE IIX
Sample III (Original) III-E (Enriched)
¢ Flash A B A B C
Volume, nl 513 51k 513 51k 521
Sample mass, g 0.0531 0.0532 0.1450 0.1453 0.1472
++

Reducing Agent KI KI XI Fe As203
Seolution Concentraticn,
eq/liter or % 10% 10% 10% 0.1 0.10005
Volume, ml 25 25 50 50.00 50,00
Sclution medium Acid Neutral Acid Acid Neutral

: Titrating Solution Thio A5203 Thic K20r20T I3

ﬁ ! Concentration, eq./liter 0.010046 0.010005 0.10046 0.1 0.096608

j Volume, ml 49.9 51.8  18.0 = 32,23

{ Volume of 0.1008 K NaOH - - - - 28.34 .
Meq of o per gram - - - - 16.406 -

i

: Mey of Oxidants 0.5013 0,5183 1.808 - 1.911
Mea/g 9.l G.Th 12,47 - 12.98

3 g. Chemical Analysis of ‘Recovered Samples

1) Iatroduction
! . The analyses presented in this section were disappointing

and must be viewed with considerable skepticism and considered accurate only
insofar as general trends are concerned. Although the analytical schemes
worked out are believed to be reliable the results are open to question on a
number of points chiefly associated with the limited amounts of ssmple avail-
able, namely: (1) The samples available for analysis were very small,
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VI, 2, Analysis (cont.)

particularly after subdividing into aliquots, and single detcrminations were
made in all cases (2) Sample III is probably not truly reprecentative of the
entire irradiated sample since it was of very poor quality and was , therefore,
screened through a 0.5 mm screen before use. Less than 1/2 of the sample

(the fines) were used for the heat of solution and analytical work. (3) Both
samples II and III were noticeably wet when received and werc dried in a
desiccator before weighing; both were noted to be extremely hygroscopic,
absorbing moisture from the air during sample weighings. The degrees of dryness
of the samples used for heats of solution and analyses may not have been iden-
tical (4) an unused heat of solution sample bulb containing sample IV was saved
for the analytical work but it was accidentally broken on the floor of the dry
box and swept up with a brush before weighing (5) gases werc evolved (and lost)
during sample dissolutions (6) the samples used for the Cl- analysis were
obtained by boiling dowit the final solutions from the heat of solution measure-
ments. This process may have resulted in some loss of chloride ion by reaction
with €10~ (or other oxidizing anion) to form Cl, ges.

2}  Procedure

In order to follcw the extent of sample contaminaticn as
a function of total radiation exposure the following analyses were performed
on solutions of irradiation samples II, III, and IV:

Water insoluble

H* concentration by titration

Cl™ concentration by AgCl gravimetric analysis
Oxidants reducible by neutral KI

Oxidants reducible by amcidic KI

Oxidants reducible by acidic Fe'*

Oxidents (remaining after flash toiling) reducible
by acidic KI.

L Woam W B N e L]
N rrwroH
et Nt Nt N Vo ¥ Nt

Water insoluble determinations were made with cold water
to simulate calorimeter conditions. The chloride determinations were made on
samples which had previocusly Deen used in heat of sclution measurements; these
solutions were concentrated by boiling down from the originzl volumes of
1625 ml to volumes of about 250 to 500 ml before precipitating the silver
chloride.

The procedurc for titration of oxidants reducible by
neutral KI, acidic KI and neutral Asp03 solutions was essentially the same as
that used in the analysis of the gaseous decomposition products (Paragraph
VI-2-f.), except that 0.OlN reagents were used in all cases.

The procedure with acidic Fett reducing egent was modi-
fied to resemble more closely that originally used by RAI (50, 54}, To 50 mi
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VI, 2, Analysis (cont.)

aliquots of the three solutions were addedsp ml each of 0.1 N KCNS, 1:1 HoS80y
and 0.1N Fe{(NHy)2(SO4)2 solutions in rubber stoppered 250 ml flaske. A blank
containing 50 ml of a 9.1% solution of reagent NHLC10) was similarly prepared,
All four solutions had a distinct pink color (due to Fe**! impurity in the

Fett reagent in the case of the blank) with sample IV being barely distinguish-
able from the blank and semple II being the darkest. 0.01 N KpCrz07 solution
was then added dropwise to the blank sample until each of the unknowns were
color uatched by visual comparison and the ccrresponding volumes recorded.

One additional analysis was performed, which involved &
repetition of the acidic KI analysis, after having first boiled and cocled the
unknown solution.

3) Results
The results of these nnalyses are given in Table XIX.

Interpretetion of the analyses is the same as that given
in the BAI Report, with one exception, caused by an apparent discrepancy in
that interpretation methed. The RAI interpretations may be expressed
slgebraically as follows (with equetion numbers corresponding to the data given
in Table XIX):

_ (1) Neutral XI reduces Cl0~ and Cl, to €1 and reduces
ClO2 to 0102 .

o+ 1/5 c102)
(2) Acidic KI (unboiled) reduces Cl0

0102_ to C1™; also reduces NOQ'.

meq, = Imeq. (c10” + c1

c10~, C1,, and

2’ 2’

meq, = Imeq(C10, + C10” + Cl, + Clo, + NO, )
(3) Boiling removes the gases Clo and C10, and also Cl0~
(since the samples are acidic); therefore, acidic KI with a boiled solution
reduces 0102_ and NOQ-'

meg., = Imeq (C10

3 4+ NO,.T)

2 2
) ) (4) Fe™ in acid medium reduces (1, C107, €10, and
ClO3 to C1 ; also reduces N02 g -

4+ €107 + No.©

meq, = Imeq (012 + Cl0” + c1o,, 3 5 ).
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VI, o, Analysis (cont.)

Combining of Equetions (1), (2) and {3) leads to & solution for €10,,
= e = £ - -
meq, - meq, - meqq = L/5 C10, or 2iL, 5/b (meq2 meq, - meq3)

However ,applying this derived value of m0 to equation {1; leads to an incon~
51stency since it follows that,

meq, > 1/5 0102,

whereas in every case meq, is ccnsiderably less than 1/5 of C102.

It must be assumed then that neutral KI does not react
with C10,, in which case equation (1) becomes,

meq, = Imeq(C10™ + Clg)
From this it follows that,

ClO2 = meq, = meql - meq3,

0103' = meq) - meq, - meq,,

c10~ + Nog' = meqg,

and C10° + Cl, = meq,.

F1rally,+51nce meqy end meq, are relatively smell in all
cases (compared with €1 and H ) it is assumed thgt

C10,” = NO,” = meqy + 2

and C10 = 012 = meq, ¥

Table XX shows the corresponding ionic and molecular com-
positions based on the derivations outlined above. Two further assumptions
were involved in the finel computed compositions; i.e. that Cl0» is present in
the crystalline network as an equivalent mixture of €103 and €103  ions and
that Clp is similarly present as a mixture of C10 and €1~ ions.

A complete analysis is not available for sample I but the
major impurities of H* end C1 were analyzed for and based on these analyses

the equivalent composition is: 3.57% NH),C1l; 9.24% HC10) and B87.19% NH)C10).
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VI, 2, Analysis (cont.)
TABLE XIX
ANALYSIS OF IRRADIATED SAMPLES II, III AND IV
Sample II I11 v
Weight, grams 0.9593 0.LELT 0.30Lk4
Inscluble, grams 0.0116 0.0103 0.0006
Insocluble, % 1.21% 2.22% 0.20%
Sample wt (1/5 aliquot), grams 0.1919 0.0929 0.0609
1. ML of 0.01005 N Asp03, less blank
(Neutral KI) 0.10 0.05 0.05 E
meq./g sample 0.005 2.005 0.008
2, M1 of 0.0L0046 N Thio, less blank ‘
{acid KI- unboiled) 6.05 1.15 0.15
meq/g semple 0.317 0.124 0.025
3. Ml of 0.010046 N Thiv, less blank !
{acid KI-boiled) 0.9 0.15 0.10 !
meq/g 0.047 0.016 0.016 |
L. ML of 0.0L001 N K,Cr,0., b1 0.25 0.1 \
meq/g 0.214 0.027 0.016 i
| 5. ML of 0.1008 N Na&OH, less blenk
3 (H* titration) T.15 0.77 1,28
- meq/g 3.94 0.84 2.10
Soluble Aluminunm A1203, g - - 0
e Chloride Sample Weights, g - 0.1872 0.3098
AgCl precipitate, g - 0.1554 0.18L1
5. Clwt, g - 0.03844  0.0L55U
| wt% C1 - 20.54 1L4.70
meq/g (6.392)* 5.793 L. 146
*Previous determination
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VI, 2, Analysis (cent.)
TABLE XX

DERIVED COMPOSITIONS OF SAMPLES II, III AND IV

Molecule or Ion Concentration meq/g Concentration m mol/g
1L 111 v peg I1T v
c10, .265 .103  .001 .053 .0206 .0002
0103“ .162 .006 {-.008) .o27 .001 (-.001)
0102' .02k .008  .008 .006 .002 .002
N02- .023 .008  .008 .008 .003 .003
€10~ .002 .002 .00k .001 .001 .002
c1, .003 .003 .00k .0015 .0015 .002
c1” 6.392 5.793 4.1k6  6.392 5.793 L.1h6
H 3.9k 0.84 2,20 3.9k 0.8k 2.10
Molecular Millimoles/g Weight Percent
Composition It IIT v 1T IIT Iv_
NH),C20, .05k .0104 0 0.548 0.106 0
NH, C10,, .032 .0105 .002 0.27h 0.090 0.017
NH) NO,, .008 .003  .003 0.051 0.019 0.019
{ NH, C10 .002 .002  .003 0.01L 0.01L 0.028
; NH), C1 6.393 5.79% L.1k6 34,200  30.996  11.1T9
7 HC10,, 3.94 0.84 2.10 39.581 5.438  21.096
E NH, 010, 2.156  5.135 4.823  25.332  60.337  56.661
E_
7 64
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VI, 2, Anelysis (cont.)

1. Estimated Heate of Solution

Estimated heats of solution of the four samples besed on the
derived analysis are listed in Teble XXI. Three heats of solution are ecti-
mated for each semple baged on the assumption that the hydrogen ion found is
present as HCth in one of 3 states of hydration:

HCth'0.5H20, HCth-l.O HEO or anhydrous.

Heats of solution of the compounds NHLC10L, NHhCloq, NHhCl,
NHhNOQ,HCIO?, HCth‘0.5 850 and HCth'l.O H,0 were obtained fron dafa in
References (38) and (39). Heats of solution of NH4C10 end NH,Cl0, were esti-
mated as the everege of the heats of solution of NH\Cl and NH)C103. The firal
estimeted heets of solution were based on consideration of the samples as mix-
tures of the individual components with no considerstion of solid scolution or
other interection effects.

TABLE XXI

ESTIMATED HEATS OF SOLUTION BASED ON CHEMICAL ANALYSIS
AND ASSUMED HYDRATION STATE OF HCth IMPURITY

Heats of Solution, cal/g

Sample I II III Iv

Assumed Hydration State of

HCth.nHZO
n=20 +42.2 -k3.0 +L4.0 + B.7
n = 0.5 +49.0 -13.7 +50.1 +24.3
n=1.0 +53.4 + L.8B +54,1 +34.2

9 DTA and Drop Tests

Differential thermel analysis (DTA) and Bureau of Mines
Impact tests (drop teet) were rur on the unirradiated sample and on Irradiated
Semple I only. The results of the DTA tests are shown in Figure 12.

1) Unirrsdieted Semple

The unirredieted sample showed normal behavior for AP of
this purity end particle size in both tests. The DTA (run at a heating rate
of 5°C/minute with & 20 mg sample) showed the normal endotherm at 2L1°C, an
exotherm peak at 378°C and a sharp exotherm (to¢ complete decomposition et
k81°c).
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VI, 2, Analysis {cont.)

The 2 kg drop weight test using the bare anvil was
riegative &t the maximum drop height of 100cm. Addition of #180 grit increased
the sensitivity to the measureble range, indiceting e 50% point of 72 cm.

Z)  Irradiated Semple I

The DTA for this sample (run et & heating rate of 5°C/
minute with an approximately 10 mg sample} showed & small but broad endothermic
peak centercd at about 143°C (not shown in Figure 12) foliowed by the normal
endothermic peak at 247°C, an exothermic pesk at 323°C and no further activity
to the maximum temperature of 482°C. The sample was apparently ccmpletely
consumed at the 328° exotherm. This pattern is similar to that found for
porous ammonium perchlorate prepared by thermal decomposition (59).

The 2 kg drop weight test was Just in the measurable
range for the bare anvil test with & 50% point of 94 cm.

J. Xeray Tests

Individuel large crystals hed been selected, mounted and
aligned by means of the optical goniometer in preparetion for the X-rsy studies.
Unfortunately the planned studies using these crystals had to be dropped
because the crystals were decrepitated during the irradiation.

k. Microscopic Eveluation of Crystullographic Changes
1} Initial Crystals

Some of the ammonium perchlorate {AP) crystals used were
slewly grown from a purified aqueocus sclution, others were reagent grade. The
crystals were either simple aggregates or monocrystalline units 1/2 to 1 mm in
size. They were in the orthorhombic system with a rounded to prismatic habit,
and convained very few growth pores. No defects were visible and, based on
previous eyperience, the defect concentration was between 10% and 1012 per cc.
The refractive indices were within the literature limits and the crystals were
perfectly clear and colorless.

2) Redieted Crystals

The crystel structure hes been severely damaged by the
rediation and individuel crystals have crumbled to 20 to 50 micron fragments.
The damage is typical of prolonged gamma rediation or heating near the phase
transition temperature. As a consequence, anticipated effects such as twinning
caused by internal mechanical strains, or the decoration of dislocations by
migrating vacancies and other point defects hes been obliterated,
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VI, 2, Analysis (cont.)

. The radietion effect in the sample exposed to the
lowest radietion dosage &are shown Iin the photomicrographs, Figure 12 a, b,
¢, and d. The crumbled fregments of the initial large crystals shown in
Figure 13a were mounted in a refractive index media near one of the crystal's
principal indices and photographed in plane polarized transmitted light. If
any AP particles similar to the initiael material had been included in this
moeunting, they would be invisible, thus the most striking effect of the
crystal damage is the opacity induced by the radiation. This opacity is caused
by the presence of densely packed pores in the 0.1 to 1.0 micron size range,
which act as spherical mirrors blocking transmiscion of the light. A single
rhombohedral rfregment a few microns thick is shown in Figure 13b. Several
large pores are cleaved open and appear as white circles, the remaining dark
part of the crystal contains still smaller sealed pores where some light
has been forced through by use of convergent light from the substage~swingout
condenser. Some of the crystal fragmenis have & grid pattern shown by the
pores in Figure 13c. This cculd be the result if some repeated stress~iwin
structures (thermal twins intersect at 90°)} were selectively eroded by the
radiation. The same field of view is again shown ir Figure 134, in doubly
polarized light. A dull éiffuse gray birefringence is seen at all crystal
orientations relative to the planes of polarization. Hormal AP crystals of
this size would have four orientations of complete extinction and Jour portions
of a clear first order gray-white. Therefore, the remairing percent of the
crystal lattice consists of a Jumble of randomly oriented mosaic blocks.

3} Interpretation

The pores are casused by lattice vacencies, that is miss-
ing ions, usually of the sawe charge. I7 the vacancy concentration increases,
the vacancies migrate to form a sphericil eggregate. Further demage causes
the unstable matrix of like charged wrlil iors withn the aggregate to collapse
leaving & single pore. The concentraition of vacancies can increase to a theo-
retical point of maximum mechanical packing. This disrupts the continuity
of the lattice to & condition as it appears in Figure 13d. Any further damage
reduces the lattice to a size below the minimum thermodynamicaelly stabie mosaic
block and the ions recombine into more stable compounds such as chloride or
chlorites.

in the crystals exposed to higher radiation (Samples
II, III, and IV) some demaged fragments were found with a clear crystalline
surface. This observation suggests that the fragments were wet, presumably
by some of the decomposition products, and the clear crystalline material is
apparently a solution recrystsllizstion product.
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CRYSTALLOGRAPHIC CHANGES IN AP CAUSED
BY NEUTRON RADIATION
{(Sample I; 36. 83 hour s exposure)

-pol (© 320X +pol ) 320X

' Figure 13
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VI, Phase iII--Calorimetry and Analysis {cont.)

3. SPECIAL TESTS

Two speciel tests were conducted with unused heat of solution
sample bulbs of Samples I and IV. Both tests were designed specifically to
differentiate between real lettice deformwetion energy and apparent lattice
deformation energy due to chemical impurities.

The first test involved high vacium de-gassing of Sample I in an
attempt to remove the acidiec impurity which is the major source of chemical
energy contributing to the overall spparent lattice energy. The second test
involved recrystallization of a portion of Sample IV in an attempt to completely
obliterate all lattice deformation energy (without change in chemical composi-
tion) leaving only that portion of the overzll app-rent lattice energy due to
chemical energy alone.

Neither test schieved its desired objective, but both contributed
useful data which aided in the understanding of the true nature of the apparent
lattice energy.

a. Vacuum De-gassing of Sample I

Two unused heat of solution bulbs contaeining Sample I were
re-opened and de-gassed under high vacuum conditions in an attempt to remove
the acidic impurity. The sealed bulbs were re-opened and re-weighed with no
loss of sample, then de-gassed at rcom temperature under yacuum conditions
which reanged from 2 x 10”" mm at the beginning to 8 x 107™° mm at the end of
a2 3.5 hour period. Condensable gases removed were collected in a liquid
nitrogen cold trap and titrated with 0.1008 N NaOH. The data obtained are
recorded in Table XXII.

The total acid content of this sample as determined in a
previous titration was 0.92 meq/g or 0.708 meq for the combined sample weight
of 0.7699 g. The expected weight loss for the sample is 2.58% if the acid is
present as HCl or 7.11% if present as HClo, .

Since the actual weight loss was less than 0.8% and only 2%
of the total acid was removed, the acid could not have been present as HCl but
rather HC10y, Clp07 or some other nonvolatile form. Since evan HC1Oy or
Cl,07 might be expected to have distilled over in the vacuum conditions
imposed, the ucid must have been present as a staeble solid solution with AP,
cr as an acid anhydride impurity substituted in the NHhCth lattice,
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VI, 3, Special Tests (coat.)

TABLE XRII

VACUUM DE-GASSING OF SAMPLE I

Bulb No. 5 6

Sample wt (in vac.) 0.3807 0.3892

Bulb and semple (before) 0.9550 0.9754

Bulb and sample (after) 0.9520 0.9725 :
Wt loss, g 0.0030 0.0029 %
Wt loss, % 0.79% 0.74%

Cold trap titration, combined

mi 0.14
meq 0.01%
Combined wt, g 0.0059
Meq/g 2.37
gleq k21
Total acid content (initial), meg. 0.708
Percent removed in de-gassing 1.98% i!

b. Re-Crystallization of Sample IV

A portion of Sample IV from one unused heat of solution
bulb was transferred to & small beaker, allowed to equilibrate with about
5 ml of distilled water, re-drled over a week-end in & vacuum desiccator, and
re-welghed, 12

The original plan was to re-load “he re-crystallized
sample in a bulb for & heat of solution measurement. The difference in heat
of solution, before and after re-crystallization, would then be a direct
measure of the amount of lattice energy stored, provided that the overall
chemlcal zomposlition had nct changed. However, a very definite fizzing was
noted when water was added to the sample and a distinct odor of halogen gas
was cbserved.
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VI, 3, Special Tests (cont.)

Obviocusly the chemical composition of the re-crystallized
sample had changed and the heat of solution of the re-crystallized sample was
not measured. The exact weight loss attributable to the gas evelution could
not be determined with any certainty because of the extremely hygroscopic nature
of the cample, both before and after re-crystallization. The changes in
sample weight recorded in this experiment are given in Table XXIII.

TABLE XXIII

RE-CRYSTALLIZATION OF SAMPLE IV

Original Sample Weight, g 0.3532
Weight after 20 days in desiccator (unsealed), g 0.3508
Weight afier transfer to beaker, g 0.3523

Weight after re-crystallization and vaccum drying, g 0.3375
Weight after 12.5 minutes exposure to room aiv, g 0.3k07

Weight after 28.5 minutes exposure to room air, g 0.3415
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SECTION VII

DISCUSSION OF RESULTS

1. ANALYSIS

Although the individuel analyses were not of sufficient accuracy
to permit the evaluastion of precise correction terms for impurities, never-
theless the general trends in the analyses with respect to total irradiestion
dosage are quite apparent. Teble XXIV summarizes the pertinent data with
respect to irradiation dosage, analyses end calorimetric results.

Table XXIV

SUMMARY OF DATA FOR TRRADIATED SAMPLES

Sample No. I II ITI Iv
Hours Irradiated 36.8 187.2 224.0 78.0
Total Solid Sample Recovered, grams 3.76 2.58 2,3k L, 54
Heat of Solution, cal/g +55.02 -34.,70 -23.83 -6.40
Apparent Energy Storage, cal/g +13.02 +102.7h  +91.87 +7T.hbk
' , Meq/g 0.920  3.9%  0.84 2.10
Anslyses: C1 , Meqg/g 0.668 6.392 5.793 k146
Total Oxidants, Meq/g - 0.317 9.124 0,025

Figure 14 shows the total solid sample {usesble solids plus
leached solids) as a function of irradiation time and indicates that the
entire sample would probebly have been decomposed at a total exposure of
about 320 hours.

Figure 15 shows the variation of Apparent Energy Storage with
irradiation time and indicates a pesk value of Apparent Energy Storage at
an exposure of approximately 160 hours. Plotting of sample impurity contents
as a function of time, as in Figure 16, indicates that the concentrations
of the principal impurities alsc reach peak values at the same point in time.
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VII, 1, Analysis (cont.)
e. Effect of Hydrogen Ion

In Table II of Section III, it was noted that the heats of
solution of all possible ammonium and hydrazinium salt impurities were endo-
thermic and fairly close in magnitude to that of NHEC10y. (Initially the
formation of acidic regsidues was not anticipated, and, therefore, data for
acidic compounds was not included). Later when the estimations of heats of
solution based on sample analyses were made (Table XXI) it was noted that
the heat of solution of free perchloric aseld, similar to that of other mineral
acids, was highly exothermic (-209 cal/g for anhydrous HC10) and -6€.5 cal/g
for the monohydrate of perchloric acid).

On the basis of these considerations the measured heat of
solution was plotted as a function of hydrogen ion analysis in Figure 17.
The measured heats of solution are plotted as open circles and the estimated
heats of solution from Table XIII (based on n = 0) are plotted as tri..gles.
The straight line is drawn as the best fit through the estimated data and is
seen to be a reasonably good fit for the measured data as well - except for
the anomalous behavior of sample III.

b. Correlation with Chloride Ion

In Figure 18, the measured heets of solution are plotted as
a function of chloride ion concentration. The correlaticn is remarkably good,
but possibly fortultous, as no theoretical explanation is readily apparent.

2. SAMPLE ANNEALING

The theoretical heat transfer analysis which was included as part
of the original safety analysis (Appendix A} indicated a probable maximum
sample temperature of 70°C or 157°F based on a maximum pool temperature of 110°F
and a AT of L7°F. A later, more conservative analysis (Figure 10) indicated a
possible marirum sample temperature of 108°C or 226°F based on an assumed AT
of 126°F.

All reasonable precautions had already beer taken to keep the
sample temperature as close to pool temperature as possible, includiag
placing the AP semple in direct contact with the pressure vessel and filling
both the pressure vessel and the secondary container with helium gas. Because
of the uncertainty of the heat transfer calculations and the importance of
keeping the sample cool during irradiation, a separate experiment (with
ammorium sulfate in place of AP) was run to determine the esctual sample
temperature and more particularly the temperature difference between the
sample center and pressure vessel.
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VII, 2, Sample Annealing (cont.)

Un the basis of these preliminary calibration experiments and
thermocouple measurements made during AP irradiation, it was found that the
maximum sample temperature never exceeded 53°C thus indicating that the
thecretical heat transfer caliculations were extremely conservative.

3.  MICROSCOPY

Evidence available from microscopic examination of the irradiated
samples tends to substantiate the conclusions drawn from the calorimetric and
analytical deta, i.e,, that the Apparent Energy Storage is due primarily to
chemical changes teking vlac~ in the sample rather than teo lattice deformation.

Moreover,this micrescopic evidence suggests a mechanism by which
the lattice defect energy “~itially present was dissipated, namely by
re-crystallization due to .= exposure of the samples to water produced
by the partial radiolytic decomposition of the sample.
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SECTICH VII

RECOMMENDATIONS FOR FOLLOW ON WORK

A follow on program involving a series of short duration irradiations
under @ wide variety of environmental conditions, together with appropriate
calorimetric and analytical work is recommended.

The feesibility of storing lattice energy by neutron irradiation of
NH),C10), has still not been completely resolved. Any follow-on effort should,
therefore,be primarily directed toward irradiation under anhydrous conditions
in order to prevent loss of lattice defect energy through re-crystallization.

Several mesns of echieving anhydrous conditions should be used. Among
those most apparent are: (a) Continuous evacuation of the sample container
during irrediation, with a cold trap for collection of evclved gases and pre-
vention of radioactive contamination (b} A sample container vented to an
external cold trap and manometer for measurements of pressure increase due
to generation of noncondensable gases (c) Use of a desiccant (in place of
cold trap) with a manometer to register decomposition pressurs of ncnaqueocus
gases.

The follow on effort should elsc include & repetition of the work with
Sample I of this program (with greater emphasis on the analytical work) in
order to better correlate with the results of the two progrsms.

A small side effort should alsc be expended to investigate the use of
neutron irradiated emmonium perchlorate as a burning rate catelyst in pro-
nellants. The sample irradiated for one week (Sample I) was very similar in
appearance under the microscope and in DTA behavior to porous ammonium
perchlorate (PAP) prepared by thermel decomposition in an Aerojet IIiD
program (59},

Safety analysis and testing should present no further problems to any
future program because of the extensive amount of such work documented In
connection with this program. The follow-on program would involve only short
duration irraediations for which an adequate msrgin of safety has already been
demonstrated,

The irradiation costs should, therefore,be considerably reduced,

thereby permitting use of a greater percentage of available funding for
calorimetry and analysis.

81




dtn. ano

S B L S . Bt 1 T =

(1)

(2)
(3)
(k)

(9)

(10)

(11)

(12)

(13)
{14)

REFERENCES
Blewitt, T. H., Coltman, R. R., Holmes, D. K., and Haggle, T. S.,
Dislocations and Mechanical Properties, John Wiley, 1958.
MMeechan, C. J., and Sosin, A., Phys. Rev. Letters, 2, 68 (1959).
Kinchin, G. H., and Thompson, M. W., Jour. Nuclear Energy, 6, 275 (1958).
Woods, W. K., Bupp, L. P., and Fletcher, J. F., Proceedings of the
International Conference on Peaceful Uses of Atomic £nzrgy (United

Nations, 1955) vol. T.

Biilington, D. £., and Crawford, Jr., J. H., Radiation Damage in
Solids, Princetcn University Press, 1961.

Daniels, F,, Boyd, C. A., Saunders, I. F., Thermoluminescence es &
Research Tool, Science, 117, 343-9 (1953).

Saunders, D. F., Thermoluminescence and Surface Correlation of
Limestones, Bull. Am. Assoc. Petrol. Geol., 37, 1lha-24 (1953).

Heckelberg, L. F., and Daniels, F., Thermoluminescence of Fourteen
Alkali Halide Crystals, J. Phys. Chem., 61, L14-1% (1357).

Arkhangel'skaya, V. A., Thermoluminescenc= of Activated CaFs, SrFp,
and BeF, Single Crystals I Classification of the Trapping Levels and
Recombination Cnarecter of the Thermoluminescence, Optica i Spektroskopja,

16 (L), 628-37 (196L).

Blanchard, M. L., Demonstration of Various Groups of Traps in ZnO{Cu)
Phosphors, Compt. Rend. 258 (11), 2995-8 (1964).

Butler, W. A., Reitz, R. A., Rusert, R. B., end Ford, W. T.,
Thermoluminescence of CsBr Irradiated by X-rays und Ultraviolet Light,
Pliys, Rev., 136 (1A) 1k1-k (196L4),

Kulekova, 8. N., Yaskolko, V. Ya., Thermoluminescence of CaSOj{Mn},
€nS0,(8m), and CasSGy(Sm,Mn), Nauchn, Tr., Tashkentsk. Gos. Univ.

No. 221, 82-3 (1963).

Seitz, F., Dise. Farad. Soc., No. 5, 271 (19L4g).

Harwood, J. J., Hausner, H. H., Morse, J. G., and Rauch, W. G.,
The Effects of Radiation on Material:, Reinhold, 1953.

Kinchin, G. H., and Pease, R. S., Rep. Prog. PLys., 18, 1 (1955).

82




(16)

(17)

(18)
(19)

(20)
(21}
(22)

(23)

REFERENCES {cont.)

Dienes, G. J., and Vineyard, G. H., Radiation Effects in Solids,
Interscience, 1557.

In-mi, S. H., Rosser, W. A., and Wise, H., J. Phys. Chem., §7,
1077 (1963).

Hyde, J. S., and Freemen, E. S., J. Phys. Chem., 65, 1636 (1961).

Seitz, F., and Koehler, J. S., Solid State Physics, Vol. 2, Academic
Press, 1956.

Klontz, E. E., USAEC Report AECU-226T, (1952).

Kcybeyashi, K., Phys. Rev. 102, 348 (1956).

Markowitz, M. M., and Boryts, D. A., ARS Journal, 32, 19kl (1962).
Freemen, E. £., and Anderson, D. A., Radiation-Induced Changes in
Reactivity of Ammonium Perchlorate, Symposium on the Chemical and
Physical Effects of High-Energy Kadistion on Inorgsnic Substances,
66th Annual Meeting American Society for Testing and Materials,

ASTM Special Technical Publication No. 359, pp. 58-70, Atlantic City,
New Jersey (June 25, 1963).

Freemen, E. S., and Anderson, D. A., The Effects of X-ray and Gamma
Rey Irradiation Thermal Decomposition of Ammonium Perchlorate in the
Solid State, J. Phys. Chem., 64, 1727 (1960).

Freemen, E. S., and Anderson, D. A., The Use of Differentisl Thermsal
Anelysis for Investigating the Effects of High Energy Radiation of
Crystalline Ammonium Perchlorate, J. Phys. Chem., _6_3, 13kh (1959).

Freemen, E. S., and Anderson, D. A., Observations on the Decomposition of
X-ray Irradiated Ammonium Perchlorate, J. Phys. Chem., 65, 1862 (1961).

Hurst, G. S., et al., Rev. Sci. Imstr. 27, No. 3, (1956).
Reinhardt, P. W., end Davis, F. J., Health Physies, 1, (1958).

Uthe, P. M., Attainment of Neutron Flux Spectra from Foil Activities,
WADC-TR-57-3, (1957).

Hughes, D, J., Pile Neutron Research, Addison-Wesley Publishing Co., Ine.,
1953.

83




T 1 s M

o ok L

(31)

(32)

(33)
(34)
(35)

(36)
(37)

(39)
(Lo)
(b1}

(42)
(43)

(Lb)

REFERENCES (cont.)

Price, W. J., Nuclear Radiation Detection, McGraw-Hill Book Co.,
New York, 19L48.

Lemb, I. E., and Tsukimura, R., Standardization of Febrication Techniques
(Threshold Foils)}, WADC-TR-59-607, (1960).

Schall, Jr., P., Nuclecnics, 17, 68, (1959}.

Schulman, J. H., et al., J. Appl. Phys., 22, 1479, (1951).

Thornton, W. T., and Auxier, J. A.,, Some X-rey end Fast Neutron Response
Characteristics of Silver Metephosphate Glass Dosimeters, ORNL 2912,
(1960} .

Kondo, S., Health Physies L, 21, (1960}.

Hubbard, W. N., Katz, C., and Weddington, G., J. Phys. Chem., 58,
L2 (L95L}.

National Bureau of Standards Technical YNote No. £70-1, Selected Values
of Chemical Thermodynamic Properties Part 1, Tables for the First 23
Elements in the Standard Order (Partial Revision of MBS Circular 500)
Oct 1, 1965.

Wileox, D. E., &nd Bromley, L. A., Ind. Eng. Chem., 55 (No. T}, 32 (1963).
Southard, J. C., Ind. .g. Chem., 32, 422 (19L0).

Coughlin, J. P., Chapter entitled Solution Celorimetry and Silicate
Thermochemistry, Experimentel Thermochemistry, Vol. II, H. A. Skinner,
Editor, Interscience, New York-London, 1962,

Meier, C. G., J. Phys. Chem., 34, 2866,(1930}.

Brevoort, M. J., Note on Julius Suspensions, U.S5. Bureau of Mines Report
of Investigations No. 3068, March 1931.

Rossini, F. D., Chapter entitled Assignment of Uncertainties to Thermo-
chemical Data, Experimental Thermochemistry (Vsl. I), F. D. Rossini,
Editor, Interscience, New York-London, 1956.

Coughlin, J. P., J. Am. Chem. Soc., TT, 868 (1955).

Coughlin, J. P., J. Am. Chem. Soc., 78, 5479 (1956}.

8l




(47}
(h8)

(49)

(51)

(52)

REFERENCES {cont.)

Coughlin, J. P., J. Phys. Chem., £2, 419 (1958).

Scott, W. W., Standard Methods of Chemical Analysis, 5th Ed.,
Edited by N. H. Furmen, D. Van Nostrand Co., Inc., New York, 1939.

Kolthoff, I. M., and Sandell, E. B., Textbook of Quantitative
Analysis, The Macmillan Company, New York, 1943.

Radiation-Induced Solid Propellant Decomposition, RAI 347, Contract
AF L49(638)-1125 Propulsion Division, Office of Aerospace Research
Adlr Force Office of Scientific Research, Final Technical Report,
January 1965,

Radiation Applications Incorporated, AF-OSR 65-04L29  AD 612536.

McGurk, J. L., Crystallographic Changes in Partially Burned Ammonium
Perchlorate, AGC Report 49L0:18L0, 1 Apr 1965.

Schmidt, W. G., and Stammler, M., Thermal Decomposition of Catalyzed
Ammonium Perchlorate (u), 2lst ICRPG Solid Propulsion Meeting,

San Francisco CPIA Publication No. 71, Vol. I, pg Tl (May 1965)
(Unclassified Paper in Confidential Volume).

Huskins, C. W., Beiley, T. E., and Surnett, J. D., Effects of Catalyst
on the Decomposition of Ammonium Perchlorate, ICRPG Combustion
Conference.

Odien, G., et al., Rediation-Induced Solid Propellart Decomposition,
AFQSR 64-1L448, {1g6L).

Aerojet-General Corp., proposal for Lattice Deformation Feasibility
Study, AFRPL PR 314866L, Proposal SRR~t6523, January 1966.

Watt, B. E., Phys. Rev., £7, 1037 (1962'.

Cranberg, L., Frye, C., Nereson, N., and Rosen, L., Phys. Rev., 103,
662 (1956).

Smith, L., and Hubbaerd, W. N., Chapter enuvitled Combustion in a Bomb
of Orsanic Chlorine Compounds, Experimental Thermochemistry (Vol I},
F. D. Rossini, Editor, Interscience, New York-London, 1956.

Aerojet-General Corp., Independent Research and Development Program,
December 1966,

85




THTS PAGE IS BLANK,




APPENDIX A

SAFETY ANALYSIE OF NHhCIOL IRRADIATION IN AGNIR

1, INTRODUCTION

The effect of fast neutrone on ammonium perchlorate (NH)Cl0y,) will
be evaluated by irradiating four samples of NHLCI in AGNIR, Thege fast-
neutron interactions will create vacancy - interetitial paire which are
expected to increase the energy content of NH|,C10), above that of unirradi-
ated NHh010h.

The irradiaticns will be performed in either the "F% or "G" ringe of
the AGNIR. The nominal fluxes for both fast and thermal neutrone is =1

neutrons/em<-sec. -

During irradiatisn the NH},C10} will be contained in aluminum preesure
vessels which will be contained in a modified dummy-element irradiation cap-
sule (secondary containment)., Two capsules, each containing approximately
10 grams of NH},C1(y . will be irradlated; simultaneously., The longest irradi-
ation is scheduled for 600 hours, with other capsules echeduled for LO, 200
and 360 hour irradiations.

This appendix contains the results of the safety evaluation of various
hazards. both nuclear and non-nuclear, associated with the irradiation of

NHh010h'
2e EQUIPMENT AND MATERIALS

The pressure vessels will be fabricated from aluminum to keep the
radiation dose rate from induced activities at a minimum. An iron-constantan
thermocouple will be used to monitor the pressure vessel temperature during
the irradiation.

a. Pressure Vessal

Type 6061 aluminum tubing and round stock will be used to fabri-
cate the pressure vessels used for primary containment of the NH}C10;. Theee
pressure vessels will be fabricated in accordance with etandards eetabliched
by ASME for thin-walled pressure vessels, The design pressure for thie pree-
sure vessel is L038 psia and the working pressure is 3029 peia. The main
body of the pressure veesel will be 5/8 in. 0.D. tubing with 0.125 in, walls
by =32 in. long (see Figure 1). A 1/4 in. 0,D, with .0L9 in. wall tube,
=2 in, in length, will be welded at one end of the main bedy for eample
loading access. This tubing will be welded shut after the loading operation.
A puncture seal will be placed at the opposite end of the pressure veesel
for post-irradiation gae sampling.
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The complete pressure vessel, hefore loading of the sample, will
be tempered to T6 and then hydrostatically tested to 6058 psia (2 times the
working pressure) to ensure the integrity of the preseure vessal, Auxiliary
tests include the hydrostatic testing of the 5/8 in. 0.D. tubiug to the burst
pressure (expected to be >6060 psia) avd the thermal decomposition of NH)C10y
in a fabricated and hydrostatically-tested pressure veseel,

The crly instrumentation used ¥:l11 be an iron-conetantan thermo-
couple attached to the pressure vessel used for the 600 hour irradiation.
The signal from the thermocouple will be used to actuate an annunciator on
the ACNIR control console when the capsule temperature is 150°C.

b, Secondary Container

The dummy-element irradiation capsule will be used for the second-
ary container for these NH)Cl0) irradiaticns. The capsule ie capable of con-
taining ¢ primary pressure vessels at any single moment (see Figure 2), A
stainless steel bulkhead fitting will be used as the water-tight connector ' !
for passing the thermotouple inte the secondary container.

C, Chemicals I

Reagent grade NH}C10), purchased from Matheson, Coleman and Eell,
will be used for the irradiation samples. The particle size of the NHhCI
w1ll be =500, , with additional larger particles, recrystallized from H50,
added for X-ray analysis.

Approximately 10 grams of NH),Cl0), will be irradiated in each
pressure vessel for a total NH),ClO} loading of == 20 grams during a single
irradiation experiment.

Helium gas at 1 atm will be added over the NH},C10); and in the
secondary container to enhance the heat transfer within these containers.,

3. HEAT TRANSFER i

Gamma heating will be the major source of heat generation in the pres-
sure vessels. Based on the gamma heating rates calculated for the "F" ring, (i)
the heat generation rate for a single pressure vessel will only be 2.36 Btu/
hr-in, This heat. generated mainly in the walls of the pressure vessel will
result 1n centerline temperatures of 70°C (157°F). This quantity of heat will
nct result in any excessive heating (within the pressure vessel) vhich might
result in an exotherm or excessive pressure. Details of the heat transfer
calculations are included in Paragraph 7.

k. SAFETY ANALYSIS

The major areas of concern when irradiating NHhCIOQ are the pressure
buildup caused by radiolysis of the compound and the possibility of detonation

89




DUMMY-ELEMENT 1RRADIATION CAPSULE CONTAINING

2 PRESSURE VESSELS AND A THERMOCOUPLE

«——Thermocoupie thru Conax

3

Fitting

«-——— Prassure Vessels

<+———Core Centerline

Spacer

|e———Lead Ballast

APPENDIX A - FIGURE 2

90




during irradiation. Both of these problems can be sclved by appropriate
engineering design. The reactivity effect caused by the irradiation cap-
sule and the NH|C10Q), :s negative zrd negl:gible for this experiment.

a. Nuclear Hazards

The dcse rates from neutron activation of twe pressure vessels
after irradiations of 1, 10 and 600 hours are shown in Figure 3. Although
the dose rates at 1 foot are initially high, decay periods of one week or
less will be sufficient to reduce the radiation field te a convenient,
working level, The activation of the chlorine in NH|C1Q, produces a radi-
ation field of =5 R/hr at 1 foot at the end of the experiment, This dose
rate is small compared to the dose rate from the irradiated pressure veesel
and will diminish with a 37 minute half-life.

o, Non-Nucliear Hazards

The explcsive properties of NH)Cl0), are well known because of
the extensive use of the compound in the formulation of solid propellants.
Armonium perchliorate is a low-grade explosive, listed as a Claes 12 explosive
according to Ordnance Standard 17Z4-C of the Ordnance Safety Manual (AMCR-
385-225). The auto-ignition temperature for reagent grade NH,C10, ie 380°C
(3100C for practical grade) with no exotherm occurring below 240°C, oOf
particular significance is the work performed by Andersen and Pesante on
critical diameter as a function of particle size and tamped-density.({l)
Their results showed that for 124 particle size and 0.6 g/cc density,
NH),C10}, weuld nct detonate (after use of No. 8 blasting caps to initiate
tiie detonation) if the charge diameter were below 0.6 in., For an NH),C1
density of 1.75 g/cc. no detonation occurred below 2.5 in, Since the pres-
sure vessel internal diameter is 3/B" and the particle size is =’SOQK7’ no
detonation will occur during the proposed irradiation.

The radiclysis experiments of Freeman, et al, (5.8) and Odian,
et al,(9.10) show that no detonation cccurred during their experiments,
Although the dose rates used by these experimenters are a factor of 10¢
lower than those calculated for this experiment. the effect of decompoeition
rate on pressure vessel integrity can be qualitatively evaluated by a
thermal decomposition test. The heating rate will be selscted to eimulate
the radiclytic decomposition rate at 3 x 107 Rade/hr. Thies thermal decompo-
s1tion test plus the examination of the pressure vessele after each irradi-
ation should provide meaningful data about the pressure vesssl used for the
600 hour irradiation. The fact that the total exposure dose for these
experiments is also a factor of 102 higher than those of the other experi-
menters should not be eignificant since complete decomposition of NH)C10),
to the elemente has been assumed for the purposes of this safety sis,

The possibility of pressure vessel rupture caused by excessive

pressure buildup by the non-condensable gases formed during the radiolysis
of NH)C10}, is miniscule. Th pressure veesels have been designed to
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accommodate the preesure at 70°¢C (ISTOF) causea by products formed by
radiolytic decomposition of NH),Cl0y to the elements, Although thermal
decomposition of NH),C10y results in L.75 moles of product (including 1.5
moles of H,0, the pressure vessels have been desigred to contain 5 moles
of product, the theoretical limit. for every mole of NH)ClO, irradiated.
The effecte of pressure vessel corrosion caused by the radiolysie products
will also be evaluated by thermally decomposing NH),C10) in a replica of
the pressure vessel. Post-irradiation examination of the pressure veseel
will be performed after 4O, 200 and LOO hours of irradiaticn to determine
the integrity of the pressure vesselis against any correosion.

5. L.MITING CONDITIONS

The irradiations will be performed on an 8-hr/day basie in either
the "F" or "“G" rings of AGNIR, The temperature of one of the pressure
vessels will be monitored at =1 hr. intervals during the length of the
irradiation, The limiting pressure vessel temperature will be 200°C, which
1s below the Z}0°C transition temperature, The experiment will be dis-
continued if peost-irradiation examination indicatee exceesive corroszion of
the pressure vessels,

6. DISCUSSION

Since NH;Ci(;, ie widely ueed as the oxidizer in snlid-propellant
formalations, its explosive properties as a compound are readily overrated
by the casual observer, The experimental results compiled by Andereen and
Pesante on particle size-critical diameters and the extensive irradiation
experiments performed by Freeman and Odian and their co-workers stteet to
the inherent safety of the irradiations discussed here, The preesure !

vessel diameter is less than the critical diameter of 1,52 cm (0.6 in.)
required to sustain a detonation for even low-deneity NH) C10). The MH)Cl
particle size is an order of magnitude greater than the particle size 124,
associated with the 1.52 cm critical diameter.

The temperature inside the pressure vessel (70°C) is well helow the
2h0°c temperalure below which no exotherms have sver been observed., By |
assuming complete radiolysis of NH|,C10, to the elements, the highest poseible
pressure is calcnlated, This pressure of 206 atm (3100 psia) at 70°C (157°F)
ig readily contained by both the primary and secondary containers, The minor
problem of dose rates from induced activities is easily solved by allowing
the approprzate time interval tr elapse before handling. '

The results of thie safety analysie show that irradiation of NHh010h
can be performed in AGNIR without any danger to the reactor itself, or the
perscnnel aseociated with the experiment.
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1. HEAT TRARSFER CALCULATIONS

The major source of heating during the AGNIR irradiation of NH}ClO
1e from gamma radiation, The heating caused by the dieecciation of the
M4}, C10, (AH = 665 cal/g) is only 0.7 Btu/ar (over a LO hr irradiation)
ur sulﬁ of the total heal generation rate,

For an aluminum tube, ,625 in, 0,D. x ,125 in, walls, tie heating
rate per unit length ie

wt Al = 16,387 tmDp

= 8.7 g/in,
where e = 2.7 g/ec
» ,125 in,

D = .50 in,

Since the y-heating rate for the "F" ring is .079 watts/g (sea
EAD-268, J, K. Witthaus), the heating rate is

Q = (.079)(8.7)(3.41) = 2.4 Btu/hr-in,

Assuming that the average distance betwsen the pressure vessel and second-
ary capsule walls is ,5r (L = ,027 ft}, the AT is readily calculated as

ar = & - fo]{ L 2L . u1°F

whers k = ,1 Btu/hr-ft-°F (for helium)
A = 0l ft°.
Therefore, the pressure veesel temperature is 70 (e (157°F), wall below

the luwest exotherm temperature (240°C) for N:i}Cl0), The gamma-hcating
in 10 grame of MNH};C10) ie 3 Btu/hr, <Uf of “’%at for the pressure veesel,
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APPENDIX B

CURRENT STATUS OF "LATTICE DEFORMATION
FEASIBILITY 3TUDY" PROGRAM

AF OL(611)-11548

Sept. 30, 1966

1. INTRODUCTION AND SUMMARY

On September 21, 1366, as a result of radiation capsule failure in a
modified thermal decomposition test, the AGN Reactor Safeguards Committee
revoked its previously granted approval for radiation experiments in this
program - which had been contingent upon successful completion of the thermal
decomposition test.

In reviewing the safety testing plans for the aluminum pressure vessel
to be used in this work, it was the Jjudgment of the AEC Inspector and the
Reactor Supervisor that the planned thermal decomposition test at 200°C woula
not give adequate assurance that "no demage to reactor components could
occur”. In their judgment an actual igniticn of the NH4ClO; in a sealed
irradiation capsule was needed to satisfy this requirement. The key sentence
of the Technical Specification Section of the AEC License Agreement (Revision
1, March 17, 1966) reads as follows: "Reactive materials shall not be
irradiated without out-of-core ignition tests which shall verify that the
encapsulation will insure that no damage to reactor components could occur".
Therefore the planned test was modified to continue heating the sealed sample
container (beyond 200°C) until the autoignition temperature of NH,C10), was
reached.

The first three tests with actual or simulated pressure vessels re-
sulted in explosive decomposition of the ammeonium perchlorate and resultant
capsule failure (see Figure 3 of text). In the first two tests, actual
pressure vessels were used and the sample was heated internally with a
temperature monitor mounted on the outer surface of the vessel (no
internal temperature measurement). Based on a previous thermocouple
calibration with an inert filler in place of the NH,C10) sample it
appeared that the capsules had failed at an internal temperature of less
than 200°C. The third test was performed more carefully with & simulated
capsule made from the same aluminum tubing used in capsule fabrication,
closed with steel Swagelok end caps and heated externally. In this test
in which both the internal and external temperatures were monitored, the
container failed, with an audible ignition, at an internal temperature of
311°C (external temperature = 317°C).

Failure of the capsules under the conditions of these tests was not
surprising since the capsules were designed to withstand an interunal
pressure (due to slow radiolytic or thermal decomposition at 200°C) of about
4LOOO psia and hydrostatically tested to 8100 psia. The estimated pressure
due to rapid ignition of a sample pre-heated to 311°C on the other hand
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is over 13,000 psia. In sddition the tensile strength of the alloy used in
fabrication is considerably reduced at a wall temperature of 300°C, compared
with corresponding values at 100° or 200°C.

‘When the results of the first three experiments were made known to the
Reactor Safeguards Committee, they revoked their previously granted provisional
approval.

Before suspending work on the program two additional tests were performed
in a simulated pressure vessel with ammonium perchlorate sample weights of
two and five grams respectively. Both of these tests were successful.

Five alternative courses for completion of the program are discussed -
all of which involve program delays and increased cost, and in some cases, decreased
sample size. However, & decrease in sample size does not appear to be objJectionable
since the calorimetric work to date has shown better precision than expected
and it now appears that the program objectives can be achieved with a smaller
sample than originally planned.

2. PROCRAM ALTERNATIVES

The program cannot be continued in its present form without a considerable
amount of additional testing designed to satisfy the committee that no real
hazard exists. Even if such additional tests were performed successfully, the
comaittee would now be reluctant to grant approval at the local level, and
would probably insist upon obtaining specific AEC approval in the form of an
Amended License Agreement.

Several alternatives are possible, all of which involve soume program
delay as well as probable increases in ¢nst and possible reduction in the
size of sample to be irrediated. Results of calorimetric measuvements to
date indicate that some reduciion in sample size could be tolerated - while
retaining all of the original program objectives.

Five possible program modifications are ocutlined below. The first three
involve modified program with the irradiation to be carried out at AGN while
the last two approaches involve subcontracting of the irradiation phase of
the work to the General Eleectric - Vallecitos Facility.

a. Irradiation of Reduced Size AP Sample in the Same Portion of
the AGN Reactor with Qriginal Capsule Design

Additional effort involved in this approsch will involve
(1) fabrication and testing of additionsl capsules with reduced loads -
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in both room temperature and elevated temperature ignition tests, (2) writing
and submission of an applicstion for amendment of the AEC License Agreement,

and (3) possibly some additional calorimetry work to establish new limits of

precision with unirradiated AP in smaller sample sizes.

If a suitable ambient temperature ignition test can be devised
(involving either pure AP or an equivalent mixture of AP and an ignition aid
such as JPN) it may be possible to qualify the present capsule design for the
full 10-gram loeding. However, at the present time it appears that the
permissible sample loading will be in the range of 4 to 8 grams.

b. Irradiation of 10-Gram AP Samples with & Heavier Wall Capsulc
in the Seme Portion of the AGN Reactor

Additional effort involved in this approach will involve (1) design,
fabrication and testing of heavier-wall capsules (2) amending the AFC License
Agreement and (3) irradiation and Calorimetry as originally planned.

c. Irradiation of 10-Gram AP Samples with Capsules of larger Outside
Diameter and Heavier Wall in an Increased Flux Region of the AGN
Reactor

This a;vroach involves (1) design, fabrication and testing of
special capsules of larger outside diameter and heavy wall, (2) amendment of
the AEC License Agreement, (3) irradiation at a flux rate of approximately
three tlimes the originally planned rate for 1/3 the total time, (4) calorimetry
as orlginally planned.

a. Irrediation of 4- to 5-Gram Samples of NH4C10;, in the GE
Reactor with REON Designed and Qualificd Capsules; Two Capsules
Per Exposure

This approach involves irradiation in the Z~Trall Cable area of
the GE reactor at flux levels 10 times higher than originally planned. The
REON designed capsules have been fully qualified for use with 1.8 grams of high
explosive in detonation tests with 3.6-gram (and larger) quantities of high
explosive. The official price quotation from GE will specify the sample size
limit for irrasdiation of AP - as determined by the GE Reactor Safety Committee.
This Judgment is within thelr area of Jurisdiction since GE 1is already licensed
to irradiate high explosives. The ROM cost estimate is based on irradiation
of twc capsules at each planned exposure level, thus making avallable from
8 to 10 grams of irradiated sample.

e. Irradiation of 4- to 5-Gram Samples in the GE Reactor with
RECN Designed and Qualified Capsules; One Capsule Per Exposure

In order to remain as close as possible to the original progrem
budget, it may be poesible to perform the analytical and calorimetric measure-
ments within the desired limites of amccuracy - with 4 to 5 grams of sanple from
each exposure level. This would then permit the use of one capsule for each
exposure level and reduce the cost of irradiation Ly about LO%.
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3. EXPERIMENTAL DETAILS
a. Summary

The Technical Specifications (Revision 1, 17 March 1966) for AGNIR
require that out-of-core ignition tests must be performed before reactive
materials can be irradiated in AGNIR. This test is performed to "verify that
the encapsulation will ensure that no damage to reactor components could occur”.
To comply with this stipulation, a total of five ignition tests have been
performed with ammonium perchlorate (NHh010h)' In the first two tests, hot
filament heaters were sealed into the pressure vessel. A tape-type heater
was used to heat tae pressure vessel from the outer surfece in the last three
tests. These tests verify the fact that NH4C10j can indeed be ignited if the
temperature 1s sufficiently high. They also verify that the encapsulation
for the NH)C10) irradiation experiments discussed in the hazards analysis
does ensure, within the anticipated experimental limits, that no damage
will occur to reactor components.

b. Experimental Methods

Two experimentel approaches were used for the ignition tests -
internal heating and external heating. The heating rates, 1in all cases, were
calculated to represent the heating rate caused by reactor radiation
(a3 x 207 Rads/hr) in the irradietion position (F ring). This rate is
~.5°C/min.

(1) Pressure Vessel

The aluminum pressure vessels designed for this program
were used for the internally-heated experiment (see Figure 1). They were
hydrostatically tested to 8100 psig. A simulated vessel consisting of a 30 in.
section of the same 5/8" 0.D. Type 6061-T6 aluminum tube, used for the pressure
vessels with stainless steel Swegelok caps was used as the contalner for the
externally-heated tests (since no more spare pressure vessels were avallable
at this time). This type of container had been previously tested to 24,000
pslg before tube rupture occurred. A Helse gauge capable of measuring pressure
to 4000 psin was used for pressure measurements. An atmosphere of helium
was added to each vessel to simulate the proposed experimental conditions.

(2) Heaters

Three types of heaters were used for the experiments. A
heater which was fabricated from nichrome wire (0.10 in. dia) and copper leads
(0.013 in. dia) and encased in ceramic insulation was used for the first of
the internally-heated experiments. A chromel-alumel thermocouple, sheathed in
stainless steel, was used for the second internally-heated experiment. These
heaters were calibrated for heating rate by heating a 5/8" 0.D. aluminum tube
contalning sodium chloride and measuring the centerline and external temperatures.
During the ignition test, only the external temperature was recorded, the
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centerline temperature being estimated from the calibration data. The power
supply used was an AR Electro Polisher Power Source, Cat. No. 1715-1, made

by Buehler, Ltd., Chromel-Alumel thermocouples and Millivolt Potentiometers,

Cat. No. 8686 made by leeds and Northrup, were used for temperature measurements.

For the externally-heated experiments, a heating tape with
variac power supply was used. The internsl temperature was monitored with a
copper constantan thermoccuple; the external temperature with an iron-constantan
thermocouple. The Leeds and Northrup potenticmeters were used for thermocouple
readout.

c. Rezults

The first three ignition tests, each conducted with 10-gram samples
of AP, resulted in pressure vessel failure of one form or another. In two ad-
ditional tests, using reduced AP sample sizes {2 and 5 grams, respectively)
the pressure vessel remained intact at maximum temperatures of 396°C and 353°C
respectively.

The first internally-heated test, using th: nichrome heater, was
terminated at 96° =xternal temperature (apparent internal ‘emperature of 180°C)
when the 1/4" 0.D. tube separated from the main body of the pressure vessel,
at the weld, with a loud report. The tube was also severed at the SwageloX
connector and was not found after the experiment. The measured pressure was
4 psig Just before the fallure of the container.

The second internally-heated experiment (using a sheathed heater)
wes abruptly terminated when the puncture seal left the main body of the
Pressure vessel. Further pressure vessel damage occurred Iin the form of 1.5
in. axial split with subseguent opening of the tube in the radial direction.

This rupture occurred at 124°C external temperature corresponding to an app&rent
internal temperature of as 170°C. A noticeable pressure reading was obtained
2t~ T6°C and increased to 76 psig Just before the pressure vessel rupture.

The first externally heated experiment also eaded in an audible
fashion when & brass reducing-coupling gave way. This failure occurred at
a nmeasured internal temperature of 311°C and en external temperature of 317°C
(see Table I). The pressure reading was 40 psig just before the failure and
rose to » 4,000 psig.

o The results from the ignition tests verify the fact that when any
reactive compound is heated high enocugh, the ccmpound will decompose rapidly
or deflagrate.

The apparent temperascvures at which failure occcurred in the
internally heated experiments are disturbingly low. This phenomene may be
attributed to hot spots such as the nichrome-copper Jjunction and the fact
that the thermocouple heater was glowing red when the measured temperature in
NaCl was only 300°C. Under these conditions exothermic decomposition of the
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NH),C10), undoubtedly occurred and the externally measured temperature could
be of no value in determining the actual AP sample temperature. TFor this
reason the third test was run using an external heater with thermocouples
mounted both inside and outside.

The fact that pressure vessel failures were not detonations (no
shrapnel) btut deflagrations 1s rcther encouraging. The results from the externally
heated capsule show that at 150°C, the experiment scram temperature, there is no
pressure rise. GSignificant decomposition (or pressure rise) did not occur until
295°C. Therefore, the ignition test has shown that the capsule can contain the
reactive material at both the operating temperature {105°C) and the automatic
scram temperature (150°C).

L, DISCUSSION OF TESTS

The pressure generated within the irradiation capsule by the decompositicn
of WHYC10), can be estimated from the decomposition reaction,

NH,C10)—>1/2 N,(g) + 3/2 B 0(g) + HCl(g) + 5/%vy(a),

which evolves a heat of 38.07 Xcal, and generates 4.25 moles of gas, per mole
of NELCI1CY. Assuming the perfect gas law, the corresponding egquilibrium
pressure in atmospheres is,

_ W 22,12 T W
P = W X ’-&-25 x "} X 573 = 2-969 T x v

where T is the temperature in degrees Kelvin, W is the sample weight in grams
and V is the capsule volume in cubic centimeters.

In & slov decomposition reaction (thermal or radiolytic) the process may
he considered as isothermal with the effective temperature being that of the
pressure vessel. iUnder these conditions the pressure corresponding to complete
deccmposition of 10 grams of NHLCth in & container of S4.3 cc internal volume
at a capsule temperature of 105°C (the assumed operating conditions) 1is 206.7
atmospheres or 3038 psia. At the reactor scram temperature of 150°C, the
corresponding pressure is 3400 psia, while at the originally planned thermal
decomposition test temperature of 200°C, the corresponding pressure is 3802
psia.

Since the pressure vessels had been hydrostatically tested to 8100 psia
and there is no literature 2vidence of NHC10) auto-ignition below the
nrhomb: * to cubic phase transition temperature of 242°C - the cepsules
were expecte | to pass the 200°C thermal decomposition test.

However, when ammonium pe. lorate is heated to the uuto-ignition
temperature, the situation is entirely different. In this situatlion adiabatic
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Temperature
Inside

S )

21
23
38
61
88

Table I

RESULTS OF EXTERNALLY-HEATED EXPERIMENT

Outside
o)

2k

23

b7

T2

99
12k
1k3
162
192
217
228
237
243
2ks
252
257
261
266
271
275
286
295
299
304
309
313
317

{Test Ro. 3}

Heating
Ar Rate

£°C! °C/min

3
2

11

12
ke

11
11
12
14

9
10
12
10
13
14
16
15
14
12
11
10
15
10
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conditions may be assumed and the heat of reaction of 38.07 Kcal/mole corresponds
to a temperature rise of 1066°C. If 10 grams of NH)C1Oy were lgnited at aa
initial temperature of 298°K in the capsule of 54.3 cc volume,the corres-

ponding adisbatic flame temperature and pressure would be 1364°K and 10,962

paie respectively. Under conditions corresponding to Test #3, with the

sample and container preheated to 311°C at the time of ignition, the corresponding
temperature and pressure are 1650°K and 13,261 psia, respectively.

In addition to the pressure generated in the ignition, the tensile
strength of the aluminum alloy is considerably reduced at the temperature
corresponding to auto-ignition. Table II lists literature values of tensile
strength as a function of temperature for the alloy used and shows that at
315°C the tensile strength 1s only 104 of that at 24°C.

The loss in tensile strength witn temperature was the chief reason for
conducting the first two pasges with an internal heater - to keep the capsule
temperature below that of the AP and thus retain as much capsule strength
as possible. However, direct contact of the heater wire with the AP led directly
to avto-ignition and capsule failure.

In view of the data discussed ahbove, it 1s not surprising that the
capsules failed in the auto-ignition test.

It chould be possible, however, to devise a less severe test - more
closely resembling actual conditions in the reactor - as a qualification for
the capsules. Rocm temperature ignition of NHuCth should be an acceptable
test; however, it may not be possible to ignite pure AP without an ignition
aid of some sort. Ignition of an energetically equivalent mixture of AP and
an ignition aid such as JPN double base propellant should provide a suitable test.

TABLE II

TENSILE STRENGTH OF TYPE 6061-T6 ALUMINUM
ALLOY AT VARIOUS TEMPERATURES

Temperature, Tensile Strength,

RC 1b/sg. in.

2k k5,000

100 k2,000
149 34,000
205 19,000
260 7,500

315 4,500

ji0 3,000
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Do STATUS OF CALORIMETRY

Since the last monthly report, the calorimeter stirrer has been improved
by inereasing the surface area of the blades - resulting in more rapid attain-
ment of squilibrium and greatly improved precision. Table III {of the text)
shows the results of the four measurements mede before and three measurements
made after the stirrer modification. Several more sample bulbs had been
prepared for additional measurements this month; however, all work on the
rrogram was suspended following the September Z1 meeting of the Safety Committee.

On the basis of the first three measurements with the improved calorimeter
stirrer it now appears that the desired precision uncertailaty of + 0.25 cal/g
could be achieved with a sample size as low as 0.5 gram - if it becomes
necessary to reduce the sample size for irradiation.
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APPENDIX C

CLOSED BOMB PRESSURE TESTS

INTRODUCTION AND SUMMARY

As an aid in developing a suitable ambient tempcrature ignition test
for the ammonium perchlorate irradiation capsules, a series of closed bomb
ignition tests were run in which the peak pressure corresponding to various

compositions and specific volume conditions were determined. Since pure

ammonium perchlorate, particularly in large particle size, is difficult to
ignite it was necessary to mix the NH4C104 sample with an 1gnition aid to
ensure complete combustion. The well characterized double base propellant

JEN (Ballistite) was used for this purpose.

A serieg of JPN-AP mixtures and corresponding sample loading densities
were chosen to approximate the peak pressure of 11,000 psia which was esti-
mated for the combustion of 10 grams of pure ammonium perchlorate in an en-
closed volume of 54 cc (the approximate free volume of the irradiation cap-
sule), Within the range of compositions tested, from 1007 to 8.57% JPN or
0 to 91.43% AP, the actual measured pressures ranged from a maximun of 13,400
for 91,43% AP to s minimum 7,740 for 100% JPN,

The deviations between the measured and originally estimated pressures
were due to t > major effects: (a) the originally estimated theoretical value
for NH4C104 was in error - exact theoretical calculations made later indicated
a pressure of 14,000 rather than 11,000 psia, and (b) the pressure etficiency
(ratio of measured to theoretical) decreased with increasing concentrations
of JPN in the sample mixture - probably because of increasing heat loss asso-

clated with higher flame temperatures and smaller sample nasses,

The extrapolated pressure corresponding to combustion of 100% NH48104

in 2 free volume of 5.4 cc per gram of sample is 13,700 psia,
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EQUJIPMENT

The measurements were made in a closed cylindrical steel bomb of 2-3/8"
inside diameter and inside length variable from 1" to 25" by means of remov-
able aluminum spacer rods. For these tests 7" of free space was used which
corresponded to an internal volume of 31.6 cubic inches or 508.2 cubic centi-

meters.

Pressures were recorded by means of a rapid response pressure transducer
at a chart speed of 80 in. per second, or .08 in. = 1 millisecond. Figure 1

shows a typlcal trace of pressure vs time for one of the mixtures studied.
MATERIAILS

The ammonium perchlorate sample uszd in these tests was an unscreened
portion of the same reagent grade maierial to be used in the irradiation
studies. A sieve analysis conducted earlier indicated that only 497 of the
original reagent was in the particle size range of 0.5 to 1.0 mm which is
being uged for the irradiation and calorimetric work. Therefore, the un-
screened material might reasonably be expected to burn faster, resulting in
a higher peak pressure than that of the relatively coarse particles to be

used in actual irradiation studies.

The ignition material used in these studies is the well-knouwn double
base gun propellant JPN (or Ballistite)l’2 which consists of 51.5% nitro-
cellulose, 437 nitroglycerin and other additives, The actual sample used

was from a large roll of 1/16 in. sheet material of about the consistency of

tough shoe leather, It is quite stable in storage and handling, can be read-
ily ignited with a hot wire, and can be cut to any desired shape with a

sharp knife or cork borer, The sample used in these tests consisted of circular
discs weighing approximately 0.1 gram each.

In order to simplify the tests and assure rapid ignition with minimum
heat loss, a standard ignition system consisting of a 0.1 gram electrically
ignited Mark II squib and 2 grams of red dot powder was used in each of the
tests, Theoretical calculations indicate that the squib coniributes 7 psia

and the red dot powder contributes 613 psia to the overall measured pressure
1, Wimpress, R., Internal Ballistics, McGraw Hill, New Yerk, 1950,
2. Sarner, S. F. Propellant Chemistry, Reinhold, New York, 1956,
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peak. A nominal correction of 500 psia (which assumeg about 207 heat loss)
was applied to the measured peak pressures to account for the effect of the

squib and red dot.

RESULTS

The results of the closed bomb pressure tests, including the extrapola-
tion to 1007 NH.QCIO4 are shown in Table 1, while Table 2 shows the equivalent
sample weights for tests in the irradiation capsule of 54 cc free volume,

Figure 1 shows the pressure vs time trace for Run #7 indicating a peak
pressure of 13,900 (uncorrected for the squib and red dot) and an elapsed

time of about 50 miliiseconds from initiation to peak pressure.

Figure 2 (peak pressure vs weight percent N340104) supmarizes the re=-
sults for Runs 2, 4, 5, & and 7 and indicates that the extrapolated value for
1007 NH&CIO is probably accurate to within + 500 psia. Theoretical peak

4
pressures corresponding to adiabatic conditions are also shown for comparis..:.

THEORETTCAL CALCULATIONS

The original theoretical pressure calculations were based on an accurate
equation of state of JPN, combined with a rough estimate for AP and assumed
no interactisn of the combustion products, On this basis, a series of com~
positions were chosen for tests designed tc yield identical peak pressures
of 11,000 psia,

Later calculations of actual mixtures were made utilizing the IBM com=-
puter program for propellant thermodynamic calculations which incorporates
the latest data for thermodynamic properties of the combustion products and
includes the effects of interactiond. Exact calculations were made for the
constant volume adiabatic conditions covering the entire range of compositions

and specific volumes of lLnterest.

The calculations were made assuming applicability of the perfect gas
law which appeared to be reasonable for the pressures of interest. The re-

sults of these calculations are shown in Figure 3.

Comparison of the perfect gas calculation for pure JPN with calculations
based on the equation of state, P = wRT/(V-bw), indicated exact agreement at
pressures up to 15,000 peia.
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TABLE 1 - RESULTS OF CLOSED BQMB PRESSURE TESTS
(508.2 cc Free Volume)
| Sample Weight, Specific Measured Peak q

Run grams Welght Percents Volume Pressure
No, JEN NH,C10, JEN Nuqc10: ce/g psia*

1 18 - 100 - 28.7 3,000

2 36 - 100 - 14.4 7,740

3 54 = 100 - 9.6 14,200

4 28 19 60 40 10.8 10, 500

5 21 37.5 36 64 8.65 12,300

6 14 56 20 80 7.2 12,800

7 7 75.5 8.57 91.43 6.2 13,400

- - 0 (100)%* 5.4 (13,700)%*

* TIncludes correction of 500 psia for squib and red dot.
*% Extrapolated from Runs 2, 4, 5, 6, and 7.

TABLE 2 - EQUTVALENT SAMPLE WEIGHTS FOR 54 cc TIRRADIATION
CAPSULE

Sample Weight,

grams Specific Volume,
Run No, JBN NH5010: cefe
1 1.875 0 28.6
2% 3.75 0 14.4
3 5,625 0 9.6
4k 3.00 2 10.8
5% #2005 4 8.65
6% 1.50 o 7o
7% 0.75 8 6.2 ‘
(0) 10) (5.4)

* Based on originally estimated peak pressures, the series of Runs 2, 4., 5,
6 and 7 were designed to yleld identical peak pressures of 11,000 psia with
NH40104 added in successive 2 gram steps.
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DISCUSSION

The peak pressures recorded under the conditions of tliese tests are

probably higher than those which might be expected under conditions existing
in the sealed irradiation capsule (0.5 to 1.0 mm crystals and no ignition
aid). The combination of ignition aids (JPN and red dot powder) and the
average particle size of the AP sample contributed to higher éeak pressure

through rapid combustion and resultant minimum heat loss,

In addition, interaction of the combustion products of NH4CIO4 (con-
taining excess 02) with those of the red dot powder (containing unburned H2
and CO) results in a higher tempsrature and pressure than would be predlcted
on the basis of no interaction. Although this effect has not been theoreti-
cally evaluated for mixtures of AP and red dot, it has been evaluated for

corresponding mixtures of AP and JPN which are nearly identical chemically,

Figure 4 shows the variation in adiabatic flame temperature with com=
position for constant pressure combustion of AP-JPN mixtures at 1500 psia.

The curve shows the results of actual theoretical equilibrium csiculations
with a peak temperature corresponding to about 307 AP, whereas, the dotted
straight line shows the temperatures which would be predicted on the basis
of no interaction. From the shape of the curve it esppears that the effect
of interaction is not pronounced at compositions near 100% AP. Cecmparison
of the two lines at a composition of 98% AP which corresponds roughly to the
effect of 2 grams of red dot indicates an additional temperature increase
(due to interacticn) of 60°K or 4.3%. The appiied (pressure) correction for
the effect of red dot therefore is probably low by about the same percentage.
Thus, the extrapolated measured value of 13,700 psia for pure AP may be
slightly hizh because of neglecting to correct for interaction of the red
dot and AP combustion products,

The results of the closed bomb tests indicate that combustion of mix-
tures of JPN and HH&CIO4 in the irradiation capsule should provide an accur-
ate simulation spontanecus ignition of 10 grams of NH4CIO4 in the same cap-
sule. Survival of (he capsule under these corditions should provide an ade-

quate margin of safety for all irradiaticn work planned.
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