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. RADIATION EFFECTS IN SOLIDIFIED HIGH-LEVEL WASTE
‘PART I, STORED ENERGY - '

-

~ F. P. Roberts, G. H. Jenks and Cf~D,‘B6pp

1.0 INTRODUCTION

Investigation of radiation-induced stored energy in solidified High-
level power reactor waste is part of the ongoing Waste Fixation Program at
Battelle, Pacific Northwest Laboratories{: One goal of this.program is.to -
fully characterize the potential solid forms in which the high-level waste
may be incorporated. '

Knowledge of the thermal characteristics of the solidified wastes is
important in developing containment, transportation, étorage, and disposal
systems. Of particular concern are the safety-related aspects of these sys-
tems. Although stored energy is not genera11y believed a serious hazard, a
full understanding of the amount of energy involved and of the annealing
behavior is necessary for a comprehensive safety evaluation. If the quan-
tity of stored energy is large and the release rate high, the temperature
rise resulting from a release could be excessive with respect to the effects
of high temperatures on the integrity of the waste-container and on the
physical and chemical properties of the solid wastes. Also, for very rapid
temperature increases the rapid release of mechanical energy accompanying
the sudden temperature rise in the wastes might be of concern. The amount
of radiation energy which is stored at relatively low waste-temperatures
is of particular interest since the wastes will be stored in canisters in
water basins for some ten years after reprocessing, and since rapid
increases in temperature to effect rapid release of stored energy might
occur during removal and/or transport of the canisters to another Tocation.
Storage of energy after burial in a repository is also of interest; again
from the standpoints of creation of excessively high temperatures and of
rapid formation of mechanical energy upon sudden release of the stored

energy.
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A study was undertaken jointly at Battelle, Pacific Northwest Labora-
tor1es, and 0ak R1dge National Laboratory to experimentally determine,
under various storage conditions, the amounts of stored energy and its
release behavior for several different solidified waste forms which are
under investigation at PNL. This work is reported in this paper.

Radiation damage resulting in stored energy is expected to be pro-
duced mainly by collision processes rather than ionization. In the solidi-
‘fied waste the damage will be induced chiefly by the alpha-recoils from
decay of the actinide elements. Thus, this study was designed to simulate
the effects of alpha decay. This was done by incorporating alpha emittihg
244Cm in synthetic wastes and by neutronlirradiation, which is expected to

- produce damage similar to alpha decay.

The work involving alpha irradiations is 6n—going. The continuing
program will extend the stored energy data to alpha doses equivalent to
high-level waste storage periods beyond 104y. '
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2.0 SUMMARY

The buildup and release behavior of radiation-induced stored energy
was investigated for several synthetic solidified high-level waste forms
with the objectives of evaluating the possibilities 6f sudden release of
the stored energy, and the hazards to the safe handling and containment of
the waste which might result from a sudden release. The waste forms included
two borosilicate g]aés,formu]atiops, calcine, calcine on A1,05 and a hot
press compact of 50% waste oxide-50% quartz. Fused silica and A1203, without
waste oxides, were also investigated. The average heat capacities of some
of the materials were also measured to determine whether the radiation damage
affected this property.

The materials were irradiated either by internal alpha radiation (by

24300 in the solid) or by neutron irradiation in ORR. The

incorporating
irradiations simulated the effects resulting from self-irradiation of the
waste for storage periods up to near1y 1000 years for wastes from PWR-UO2
fuel [equivalent to periods of ~ 10 years for mixed wastes from UO2 fuel

(2/3) and plutonium recycle fuel (1/3)].

The release of the stored energy was measured both by differential
scanning calorimetry and by reverse drop calorimetry. The heat capacities
of the various materials were obtained by reverse drop calorimetry.

The results of this study showed that the amounts of stored energy
which may be accumulated during a period of about 10 years at relatively
low storage temperatures f011owing reprocessing are such that only moderate
temperature increases (< 200°C) in the wastes would occur in the event of
sudden release of the stored energy. Extrapolation of the results to
longer storage times in a geologic repository together with considerations
of available theoretical. and experimental information indicated that satura-
tion of energy storage would occur at 50 cal/g or less for each of the
waste types; the AT corresponding to release of 50 cal/g would be about
250° for most of the waste types. The results of the experimental studies
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also showed no apparent way in which a sudden release could occur except |,
as a result of sudden large increases in waste temperature caused by a heat
source other than the stored energy. '

It was estimated that sudden but transient increases in waste tempera-
tures of up to 200°C following low temperature storage or of up to 250°
during long term repository storage would have no serious adverse effects
on the waste container or on the physical and chemical properties of the
wastes. The maximum linear expansion of wastes which would result from a’
AT of 250°C would be about 0.1%. The steel walls of the waste canister

- would easily accommodate the stress from this amount of expansjon on the

diameter and volume of the wastes.

There were no appreciable radiation effects on heat capacities.

2.1 BOROSILICATE GLASS

The buildup of stored energy in the alpha irradiated Cm-spiked boro-
silicate glass did not reach saturation at irradjation temperatures of 23°C
and alpha. doses of up to 1.35 x 1018 a/g. However, the increase of stored
17

a/g

(and a stored energy of about 20 cal/g). Linear extrapolation of the experi-

energy with dose was very small following a dose of about 6 x 10

mental relationship between stored energy and dose in the dose range above

6 x ]0]7 a/g indicated about 35 cal/g stored energy at 106 years after burial
for the reference 3.3% enriched U02 fuel {or at ~ 30,000 years for mixed
wastes from UO2 fuel (2/3) and plutonium recycle fue] 1/3)]. Neutron irra-
diations produced an apparent saturation at about 20 cal/g at doses equiva-
lent to about 20 years storage of the waste from the UO2 fuel.

The amount of stored energy accumulated by the borosilicate glass was
dependent on the irradiation temperature or storage temperature. Specimens
jrradiated at 250°C contained only one-third as much stored énergy as those
irradiated at room temperature. The residual stored energy in irradiated
specimens stored at elevated temperature showed a linear decrease with
increasing storage temperature. No stored energy was detected in specimens
stored at 350°C or higher. '
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Release rate data showed that the stored energy is released gradually

-on heating the specimens. The initial release was observed 75° to 100°
above the irradiation or storage temperature and was complete at about 600°C.

The maximum release rate occurred about 450°C. There were no sharp peaks
in the release rate curve.

2.2 CALCINE AND AL,_Q_3

Interpretation of the calorimetric measurements of the neutron irra-
diated calcine and calcine on A1203 spheres was complicated by irreversible
reactions which resulted in enthalpy changes unrelated to stored energy.
However, the largest observed net enthalpy change was 25 cal/g at 975°C for
the calcine and 15 cal/g at 714°C for the calcine on A1203. The calcine on
A]ZO3 appeared to have reached saturation at the lower of the two neutron
doses.

The A1203 had not reached saturation at the highest neutron dose, and
complete release was not attained at 988°C--the highest calorimeter tempera-
ture used. From the data we obtained and that of earlier workers, it was
concluded that stored‘energy may reach at least 50 cal/g at very high doses
and at irradiation temperatures of about 100°C.

2.3 HOT-PRESS COMPACTS AND FUSED SILICA

Neutron irradiation of material formed by hot pressing 50-50 mixtures
of calcine and quartz showed net enthalpy changes of 30 to 34 cal/g, appar-
ently the saturation value. As with the calcine and calcine on A1203, irre-
versible changes occurred on heating. Decomposition caused gas formation
at high temperature and limited calorimeter operation to below 840°C.

Measurements on 100% fused silica showed that the stored energy
reached saturation during the neutron irradiations and gave a stored energy
release of 35 cal/g at 1000°C.
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3.0 COMPOSITION OF HIGH-LEVEL WASTE

3.1 RADIQACTIVE COMPOSITION

Radioactivity in the high-level wastes comprises mostly .the fission
products which decay by beta emission éccompanied by gamma .photons and the
actinide elements with their associated descendents. In genera1:the acti-
nides decay by alpha emissions and to a much smaller extent by spontaneous
fission, producing neutrons and fissfon'fragments. Neutrons are also gen-
erated by o, n reactions.

The actual spectrum and intensity of the radioactivitylin a waste
depend on the type of fuel and on its reactor exposure history. The types
of fuels of principal concern to waste management today are the light water
reactor fuels with and .without plutonium recycle (LWR), high temperature
gas-cooled reactor fuels (HTGR), and liquid metal fast breeder reactor fuels
(LMFBR). Approximate amounts in curies and watts of fission products and
actinides (thorium, uranium, neptunium, plutonium and transplutonium elements
including daughters) for these four fypes of fuels are shown in Table 1(])
at cooling times of 10, 100 and 1000 years.

Only the LWR plants are in commercial operation today. Figure 1 shows
the alpha, beta and neutron dose accumulation versus time in the wastes from
a LWR. The data were calculated using ORIGEN,(Z) a versatile code for solv-
ing radioactive growth and decay equatibns. The values are based on a reactor
operating at 26.4 MW/MT and a burnup of 33,000 MWd/MT. Curves are presented
both for a UO2 fuel of 3.3% enrichment and"fbr the plutonium fraction of a
mixed-oxide plutonium-recycle fuel with-3.5% enrichment. The spent fuel was
assumed to be processed 150 days after discharge with a 0.5% uranium and
plutonium loss to the high-Tevel waste.

3.2 CHEMICAL COMPOSITION OF WASTES

The reactor fuels are-to be processédfby,chémical'di§so]ution and sol-
vent extraction to recover. the uranium and p]qtohium values. The high-level
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TABLE 1. Radioactivity in High-Level Wastes(a)
LWR-U LWR-Pu HTGR LMFBR
Amount/MT Amount/MT Amount/MT Amount/MT
Curijes Watts Curies MWatts Curies Watts Curies - Watts
Fission Products -
10 years  3.2x10° 1.02x10° 2.8x10° 8.7x10% 9.9x10° 3.2x10° 3.2x10° 8.63x10°
100 years  3.5x10% 1.05x10° 3.0x10% 88  1.1x10° 3.3x10° 3.6x10* 1.0x10°
1000 years 17.9  0.012 18.5 0.012 44 0.026 23 0.017
Actinides(b) _ :
10 years  2.5x10° 71 3.8x10% 1.23x10° 1.1x10% 2.6x10° 1.0x10% 1.7x10
100 years  4.3x10°  10.2  4.1x10° 1.0x10%2 3.9x10° 1.7x10% 6.3x10° 1.2x10°
1000 years 08 3.7 8.2x10°  21.1  3.9x10° 10.0  1.5x10° 32
Reactor Power 30 30 65 49
Level, MW/MT
Fuel Burnup, 33000 33000 94000 37000
MWd/MT :
Time of Processing, 150 150 365 90
Days after Dis-
charge

a. Data taken from Reference 1.
b. Assumes 0.5% fuel loss to waste.
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waste from the processing is accumulated as an acidic solution containing
the fission products, transplutonijum elements and a small fraction of the
uranium and plutonium. The wastes also include process chemicals, corrosion
products and part of the fuel cladding. Typical expected compositions of
the aqueous wastes from various reactor types are shown in Table 2. Actual
compositions will depend largely on the recovery and waste handling pro-
cesses used which will influence the amount of process chemicals and corro-
sion products. '

Solidification of the aqueous wastes may be done by calcination or con-
version to monolithic ceramic or glass. Spray, pot and fluidized bed cal-
‘cination processes have been deve]oped for preparing storable forms. Alter-
natively, the calcines can be converted to monolithic forms by melting with
fluxing agents. The me]t-making”f]uxes include phosphates, borophosphates,
silicates, borosilicates and borates. The compositions of the solidified
forms evaluated in this study are discussed further in Section 5.1.
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TABLE 2. Typical Materials in High-Level Liquid Waste(3)

Grams/MT from Reactor Type(a)
material™) Lr(e)  wrer(d) Lwrer(e)

Reprocessing

Chemicals Hydrogen 400 3,800 1,300
Iron 1,100 1,500 26,200
MNickel 100 400 3,300
Chromium 200 300 6,900
Silicon -- 200 --
Lithium - 200 --
Boron -- 1,000 -
Mo1lyvbdenum -- 40 --
Aluminum -- 6,400 --
Copper -- 40 -
Borate -- -- 98,000
Mitrate - 65,800 435,000 @ 244,000
Phosphate 900 -- --
Sulfate -- 1,100 --
Fluoride -- 1,900 --

Sub-total 63,500 452,000 380,000

Fuel Product

Losses(f.9)  yranium 4,800 250 4,300
Thorium -- 4,200 --
Plutonium 40 1,000 500
Sub-total 7,840 5,450 7,800
Transuranic .
Elements(g) Neptunium 480 1,400 . 260
Americium 140 30 1,250
Curium 40 10 . 50
Sub-total 660 1,440 1,560
Other Actinides(9) <0.001 20 <0.001
Total Fission Products ") 28,800 79,400 33,000
TOTAL 103,000 538,000 419,000

o

o0

Water content is not shown; all quantities are rounded.

Most constituents are present in soluble, ionic form. _

U-235 enriched PWR, using 378 liters of aqueous waste per metric ton, 33000
MWd/MT exposure. (Integrated reactor power is expressed in megawatt-days

[Mid] per unit of fuel in metric tons [MT].)

Combined waste from separate reprocessing of "fresh" fuel and fertile particles,
using 3,785 liters of aanueous waste per metric ton, 94,200 MWd/MT exoosure.
Mixed core and blanket, with boron as soluble poison, 10% of cladding dissolved,
1,249 liters per metric ton, 37,100 MWd/MT averaae exposure. '

0.5% product Toss to waste.

At time of reprocessing.

Vnlatile fission products (tritium, nohle gases, iodine and bromine) excluded.
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4.0 THEORETICAL CONSIDERATIONS

The principal nuclear fadiatith“formed Wfthih hfdh-]eVei wastes are

alpha-RNs (recoiling product-nuclei formed in alpha disintegkations)?’alphas,

betas, and gammas. There are also relatively smali'nUmbers of Fissions and
neutrons formed within the wastes. A T ' o

?

4.1 RELATIVE DAMAGING EFFECTS OF DIFFERENT RADIATIONS FORMED
~ AND ABSORBED WITHIN RADIOACTIVE WASTES . =~~~ =~ ==~

Nuclear radiations bring about.changes; of‘damagé; in wésté—type oxides
mainly by causing displacement of atoms from their normal lattice positions.
With the principal radiations,mentioned above, this displacement results
mostly from transfer of energy by -elastic-collision between the nuclear pro-
jectile and atoms.in the oxides.*(4) Very energetic; heavy particles Such
as fission fragments also cause local disorder by intense ionization and/or
hegt dissipation along the particle track.(s)

The fraction of the energy of a particle which can be dissipated in
damage-producing elastic collisions in a given materié] depends upon the
mass and energy of the particle. Some calculated values for the energies
thus dissipated by each of the several kinds of radiations in solidified
waste are listed in Table 3. Footnotes indicate the methods and assumptions

used in the calculations. The assumptions listed under footnote b regarding

mechanisms of energy losses above and below E%**_are not;comp]ete1y valid.
Some of the energy of the projectile is dissipated in collision processes
above Ei and some is dissipated in electronic interactions below E%.(G)

For example, experimental and more accurate theoretical studies have shown
that about 25% of the energies of alpha-RNs from Po, Thc, and Thc' in argon
are dissipated in forming ion pairs in the gas although the. energies of
these alpha-RNs are all less than the corresponding values of Ei'(7) The

* The amount of energy transferred must exceed some minimum value to produce
an isolated displacement stable against spontaneous recombination. This
energy E4 depends somewhat on the irradiated material. Generally it is
believed to be in the range 25 to 75 eV.

** E. js the value of E, or energy of the projectile, above which it is
adsumed that all energy is lost by electronic excitation and below which
none is lost by electronic excitation.
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fission recoils comprise a special case and require special calculation

(8) Despite some possible deficiencies in the calculation methods

methods.
for the values in Table 3, these upper limit values are quite adequate for
comparing relative amounts of damage éxpected from different.radiations within
solidified wastes. These comparisons show that the great majority of the

initial defect formation will result from alpha-RNs within the wastes.

TABLE 3. Energy Dissipated in Elastic Collisions by Various Nuclear
Radiations, and Accumulations of Elastic-Collision-Energies
in Radioactive Wastes

Cumulative Number Cumulative Amount of
of Particies in Collision Energy
Energy Dissipated Wastes, (a) Aged 12 and Dissipation in Wastes, (a)
Nuclear in Elastic 80 Years Aged 1 and 80 ears
Particle Collisions, KeV (1017/cm3) (10'9 KeV/cm®)
/ 12 yr 80 yr . 12 yr 80 yr
a-RN (100 KeV) " 100(P) 8.1 17.1 8.1 17.1
a(6 MeV) 4 to 8(bsc) 8.1 17.1 0.3 to 0.6 0.7 to 1.4
B(>O 5 MeV; (d)
average = 1.5 MeV) <0.1 3 5 <0.3 <0.5
y(2 MeV) «o.1(e) <3 . <5 <<0.3 <<0.5
Fission recoil 5000(f) 2 x 1059 4 510509 0.0 0.002

a. For wastes from PWRs with UO» fuel; 2 ft3 of waste per MTHM. (9)

b. Assum1ng (4,10) T < Ej, all of the kinetic energy of the particle is dissipated
in elastic collisions with absorber-atoms. T > Ej, all of the kinetic energy
of the particle is dissipated in electromagnetic interactions with absorber-
electrons. T = kinetic energy of particles. Ej = 0.001Mp MeV where Mp is the
atomic weight of the projectile. (8)

c. Also calculated for waste-type oxides using the method of Kinchin and Pease
with Ej as given above.

d. Based on conservatively high estimates for the number of displacements p?r
beta particle together with a value of 50 eV per permanent displacement.

e. Reference 8.

f. Indicated by reported experimental and theoretical values for fission recoils
in argon.{(7)

g. Reference 11.
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The distribution of radiation-induced defects will vary with the kind
of radiatioh. The ranges of heavy particles of a given energy decrease with
increasing atomic weight;* (According1y,,the'initia1 damage will be increas-
ingly more 10cq112ed as the atémic weight of the projectile increases. Beta
and gamma radiations will proddce more or less isolated defects. As men-
tioned previously, very energetic, heavy particles may also cause local dis-
order by intense: jonization and/or heatidissipation along the parfic]e track.

Localized deposition of energy by a]pha-RNs'may or may not produce
some damage which would not be present with'more‘even distribution of col-
Tision energy. On the one hand, it can be noted that mica and some other
naturally occurring silicates which contaﬁn small amounts of uranium and
thorium can be chemically etched to display the paths of alpha-RNs where
they intersect free surfaces.(s) The maximum length of the etched paths of
alpha-RNs in mica is about 100 R, and this length is about one-half the
calculated range of the particles.<5) The increased chemical activity in
the material along an alpha-RN track presumably results from the disordering
of the atoms in this material during passage of the partic]e.(s)
ter of the activated material é]ong a track was not established, so that
the number of disordered atoms was also not established.** On the other hand,

The diame-

it is known that the'structure of zircon is markedly affected by fast neu-
trons as well as by alpha-RNs from decay of uranium and thorium when these
elements are contained in naturally occurring zircon. The changes in
structure can be followed by measurihg changes in density as well as by X-ray
and other types of measurements. The effects of alpha-RNs and neutrons can
be compared using data for a]pha-RNé and neutrons reported by Holland and
Gottfried,(]3) and by Crawford and Witte1s,(]4) respectively. The latter
reported that at the highest fluence which they studied--2.8 x 1020/cm2

> 0.05 MeV fission spectrum--the decrease in density was 4.2%. We estimated
that the neutron energy expended in collision processes within the zircon

* For example, the repor%ed mean ranges }n.A1203 of 72 keV 125Xe and 85kr
are 8.1 and 10.1 pg/cmé, respectively. ) “At the same energy, the calcu-
lated range of 234Th is 5.5 npg/cm2.(5) - a

** The etched fission fragment tracts in mica were reported to be about 50 R
in diame%gs and to have a maximum length of about. 20 u for a pair of
recoils. 7 The number of atoms in an etched track of these dimensions
is 3 x 10/.
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was 10 to 15 eV per atom.(4) These values are in near agreement with thé
value of 12 eV per atom of alpha-RN energy which natural zircon has suffered
at a 4.2% decrease in density. 4 Others have reported similar conclusions
regarding the correspondence between effects of neutrons and alpha-RNs on

zircon.(4)

The net rate of defects forming and aécumu]ating during irradiation
depends on the recombining and stabilizing (1nc1ud1ng cluster formation)
reactions of the defects as well as on the initial rate of formation. It
is then reasonable to expect that the net rate of accumulation of damage
will depend upon various exposure variables including:

"o Temperature - will influence defect diffusion and reaction rates.

e Type of radiation - as discussed above, will influence the distri-
bution of radiation-induced defects.

e Radiation intensity (dose rate) - the equilibrium between recombina-
tion and stabilization reactions may be affected by the rate at
which fresh defects are introduced into the solid. Such effects
would be most likely when more or less isolated defects are bro-
duced by the radiations (beta and gamma radiations). These effects
on]d be much less Tikely when the fresh defects are formed in
clusters (alpha-RN and other heavy particle radiations).

o Dose - the number of accumulated defects within an irradiated mate-
rial will depend upon dose, and the reactions of freshly formed
defects may depend upon the number of defects already present. In
general, %gi total defect dehsity which can be realized at saturation
is < 10%.

4.2 COMPARISONS BETWEEN RADIATION DAMAGE IN EXPERIMENTAL IRRADIATIONS AND
IN RADIOACTIVE WASTES
244

4,.2.1 Cm-Spiked Glass Samples

As shown in Table 3, most of the radiation damage in radijoactive
wastes will result from alpha-RNs within the wastes. The alpha-RNs from the

244Cm in the spiked samples'duplicated these radiations in waste.
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The spiked samples differed from actual LWR-UO2 waste in thaf dose rates
were higher and there were no beta-gamma radiations. On the basis of the
arguments in Section 4.1, we do not expect these differences to appreciably
affect the relative amounts of stored energy in the samples and wastes at
equal alpha-RN doses.* Also in the spiked samples there was no transmutation
of elements, which occurs in actual wastes as a result of beta-decay or radio-
active elements. However, it can be estimated that the number of transmuta-
tions will be small compared to the number of atoms which are disordered if
appreciable amounts of radiation energy are stored. . For example, the change
- in elemental species composition in radioactive wastes would be less than
0.1% during the first 100 years following reprocessing, while about 5% of
the atoms would be disordered when the stored energy corresponds to 20 cal/g,
if it is assumed that a disordered atom has an energy of 1 eV above that of
its stable position in the lattice.

4.2.2 Fast Neutron Irradiated Samples of Synthetic Wastes

Fast neutrons undergo elastic collisions with, and transfer energy to,
atoms along their paths. The recoil atoms constitute energetic particle
radiations within the neutron irradiated material. The recoils will simu-
late alpha-RN radiations if the elastic collision energy-dissipation per
unit path, and the length of path over which this energy is dissipated, are
comparable to those of alpha-RNs in the material. These conditions are '
approximated reasonably well by part of the recoils of the atoms of fission
product elements within the wastes. The atomic weights of these elements in
the synthetic waste samples fall mostly into two broad groups ranging from
87.5 (Sr) to 112.4 (Cd) in one group and from 127.6 (Te) to 157.3 (Gd) in
the other. Roughly 50 atom% of the fission product elements are in each
group. The more or less represenfative values of Ei for these groups are
0.095 and 0.14 MeV, respectively, for the lTower and higher atomic weight
groubs. These compare with alpha-RN energies of about 0.1 MeV. The ranges

* Most of the energy of alpha particles is dissipated in the same way that
beta and gamma energies are dissipated, i.e., by excitation and ionization
of bound electrons. In LWR-Pu wastes, the energy from absorption of alpha
particles exceeds that from absorption of betas and gammas. In LWR-U
wastes, the alpha absorption energy is less than 10% of the total during
the first 100 years following reprocessing. At 1000 ye?ri and longer,
the alpha energies exceed those of the beta and gammas. {9
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of 0.1 MeV fission product element recoils will be somewhat greater than
those of alpha-RNs of the same energy; about 75% and 35% greater, respec-
tively. Accordingly, the density of cb]]ision-energy dissipatibn atong
the recoil tracks will be about 60% and 75% of that for the alpha-RNs.

We assumed that these differences would not appreéiab]y affect the rela-
tive amounts of stored energy in the samples and wastes at equal doses

of alpha-RN energy and of energy absorbed below Ei from brimary recoils

of fission product elements formed with energies greater than some minimum
energy which is an appreciable fraction of the alpha-RN energy. We arbi-
trarily set this minimum value at one-fourth of the alpha-RN energy or
0.025 MeV. We compared these absorbed energy quantities in our estimates
of the relative damaging effects of a given fluence of fast neutrons to the
synthetic samples and of the alpha-RNs within radioactive wastes.

Of course, many displaced atoms would be formed by recoils which are
formed with primary energies less than 0.025 MeV in the case of atoms of
fission product elements and by recoils of atoms of other, lower atomic
weight, elements included in the sampfes of. synthetic wastes. These dis-
placements were neglected in our comparisons between radiation effects in
the samples and expected effects in wastes..

The rates of deposition of collision and electron-excitation energy
were much higher in the neutron irradiations than those which will prevail
in wastes. From information discussed in Sections 4.1 and 4.2.1 we conclude
that these differences would not affect the relative amounts of stored energy
in the reactor samples and in the wastes.

21 atoms of ]OB/cmz

during in-pile exposures. Accordingly, any boron contained within the syn-

The synthetic samples were surrounded by 7.2 x 10

thetic samples did not undergo any significant amount of absorption of ther-
mal or resonance neutrons. -Atoms of other elements within the synthetic
samples did undergo some n,y reactions with resonance energy neutrons.
Using information on resonance integral cross sections(]s) and on the
resonance flux in the ORR core (about 1/10 the unperturbed thermal flux),

it can be shown that the number of n,y reactions was smaller than the 0.1%
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of constituent atoms in wastes which would decay by beta-emission during
the first 100 years after reprocessing of the wastes.

‘Summarized below are thé equations employed in evaluating the numbers
and energies of recoil atoms in the neutron irradiations. These have been

(

previously described, 4) but they. are included here for convenient reference.

The maximum energy Tm transferred to an atom from a neutron in an elas-
tic collision is dependent upon the atomic weight of the struck atom M2 and
the neutron energy En:

4M2

T = — ¢ .
n, + 172 “n° 4 (1)

At high M2,

4E :
. (1a)

ne

The average energy T of the primary recoils between the energy limits

T, toT is (T <T)
u u

1 m

2

T=ve (o tha-T. | (2)

u

The total energy TT of the primary recoils (assuming isotropic scattering)

in this energy range is

s : .

= .n 2 72 ‘

Tr=zr (- 1Y) (3)
m

- where o is the neutron scatterihg cross section.

The number of primary recoils NT between these energy limits is
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~ In evaluating Equation (3) for a spectrum of heutron energies, we
have Equations (5-7) for different ranges of neutron and primary recoil
energies relative to E.. ' ' '

T <E
m 1
(0]
N BTV
Tr=a (B5-TY) )
- m
T, > Ejand T <
[9)
no_ o n_ 2_2~
Tr=a & -T) (6)
m
T, >E;and T > E.
m O'n
T = T;'(Tm - Ei)(Ei)' (7)

Combining Equations (5-7).and substituting for Ei (Ei = 0.001 M2 MeV,
see Table 3) and Tm from Equation (la).

2E T2M 10753 w12
R e ol B LU s (8)
n 2 n n n
T.M 10732 10732
"2 ¢ 2 . 2
4 - "n -~ 4 n- 4

As stated above, we set T] equal to 0.025 MeV in our estimates of the rela-
tive damaging effects of fast neutrons and of alpha-RNs.
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5.0 EXPERIMENTAL APPROACH =~

The potential solidified waste forms included in this study were:
e two borosilicate glass combositions,_ '

. a'ca1cine prepared by direct drying and denitration of synthetic
aqueous waste,

e alumina coated with calcine which simulated the product of the
fluidized bed calcination process,

® a compact formed by hot pressing equal amounts of calcine and_
silica.

. One of the borosilicate glasses, Melt 72-68; was selected for detailed
study of the bui1dup of stored energy versus radiation dose and the effects
of temperatures on the buildup of stored energy. Specimens of this material
were internally irradiated with alpha particles by incorporating 244Cm in

the melts.

Specimens of all materials were irradiated in the Oak Ridge Research
Reactor for 6 weeks and 12 weeks to obtain-two neutron doses. Alumina
and quartz without waste oxides were also irradiated in order to determine
their contribution to the stored ehergy in the calcine-on-alumina and the
hot-press compact.

The stored energy release was measured both by differential scanning
calorimetry and drop calorimetry. Heat capacities before and after irradi-
ation were measured by drop calorimetry. The stored energy release rates
and the thermal behaviors before and after irradiation were studied by
differential scanning calorimetry.

The preparation of the materials, irradiation and calorimetry are
described in this section.

5.1 PREPARATION OF SPECIMENS

The specimens for alpha irradiation were made up to correspond to Melt
72-68, a zinc borosilicate glass incorporating about 25 wt% waste oxides.
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Table 4 gives the exact composition of the glass. .The glass was prepared in

Ru0, in the proper ratios.

10-g batches by intimately mixing PW-4b-4 calcine, 73-1 frit, Cm203'and

(The.ruthenium was added here rather than in

the preparation of the calcine to minimize losses due to volatilization

of Ruo4.)'

The curium used in the spécimens was obtained from ORNL as purified

curium sesquioxide with the composition given in Table 5.

TABLE 4. Composition of Borosilicate Glass 72-68

Constituent
5102
B,0

273
Zn0
Na,0
Ko0
Ca0
Mg0
Sr0
Ba0
‘Rb0
Y203
Zr0,
MoO3
Ru0,
Rhy03
Pd0

O O -~ W N O O N NN = = b

_wt%
28.
.51
.04
.19
.19
.53
.53
.15
.44
.21
.02
.88
71
.73
.28
.86

11

N
N

21

“Constituent .

Ag,0
Cdo
Te0y
C520
Lay03
Ce0y
Prg011
Ndo03 -
Smy03
Eun03
Gdo03
Fe,s04
Cro03
NiO
P04'3
Cm203

5.2

wth
.05
.06
.42
.68
.87
.75
.37
.34
.23
.08
.16
.88
.20
.08 -
.39
.0

— 0O 0O O O O 0O 0 4 O W — — 0O 0O O



TABLE 5. Composition of Curium Oxide

v Concentration, Alpha Activity,
Component wt% _ _a/min/g
24400 0 82.1 | C1.34 x- 104
2Y3
245 ' - 9
eny0y 0.8 2.9 x 107
24600 0., 4.3 2.7 x100
2Y3 | |
247 | | | 5
Cm2 3 0.1 1.8 x 10
2400, 1.2 - 5.0x100
243 | ' 9
Am,0, 1.2 4.5 x 10
Fe,0, 0.2 --

The amount of curium oxide added was nominally 1.0 wt%, but varied
from specimen to specimen. The actual specific alpha activities in the
specimens ranged from 1.2 to 2.2 x 10]2 a/min/g of glass. This high
activity allowed the simu]ation{of several hundred years storage in about

1 year.

Melting was done in an electric furnace in an air atmosphere at 1200°C
in a platinum crucible. The melt was held at temperature 3 hr with occa-
sional stirring. The test specimens were formed by pouring the melt onto
a stainless steel plate held at 250°C. This resulted in buttons about
3 cm diam and 0.6'cm thick. The buttgns were then annealed by heatihg to
400°C for 2 hr and then were slowly cooled to room temperature.

‘The buttons were pulverized to a particle size of about 400 um and
placed in controlled temperature'Storage to allow the alpha dose to build
up. Specimen A-27 was divided immediately after annealing. Part was
placed in an electric furnace maintained at 250 + 10°C, and the rest was
stored at the ambient temperaturé of the glove box.* The remainder of the
specimens were stored at ambient temperature.

* The ambient temperature of the glove box was controlled with ‘the aid of
refrigerated air conditioning always in the range of 19 to 25°C.
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Elevated temperature storage conditions were also simulated by placing
samples of specimen A-3 in an electric furnace at various temperatures from
100°C to 350°C. The samples were held at the desired temperature 4 weeks,
and the stored energy release was determined each week. There was no sig-
nificant difference in the quantity of energy release after the first week.
The value obtained at 250°C by this method agreed with that obtained with
specimen A-27, which was always held at 250°C. Thus it Was decided that this
approach provided a satisfactory estimate of the stored energy as a function
of storage temperature. ‘

The anticipated storage conditions of real high-level wastes may result
in devitrification of the glass forms. Two of the specimens, A-4 and A-5
were, therefore, treated to induce devitrification, permitting an evaluation
of this effect on stored energy bui]dub. The devitrification was ‘done by
‘holding the buttons at 700°C for 7 days and then slowly cooling to room tem-
perature. These specimens were stored at the ambient glove box temperature,
and their stored energy was measured. o

In addition to the curium-containing specimens, four other types of
material as well as specimens of melt 72-68 were prepared for neutron irra-
diation in the ORNL reactor. These represented other potential waste forms.
Pure quartz and A1203 were also included in this group. The composition of
these materials are shown in Tables 6 and 7.

5.2 IRRADIATION

5.2.1 Neutron Irradiation

In these experiments, four samples of each of the five different syn-
thetic waste compositions and of the alumina and fused silica were exposed to
fast neutrons in the A-2 core position in the Oak Ridge Research Reactor (ORR).
The sample temperature during irradiation was maintained near 100°C The
jrradiated samples were later recovered and analyzed for stored energy by the
Roux-type drop ca]orimeter and by the differential scanning calorimeter (see
Section 5.3). Two different sets of radiation exposures (6 and 12 weeks)

and calorimetric measurements were made.
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TABLE 6. Description of Neutron Irradiated Specimens

Identification
"~ Number Description Composition

SEN-1 Fluidized bed calcine, prepared by an 80-mesh alumina part1c1es (65 3 wt%)
in-bed combustion technique at 500°C, 06)coated with Type 2 PW- 4b ca1c1ne(b)
using a starting bed of A]ZO3 particles.’™ (34.7 wt7)

SEN-2 Calcine prepared by boiling to dryness Type 1 Pw-4b(b)
in stainless steel basket, heating 2 hr
at 500°C, and grinding to -20 mesh.

SEN-3 - 2 A1203 ~ 80-mesh alumina partic]es(a)

SEN-4 | ‘S1mu]ated HLW glass, melted 3 hr at 22 4 Si0p, 25.2 B203, 3.5 NapO 3.5 Ko0,
950°C and cooled at about 100°C/hr. 10.6 Zn0, 1.2 Ca0, 1.2 Mg0, T.2 Sr0,

1.2 Ba0, 30 PW-4m waste ox1de

SEN-5(C) Simulated HLW glass melted 3 hr at 27.8 Si02, 11.3 B203, 4.1 Na20 4 1 K20,

1150°C and cooled at about 100°C/hr. 21.7 In0, 1.5 Ca0, 1.5 M? 1.5 .SrQ,
: 1.5 Ba0, 25 Type 1 PW-4b b waste oxide.

SEN-7  Hot pressed composite of quartz 50 wt% finely ?ixided quartz ‘sand, 50 wt%
and laboratory- prepared calcine, hot PW-4m calcine. . B
pressed for 10 min at 2500 psi and
1000°C.

SEN-9 Fused Silica Standard quartz tubing, no ana]ysés of

' impurities.
a. Norton 38A80, Norton Co., Worcester, MA.
b. Waste compositions are given in Table 7.

c. Melt 72-68, which is identical to the a]phé-irradiated specimens except that
it contains no Cm203.




TABLE 7. Calcine Cbmpositions Used in Preparation of

| Na,0

Fe203

Cr203

NiO

* rare earth oxide

Weight Percent

"Samples for Neutron Irradiation and Stored -
Energy Measurements ‘

PH-4b
Type 1 Type 2
3.93 9,53
0.90 1.00
0.36 3.02
1.74 - 1.94
16.59 18.45
2.76 3.07
4.08 4.53
7.49 --
0.46 3.30
33.62 37.37
12.86 14.30
7.73 -
- 0.88
1.25 -
3.86 --
1.89 2.10
0.23 0.25
. 0.26 0.28
5.6

Pw-4m
8.29

8.21
0.71
2.95

0.47
18.12

2.88

4.92

3.40
35.15
13.77



, 5.2.1.1 Preparation of Samples for Irradiation and Calorimetric

Measurements

Samples of synthetic wastes and of alumina and fused silica were pre-
pared and/or selected at PNL. These were ground to pass through 40 mesh.
The alumina’'and calcine-coated alumina, supplied in the form of fine par-

ticles, required no grinding. .

Each sample was prepared for irradiationlby hermetically sealing the
oxide sample material within a platinum capsule (188 mil 0D, 4 mil wall,
0.5 in. long, dished heads, see Figure 2). Prjor to final sealing, the
capsule was evacuated through an attached capillary (10 mil ID) and simul-
taneously heated to about 150°C for 5 hr. The capsule was backfilled with
90% He-10% 02 at 0.5 atm, and the capillary then sealed off. The sample
remained in the capsule throughout irradiation and drop calorimetric measure-
ment.* Care was taken in welding to assure that the sample temperature did
not exceed about 150°C. To this end, the capsule was held in a copper chill-
block when the second head was welded to the bbdy containing the sample.

5.2.1.2 General Description of Irradiation Assembly

The specimen-holder portion of the irradiation assembly is shown in
Figure 2. The upper portion of the assembly, not shown, contained a gas .

]OB,na,7Li reactions

reservoir (1 Titer volume) into which the helium from
could accumulate.” The assembly was out-gassed and backfilled with 2 psi of

helium before the final weld-seal was made.

The adapter fitted within an aluminum core-experihent piece. Reactor
coolant-moderator water flowed down around the assembly and through the
1/16-in. channel between the adapter and the holder. The water within the
channel (51°C) carried heat away from the experimental assembly. A careful
analysis showed that the temperature of the oxide of maximum bulk density
within the platinum capsules would not exceed 110°C at the center and 86°C
at the inner walls of a capsule. Other samples with less bulk densities had

* One sample of each irradiated material ‘was .measured for stored energy
release below 600°C using the differential scanning calorimeter. The
sample was removed from the capsule for these measurements.
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lower temperatures. For example, SEN-7,}for which the bulk density was
1.7, had a calculated temperature s102°C at the center and <85°C at the
inner wall of a capsule.*

The boron metal powder surrounding the specimen holder was 92% boron-10.

The loading and enrichment were such that there weré 7.2 x 16!

]OB per cm2.

atoms of .

5.2.1.3 Recovery of Irradiatea Samples

The irradiated capsules were removed from the assemblies.by hot-cell
operations. Each sample was rinsed, first in water and then in alcohol.
It was then placed in a clean brass tube, 1/4 in. ID, 4 in. long, one sample
per tube. The samples were transferred to the calorimeter in these tubes.

5.2.1.4 Gamma-rgxﬁAbsorption in Samples

Information available frqm reactor operations showed that the rates of
absorption of gamma-ray and fast neutron energy in the samples were about
2.5 W/qg.

5.2.1.5 Fast Neutron Flux, Fluence and Energy Spectrum

The fast neutron fluxes and energy spectra in the exposures were evalu-

ated by Kerr and A]]en(]7’18) of ORNL using:

e 123-group neutron energy spectra for several ORR compositions obtained i
by calculations using one-dimensional models of the ORR, XSDRN-code.

e Three-dimensional map of seven group neutron fluxes obtained by calcu-
- lations using the relevant core compositions: VENTURE code.

54c, _, 54

e Results obtained for the number of “'F Mn reactions in the iron

flux monitors which were included in our irradiation assemblies.

 The neutron energy spectra for energies >0.18 MeV, which were considered
most appropriate for our experimental assembly, the core loading and the flux
monitor results, are reported in Table 8 as normalized group fluxes. The
results of the flux evaluations are listed in Table 9 together with informa-
tion on ‘exposure times and neutron fluences.

* Measured bulk densities were: SEN-1, 2.33; SEN-2, 1.51; SEN-3, 1.94;
SEN-4, 1.68; SEN-5, 1.73; SEN-7, 1.70; SEN-9, 1.15.
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TABLE 8. Normalized Fluxes for Energies >0.18 MeV
for Experiments in ORR Position A-2

Fluxes
% Neutrons/cmé - sec

Irr

6 Weeks

adiation

5.10

. 0041
.0107
.0227
. 0450
.0818
.134
201
314
.448
.592
775

12 Weeks
Irradiation

. 0044
.0112
.0238
.0477 -
. 0868
.145
.222
.340
.486
.649
.851




TABLE 9. Neutron Fluxes, Exposure Times, and F]uences
in ORR Irradiated Samp]es(a)

6 Week - 12 Week

Irradiation Irradiation
F]ux at full reactor power, 14 14
n/cm?/sec >0.18 MeV 0.81 x 10 : 1.03'x 10
Reactor energy during o i
irradiation, MW-hr 29,094 56,266
Equivalent exposure time at 6 6
full reactor power, sec 3.49 x 10 6.27 x 10
Fluence during irradiation, 20 20
>0.18 MeV 2.90 x 10 6.96 x 10
Fluence during irrédiation, b b
>1.0 MeV 1.45 x 10%0 20(b)

3.48 x 10

a." Listed values refer to specimens located near the top of
- the assemblies. The fluxes at specimens near the bottom
were 15 to 20% higher. The fluxes at the other locations
were intermediate.
b. Using the energy spectra listed in Table 8.

5.2.1.6 Amount of Neutron-Recoi1-Damage-Energy in Irradiated Samples

and Comparison with Alpha-RN Energy in Actual Wastes

The amounts of energy of those primary recoi]s.of fission product ele-
ments which were formed and absorbed at energies >0.025 MeV and <Ei’ respec-
tively, were calculated using: 1) Equation (8) of Section 4, 2) an assumed
value of three barns for o, 3) available information on the percentages of
fission product elements in each sample, 4) values listed in Table 8 for
the neutron energy spectra, and 5) values listed in Table 9 for the neutron
fluences. The calculation results are listed in Table 10. Values are also
listed for the times after reprocessing of‘LWR‘-UO2 wastes in which an equiva-

Tent amount of alpha-RN énergy would accumulate in.the wastes.
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TABLE 10. Amounts of Neutron- -Damage-Energy in Irradiated Samples,
and Times to Accumulate Equ1va]ent Amounts of Alpha-RN
Energy in Wastes -

Time After Solidification

Neutron-Recoil- Processing to Accumulate
Sample  Irradiation, Damage-Energy, (a) Equivalent Alpha-RN Energy
Number Weeks 1022 eV/q in Wastes,(b) Years
SEN-1 6 1.5 6
12 4.0 29
SEN-2 6 4.3 58
12 ‘ 11.1 >300
SEN-4 6 1.4 4
12 3.6 23
SEN-5 6 1.3 3.5 °
12 3.3 20
SEN-7 6 2.1 9.5
12 5.6 66
a. See text.
'b. For LWR-UO, wastes reprocessed and solidified at 150 days after

discharge, and with waste volume of 2 ft3 per MTHM. With mixed

LWR-UOp (2/3) and LWR-Pu0> (1/3) waste, the alpha-RN energy of

11.5 x 1022 ev/g is accumulated in a per1od of about 10 years

following reprocessing. ' |
c. Within the calcine portion of the composite sample.

5.2.2 Alpha Irradiation

The aipha doses of the cﬁrium—containing specimens were caicu]ated from
the known amount of Cm203 added to each specimen and the time elapsed
since the specimen was annealed. The “%%tm content of the Cm203 was esti-
mated from the ORNL analyses given in Section 5.1 and the alpha emission

rate based on a half-Tife of 18 years for 244Cm.

Since the range of a]bha-RNs is in the order -of 100 R, as discussed
in Section 4, the radiation damage to the glass is quite sensitive to the
distribution of the 244Cm in the glass matrix. Agglomeration of the 244Cm
in the specimen will result in damage only within the region of the agglom-
erates. Autoradiographs of the specimens were prepared to verify uniform
distribution of the 244Cm. These showed no macro-concentrations of curium
but, of course, could not assure the absence of concentrations on a microscale.
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5.3 CALORIMETRY

Two different calorimetric techniques were-used to measure the stored
energy release of the irradiated specimens: ~ transposed-temperature* drop
calorimetry (DC) and differential scanning calorimetry (DSC).

In the drop ca]or1metry, the heat release (or absorption) upon heating
a sample to a given temperature was eva]uated from two successive measure-
ments of the heat required to ra1se the temperature of the samp]e from an
initial temperature, T.

j
within the DC. It was assumed (and ver1f1ed experimentally) that annealing '

» to the given higher temperature Th’ maintained

of the sample’ material and other processes which were act1vated at the given , |
high temperature and wh1ch released (or absorbed) heat were essentially com- l
plete during the first measurement It can then be shown that the difference

between the results of the successive DC measurements corresponds to the d1f— ' i
ference between the enthalpies (AH) at the initial temperature (about 125°C)

(19) . .

of the annealed and unannealed samples. Various calorimeter temperatures , !

were used up to the maximum operating temperature of about 1000°C.

The differential scanning calorimetry was conducted:us1ng a commercially
available two-pan instrument in which samples were heated at a constant and
reproducib1e rate from room temperature to the maximum operating temperature,
600°C. The rate of heat release was evaluated from two or three successive
measurements of the difference between the temperatures of the sample and
that of an inert material in the second pan. The total heat released within
a  given temperature range was evaluated from the rate-temperature data for

that range.

DC and DSC measurements were made on unirradiated as well as on irra-
diated samples of the same material. This permitted thermal effects, unre-
lated to radiation effects, that might occur during heating to be taken into

account.

As stated above, the results of the DC measurements yielded data for
the difference between the enthalpies, at the initial temperature (125°C),

* This differs from the usual calorimeter in that the sample is dropped
into a receiver that is at a high temperature.
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of the annealed and unannealed sample. The changes in states (annea]ihg)
of sample materials which bring about changes jn enthalpy actually occur at
temperatures greater than the initial temperature Ti' The value of AH at
a higher temperature Ta,is the same as that at Ti unless the irradiation
and/or heating causes changes in the average heat capacity in the tempera-
ture range Ti to Ta' Accordingly, information on heat capacities was of
interest. The heat absorption in the second (and subsequent) DC measurement
on a sample is a measure of the average heat capacity of the annealed mate-
rial in the temperature range Ti to Th’ and we evaluated this quantity from
the DC data. Heat capacities prior to annealing of radiation damage were
evaluated from the results of special DC measurements in the temperature
range 75 to 195°C (i.e., Ti = 75° and Th = 195°). The re]at%onships A
described above are expressed symbolically as follows:

AH(Ti) = H](Ti) - HZ(Ti) . : (9)
This equation represents the difference between the enthalpies at Ti of the
irradiated sample before and after heating from the initia] temperature Ti
to- the DC temperature. The before and after states are represented by sub-
one and sub-two, respectively. AH(Ti) is the quantity evaluated in the
DC measurement of an irradiated sample. :

BH'(T4) = Hy(T4) - Hy(T,) | (10)

Equation (10) represents the difference between the enthalpies at T, of the
unirradiated initial material before and after heating from the initial tem-
perature T, to the DC temperature. AH'(Ti) is the quantity evaluated in the
DC measurement of an unirradiated sample.

A11 of the enthalpies at Ta can be related to those at Ti through heat
capacity functions as follows:

' Ta 1
Hy(T,) = Hy(T.) +‘/; CidT A (11)
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and subtracting Equation (12) from Equation (11) we have

, T T,
AHL a _ [ a
AH(Ta) AH(Ti )' +f C]dT f csz.
T, T.

Similarly

T .
) _ ' d 1
Hy(T) = Hy(T.) +f CydT
T

and

1}

T T
1 a i a ]
AH(Ta) AH (T1.) +f C]dT -f Csz
: T T

i i

where C]-represents the average heat capacity between Ti and Ta before

(12)

(15)

annealing; and C2 is the after annealing. The prime refers to the unirra-

diated sample.

Appropriate combination of the above equations yields

T T
[AH(T ) - aH'(T_)] = [AH(T,) - -H'(T,)] +f % c,dT f % cydr
- B T T

i Cd

T T. . .
a ‘ a ]
_[f C2dT -f . C2dT] .
Ti T

1'
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However, in most cases it can be shown that the terms invoiving the heat
capacity approximately cancel since the heat capacity usually does not

~ change significantly on annealing. The exceptional cases are discussed in

Section 6.

The DSC, unlike the DC, provides a continuous measurement of the stored
energy release as a function of temperature and permits observation of fea-
tures in the release such as the temperature at which the release starts and
ends and peaks in the release curve. Complete interpretations of the results
of the DSC measurements depend on information, experimental or assumed,
regarding the relative heat capacity of a sample material before and after
the first heating in the DSC.

The alpha-irradiated specimens were measured exclusively by DSC at
PNL. The neutron-irradiated specimens were measured both by DC and DSC.
The DSC measurements -of the latter specimens were used to substantiate the
validity of the DSC technique and to determine the relationships between
energy release and temperature during heating.

5.371 Differential Scanning Calorimeter

A DuPont Model 990 Thermoanalyzer with a plug-in type DSC cell was used
for measuring the stored energy release. The DSC cell was installed inside
a glove box with the temperature programmer and recorder outside. No modifi-
cations to the instrument was required for use in .the glove box. (For a
description of this system see DuPont product bulletins available from
Instrument. Products Division, E. I. DuPont deNemours, Wilmington, DE.)

Samples were prepared for the energy release measurements by weighing
25 to 60 mg of the powdered specimens in small aluminum pans provided by the
instrument manufacturer. In the early measurements the irradiated samples
were balanced with an equal mass of nonirradiated material of identical com-
position (except for curium in the case of alpha-irradiated specimens).
Later it was found that no significant differénces in the observed stored
energy resulted if an empty pan was substituted for the reference sample
and the reference material was not used from then on.




The calorimetric measurements were made by heating the sample at a
constant reproducible rate and recording the_differentia] temperdture AT -
(between the ‘sample and the reference thermdhouple) and the sampTé'temﬁeFaa
ture T. The furnace Was then allowed to cool and the“heéting cycle was
repeated at least two times. A typical record of a AT-T plot is shown in
Figure 3. - _; ' N '

The heating rate was 20°C/min. Operating at lower rates reduced the
sensitivity of the DSC and increased thé amount of baseline drift resulting
in unsatisfactory measurements. This relatively fast heating rate undoubt-
edly reduced the capability for resolving peaks in the stored energy release
spectra and may have introduced a minor error due to incomplete release dur-
ing the first heating cycle. This error, if it existed, appears to be small
because differences between the second and third heating cycles were small.

SPECIMEN A-4
HEATING RATE, 20%min

DIFFERENTIAL TEMPERATURE, ARBITRARY UNITS

| ] ] s ]
0 100 200 300 400 500 600
' SAMPLE TEMPERATURE, °C

FIGURE 3. 'DSC Scans Showing Release of Stored Energy



5.3.1.1 Calibration of the DSC

The DSC system was calibrated with a known mass of synthetic sapphire
(A1203) with known heat capacity va1ue§ from the National Bureau of Stan-
dards. The sapphire standard was placed in the calorimeter and heated at .
the rate for which the system was to be calibrated, and AT and T were
recorded. A second heating cycle was made with the standard removed. The
difference between the AT's from the two cycles is dependent on the heat
capacity of the standard. A DSC sensitivity factor was calculated from the
observed AT values and the known values of the heat capacity using

C_Rm :
F =y (18)

where

C 1is the heat capacity of the standard at the temperature of
interest in cal » °C”! g-]

R is the heating rate in °C - sec”!

m 1is the mass of the standard in g and

AY is the difference in AT between the cycle with the standard
in place and the cycle without, in arbitrary units (usually

inches).

The DSC sensitivity factor varies nonlinearly with temperature as shown
in the typical calibration curve given in Figure 4.

The calibration was repeated each week throughout the 1nvestigatioh.
The relative standard deviation of the sensitivity factor was 1.9% at 200°C
and 2.4% at 500°C.

5.2.1.2 Calculations of Results

The stored energy release rates were calculated from the AT-T data and
the DSC sensitivity factors by: o

dH AYiF

—_— = \
dT Rm (19)




1.8 |~  HEATING RATE 20%min
SAPPHIRE STANDARD 62 mg

SENSITIVITY FACTOR, F, callsec - in.

| L1 1 ]
100 200 300 400 500 600
TEMPERATURE, OC

FIGURE 4. DSC Sensitivity Factor as a Function

of Temperature

where AYi is the difference between AT from the first heating cycle and the
average AT of subsequent cycles at the temperature of interest, in arbitrary
units (inches). C

" The total energy release was determined by plotting %%—versus T and

estimating the area under the curve by mechanical integration.

Alternatively the total energy release can be obtained directly from
the recorder plots of AT versus T. In this case,the area between the first
scan-and subsequent scans is estimated. The integration must be performed

~over relatively short temperature intervals because of the nonlinearity of
the sensitivity factor F. The energy release in each interval is calculated by:
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AF,

— 1 ' . .
AHi " "Rm : . (20)

where A is the area between the AT-T curve for the first heating cycle and
the average of subsequent scans and Fi is the average DSC sensitivity factor
over the interval integrated.

5.3.1.3 Accuracy of the DSC Measurements

- The measurement of the release of stored energy by the DSC is based on
determining the difference in thermal behavior of the specimen between two
heating cycles. The first scan results in release of the stored energy, and
the second scan provides a baseline representing the behavior of the specimen
without ‘'stored energy. The assumptions are made that the entire stored energy
is released in the first cycle and that no events occur as a result of the
first cycle which alter the thermal behavior of the specimen, i.e., that the
heat capacity remains the same and that no irreversible changes occur in the
composition or structure of the specimen other than those associated with
the release of the stored energy.

Failure of those assumptions to hold will result in errors of a sys-
tematic nature. The other potential source of systematic error is in the
determination of the DSC sensitivity factor. The contribution of the sys-
tematic error to the uncertainty of the measurement was not estimated, but
the close agreement between measurements made with both the drop calorimeter
and the DSC indicate it is small compared with the random error.

The principal source of random error of the measurement is the lack
of reproducibility of the base line. Shifts in the baseline are due mainly
to random settling of the powdered sample in the sample pan resulting in
changes of heat transfer characteristics between the sample and the calo-
rimeter surroundings. The standard deviation of the measurement based on

repeated runs of the same sample was estimated to be 2.0 cal - g'].
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5.3.2 Drop Calorimetry

5.3.2.1 Design of the Drop Calorimeter"

The design and operation of the drop calorimeter, Figure 5, has been
previously described;(]g) it was a Calvet-type microcalorimeter basically

similar to that of Roux.(zo)

Measurements were made by holding the tempera-
ture of the calorimeter steady at the value of interest, and then dropping
the sample into the calorimeter from a constant-temperature oven directly
above the ca]orimeter. The quantity of heat absorbed by the sample was
determined from the temperature transient observed on a 30-element Pt,

Pt 10% Rh thermopile that read the difference between the inner calorimeter
chamber receiving the specimen and a concentric alumina tube insulated from
the inner chamber by about a 1/2 in. thickness of alumina powder. The ther-
mopiles were wrapped on three 4-mm thick, alumina plates, 10 elements per
plate. - In accordance with Roux's technique, most of the signal resulting
from normal heat capacity of a sample was bucked out by a "tapered-transmission-

Tine," electrical analog simulator, to reduce the accuracy required for record-

ing the temperature transient versus time information.

A movable pin supported the specimen in the oven above the calorimeter,

.and the specimen was dropped into the calorimeter by withdrawing this pin.

The drop path was guided by a 2-ft-long ceramic tube closed at the bottom.
The container was removed from the calorimeter by lowering a sleeve over it
which was tapered so that the container became wedged within the sieeve. The
sleeve was made of 10-mil nickel sheet and slit longitudinally so that it
gripped the container by a spring-like action.

5.3.2.2 Calibration of the Drop Calorimeter

The area under the thermopile signal versus time plot was calibrated in
terms of heat absorption using standard substances, alumina and platinum, in

samples of different weights.*

* Similar measurements were used to determine heat pick-up of standard speci-
mens (platinum encapsulated as described in Section 5.2.1) during the drop
from the oven into the calorimeter. The experimental values of the heat
pick-up depended, as expected, upon the temperature of the calorimeter Tp
At Th equal to 985°C, the pick-up was 0.6 cal. The pick-ups at lower calo-
rimeter temperatures were less by approximately the amounts expected from
considerations of the temperature dependence of radiative heat transfer.
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v

. The temperature debendenCe of the calorimeter calibration from 195 to
1000°C fitted the empirical equation: ’
)2

A = C[(T/428.6)" + 1]4[exp-(T/1605)2]A | o | (21)

where -
A is the area per unit energy absorbed
T is the calorimeter temperature in °K and
C is a constant independent of temperature.

The'dependence of the value of A on temperétﬁre resulted primarily from
changes in heat transfer between calorimeter parts with temperature, e.g.,
increases in radiative heat transfer between samp]é and drop tubé and between
drop tube and calorimeter 11ner (3/8-in; ID tube) with increasing tempera-'
ture, and decreases in conductance across the thermopile plates with increas-
ing temperature. Also, the thermoelectric power of the thermopile increased
with increasing temperature.

The temperature transient versus time data did not conform to any simple
mathematical relationship during the initial period after dropping a speci-
men. During the later part of transient decay, the decay followed Newton's
" law of cooling.* Conformance to this law was established or approximated
about 10 to 15 min after the drop of a sample containing no stored energy,
and 15 to 30 min after the.drop of a sample containing stored energy. The
area under the initial part of the transient was evaluated numerically.

The later portions which obeyed Newton's law of cooling were evaluated
using this law. ‘

5.3.2.3 Accuracy of Drop Calorimeter Measurements

The principal source of error in the measurements at high temperature
was drift in the furnacé temperature over the period of about ]Q to 30 min

* This law states that for small temperature differences the rate of loss of
heat is proportional to the temperature above the surroundings. This law
corresponds to an exponential decay of temperature; see Equations (22)
and (23). .
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during which the temperature transiént was measured. This drift was random
in direction and amount. However, it increased with 1n{*easing ca:orimeter
temperature. The effect of the drift was to change tHe zero point signal of
the thermopile used to measure the transient (the zero point T, Was defined
as the steady-state reading of the thermopile when no energy was being
absorbed within the calorimeter). To take into account the change in T
during a measurement, its value was estimated near the end of the 10 to 30
min period by choosing A to satisfy the equation:*

d(t - To)/dt = -k(t - TO) - (22)

where T 1is the thermopile signal, t is che time, and k is a constant. It
was assumed that the change in To during a measurement occurr 'd at a steadv
rate. ' '

If it is assumed that T is constant in the time interval under con-
sideration, Equation (22) can be integrated to

In{t - TO) = -kt + constant. (23)

The value of k was estimated using Equation (23) and data from several runs
with samples containing no stored energy. It was assumed that T, Was the
same as that at the start of a measurement, and semi-log plots of the data
were made. The values for the slopes at 20 min were averaged to obtain the
value of k. The value of k determined in this way was nearly 1ndependent
of temperature in the temperature range in which measurements wire made:
200 to 1000°C. |

Our estimates of the-accuracy of our measurements of heat content
between Ti and Th with the_0.2-g samples were z0.04 cal and #0.2 cal for
annealed (no stored energy) samples in the temperature ranges 100 to 700°C
and 700 to 1000°C, respectively. These values correspond to =0.2 and #1
cal/g, respectively. For samples containing stored energy, the estimated

* This equation follows from the assumption that the rate of heat flow is

proportional to Tt - Ty
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accuracy was +5% and *15% of the stored energy in the temperaturé ranges

- 100 to 700°C and 700 to 1000°C, respectively. The uncertainties with the
stored energy samp]eé were, of course, never less than those for the
annealed samples. As stated above, the accuracy of a measurement was pri-
mari]y_}imited by the amount of drift of the calorimeter baseline, Tos dur-
ing a measurement. The estimated accuracy was least for the samples
containing stored energy because the release of stored energy duriﬁg a
measurement increased the time and therefore the baseline drift before the
Newton's law extrapolation could be invoked.

5.25




6.0 EXPERIMENTAL RESULTS

6.1 ALPHA-TRRADIATED SPECIMENS

Nine specimens of the curium containing borosilicate glass (Melt 72-68)
were allowed to self-irradiate and were measured at periodic intervals by
the DSC to determine the enthalpy changes on heating from 23 to 600°C.. Two
of the specimens, A-4 and A-5 were devitrified as described in Section 5.1,
and the remaining seven were vitreous.

Immediately after annealing, part of specimen A-27 was placed in a fur-
nace held at 250° and allowed to self-irradiate at that temperature. Samples
of A-3 were placed in furnaces held at temperatures ranging from 100 to
400°C after having accumulated a dose of 5.0 x ]0]7 a/g. The latter, mea-
sured once a week for 4 weeks after placing in the furnace, showed very
Tittle change in the quantity of stored energy from week to week. This indi-

cated that annealing at the elevated temperature was complete within 1 week.

6.1.1 Stored Energy Release Behavior

The rates of energy release on heating as a function of temperature are
shown in Figure 6a through 6j for the specimens held at room temperature.
No sharp peaks are evident in the release curves although near1y'a11 vitreous
specimens show well defined maxima at 400 to 500°C. The maxima db not appear
for the two devitrified specimens A-4 and A-5 (Figure 6b and 6c), and the
maximum is much less pronounced in the vitrecus specimen A-3 (Figure 6a).

The energy release is first detectable between 110°C and 125°C for
the specimens irradiated and stored at room temperature. The release raté
begins to decrease rapidly at about 450°C and is complete slightly below
600°C. The temperature at which the rapid decrease in the release rate
occurs corresponds about to the softening point of the glass (about 500°C).

The stored energy release behavior is qualitatively similar for all
of the alpha doses as seen in F%gure 6i which shows the release curves for
5 different alpha dosés_for one specimen., The characteristic maximum, how-
ever, does shift to a Tower temperature as the dose increases. Initially at
500°C the maximum drops to 450° at the -highest dose.

6.1



-1
qQ

ENERGY RELEASE, cal -

g-l .ol

cal -

<

ENERGY RELEAS:

600

0.10
MELT 72-68
SPECIMEN A-3
ALPHA DOSE 8.0 x 10" "alg
0.081
0.06
o004 |
0.02F
0 | | i 1 |
100 200 300 400 500
TEMPERATURE, °C
a
0,10
MELT 72-68
SPECIMEN A-5
ALPHA DOSE 7.6 x 1017 alg
0.08 |- - DEVITRIFIED MATERIAL

0.06

0.04

0.02

[ | | 1 |

100 200 300 400 500
' TEMPERATURE, °C
C

'FIGURE 6. Energy Release Rates of

600

-1 oc-l

q

ENERGY RELEASE, cal -

ENERGY RELEASE, cal - g™ - O¢!

6.2

0.10
" MELT 72-68
- SPECIMEN A-4
ALPHA DOSE 1.0 x 108 aig
0.08 [ DEVITRIFIED MATERIAL
0.06 [
004 [
002 -
0 L L L | ]
100 200 300 400 500 600
TEMPERATURE, °C
b
0.10
MELT 72-68
SPECIATE A-3
ALPHA DOSE 1.1 x 10
0.8 -
0.06
0.04 -
0.2 |
0 . ! L ] l .
100 200 300 400 500 600
TEMPERATURE, °C
d

Alpha-Irradiated Specimans




-1 oc-l

"9

ENERGY RELEASE, cal

1001

9

ENERGY RELEASE, cal .

0.08

0.06

0.04

0.02

0.10

0.08

0.06

0.04

0.02

MELT 72-68
SPECIMEN A-9
ALPHA DOSE 1.3 x 108 arg

| | | ]

0 200 300 400 500 600
TEMPERATURE, °C
¢ " . e
MELT 72-68
SPECIMAN A-17

ALPHA DOSE 7.4 x 10" arg

100 200 300 400
TEMPERATURE, °C
g

s 60

FIGURE 6.

6.3

600

610
MELT 72-68
SPECIMEN A-10
ALPHA DOSE 9.1 x 101 alg
008 [
OU
Tc
= 006 [
(&)
¥
S
&
>
& oM
z
002
0 1 | 1 I 1
100 200 30 400 500 600
TEMPERATURE, °C
f
0.10
MELT 72-68
SPCCIMEN A-18
ALPHA DOSE 6.5 x 10" alg
0.08 |
o
70 |
o
wy
S
=
% 004 b
I+
1
0.02 -
.0 1 B | L L |
100 200 300 400 500
E TEMPERATURE, °C
h
(contd)



MILT 72-68
SPECIMEN A-27
STORAGE TEMPERATURE 23°C
001" curvE - 3.0x10% 0l o ' 0.10,
CURVE 2= 9.1x 10 alg ' ‘ 1 meT 72-68
CURVE 3 - 1.4x 10" alg : | seecimena-2r
, CURVE4 - 1.8x B alg . STORAGE.TEMPERATURE 250°
001" ¢iRVE'S - 4.9x 101 alg . OB aipHA DOSE 4.6 x 10" alg
'ou In ‘
;—l. ou
‘o - .
5 006 T 006
o 5
3 o
g 5
= &
g e % 0mf
z ]
’ &
o 0.02f
0 | L1 ) 0 L ] !
100 20 300 ) 500 600 0 20 300 400 500 600
TEMPERATURE, °C . ' ) .. TEMPERATURE, °C -

FIGURE 6. (contd)

Specimens irradiated or stored at elevated temperatures also behaved
similarly except that the first detectable release.occurred at higher tem-
peratures. The initial release appeared at 75 to 125°C above the storage
temperature (see Figure 6j). ‘

6.1.2 Buildup of Stored Energy with Increasing Alpha Dose

~ The stored energy releases for the nine specimens held at room tempera-
ture were measured at various a]phé doses‘acéumulated over a l-year period.
The results of these measurements are shown in Figure 7 as a function -of
accumulated alpha dose. - ‘

The stored energy increases rapidly up to a dose of about 3 x ]0]7 a/g,
reaching 17.5 cal/g.. Near this dose the rate of increase diminishes and
appears to approach saturation. The data indicate that the buildup is still
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continuing even at 1.35 X 1018 a/g, the highest dose for which measurements
were made. The stored energy was 23.5al/g at this dose.

: The buildup of stored energy was also calculate. in terms of storage
time of solidified waste using the alpha activity in "real” waste from the
reference UO2 fuel (see Figure 1) and assuming a waste solidification pro-
cess resulting in 168 kg glass per metric ton of fuel. The buildup as a
function of storage time is shown in Figure 8. :The highest dose fpk which
measurements were made was equivalent to 780'year‘s'l stora e,

6.1.3 The Effect of Storage Temperatures on Stored Energy

The stored.énergy‘for thé specimen stored at 250° is showi in Figure ©
for various alpha doses up to 4.6 x 10!/ o/g. ' The stored ener y-reached
6.5 Ca]/g at this storage temperature éomparéd‘Witr’19.6'ca1/g for the speci-
mens stored at room temperature at the same doée.'AThe buildup »f stored
energy is rapid at the lower alpha doses and grad0a11y levels at the higher
doses, displaying bendvior similar to that of the specimens s:ored at :aom

temperature.
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Samples of A-3 held at various elevated temperatures for 4 weeks showed
a nearly linear decrease in stored energy with increasing temperatures. As
seen in Figure 10, annealing of the stored energy begins well below 100°C and

is complete at about 350°C.
on heating at 20°C/min-during. the DSC runs in which the release is not com-
plete until nearly 600°C. .(The residual stored energy versus sample tempera-
ture in the DSC is also plotted on Figure 10 for comparison.) The difference
between the equilibrium values obtained from the 4-week storage times and the
values obtained with rapid heating is due to the relatively slow annealing

of the radiation damage in these specimens.

This is quite different from the observed behavior
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6.2 NEUTRON—IRRADIATED SPECIMENS

6.2.1 Presentation of Data

Tables 11 and 12 list the observed changes in enthalpy in the neutron-
irradiated specimens upon heating to certain temperatures in the drop calo-
rimeter (see Section 5.3 for definitions). The initial temperature was about
125°C in each case. The maximum experimental temperature obtained with a
given material, other than the borosilicate g]aésgs, was as high as appeared
feasible. Factors which limited this temperature included swelling of the
platinum capsules upon heating, large thermal effects with control specimens,
and calorimeter limitations. The softening temperatur.:s for the borosilicate
glasses were 500 and 540°C for SEN-4 and SEN-5, respectively. Accpfding]y,
we could assume that rapid annealing of all stored energy would take place at
500°C.

The actual maximum temperatures in the drop calorimetry of specimens
containing appreciab]e*stored energy may have momentarily exceeded that of
the calorimeter if the stored energy was released rapidly upon heating. Fur
example, release of 20 cal/g of stored energy under adiabatic conditions
would increase the temperature of a platinum-encapsuiated borosilicate glass
specimen by about 60°C. '

The observed changes in enthalpy of unirradiated specimens upon heating
in the drop calorimeter are shown in Table 13. )

The experimental values for the average heat‘capacity in the temperature
range 125°C to Th
after annealing in the DC are included in Tables 11 and 12. Heat capacity:

(see Section 5.3 for definition) of irradiated specimens

values for unirradiated specimens of the glasses and alumina after heating

to Th in the DC are also shown. The experimental curves for the unirradiated
specimens of the other materials in the DC were not evaluated in terms of
heat capacity because we considered it 1ikely that there would be no
difference between irradiated and unirradiated specimens of these materials.
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TABLE 11. Enthalpy Change of 12-Week Irradiated Specimens upon Heating, .
and Average Heat Capacity of Irradiated and Un1rrad1ated
Specimens After Annealing; Drop Ca]or1meter :

Calorimeter " Average Heat Capacity Between
Sample No. Temp., Th, AH(125°) 125° and Ty, cal/g/°C
and Materia] °C cal/g Irradiated ~_Unirradiated
SEN-1 (a)’ ' ' ) N
Calcine on 6702 12 0.219
A1,0, 74g(a) 1 z
714 15 - 0,213
748 11 0.220
SEN-2 887 - 17 0.140
Calcine 887 14 0.138
SEN-3- : ‘
A1,0, - 748E ; 10 0.270 0.271(0)
809 0 0.272 (b)
988 16.5 0.275. "0.278
988 20.5 0.279
SEN-4 489 18.5 0.220 . (c)
"Glass 506 . 23.5 0.208 0.238 + 0.004 (510°)
, 538 18. 0.240 o
SEN-5 489 17 0.202 | (c)
~Glass 506 21 0.202 0.202 + 0.004 (510°)
538 18 0.203
SEN-7. 668E g 30 0.208
Hot press 714 0 0.200
714 28 0.202
809 34 0.219
SEN-9 809 30 0.261 0.250Egg
Silica glass 988 32 0.260 0,266(6)
988 34 0.261 0.265

a. These samples measured sequentially at successively higher temperaturss.
A1l other samples Teasur§d at orily one temperature.

b. Literature values. Our measured values for unirradiated, annealed

or unannealed agreed within exper1menta1 uncertainty with literature

values.

Deviation between dup11cate spec1mens

. Literature value.

e. Measured value.

ao
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TABLE- 12. Enthalpy Change of 6-Week Irradiated Specimens upon Heating,
and Average Heat Capacity Irradiated and Un1rrad1ated Spec1mens
After Annealing; Drop Calorimeter

Calorimeter . Average Heat Capacity Between
Sample No. ~Temp., Th, AH(125) 125°C and Th, cal/g/°C
and Material °C - cal/g Irradiated Unirradiated
SEN-1
Calcine on A1203 512 6
) 743( 15
743 10
9681a 2
SEN-2 897 1) 21
Calcine 897(2) 14
975 11
SEN-3 978 12 (b)
A1203 978 8
SEN-4 333 7 0.229 (c)
Glass 510 16 0.218 + 0.003 (b)
. 510 22
SEN-5 334%23 7 0.196
Glass 375( ) 1 0.202
482 6 0.202 (2)
510 20 0.206 + 0.002 (b)
510 20
SEN-7
Hot press 838 24
838 32
SEN-9 977 35
Silica glass 977 37

a. These samples measured sequentially at

~(b)

successively higher temperatures.

A1l other samples measured at on]y one temperature

b. See Table 11.

c. Deviation between duplicate specimens.,



TABLE 13. Enthalpy Change upon Heating Unirradiated Specimens:
Drop Calorimeter

‘ Calorimeter
Sample Temp., Tps AH' (125)
Number °C ' cal/gl@)
SEN-1 E 840 K 31
SEN-2 850-1000 13 + 2(P).
SEN-3 978 . : <
SEN-4 | - 510 ' ‘ 4 + 0.1
SEN-5 510 + 0.1
SEN-7 . nga0 4+ 1(¢)

SEN-9 977 : : <1

a. The plus-minus values show the deviation from the
‘average of dupnlicate samples. '

b. Average and deviation for four samples in the tem-
perature range 850 to 1000°C.

c. Measurements at calorimeter temperatures above and
below 838°C gave this value within about 10%.

Table 14 gives the average heat capacity of the glass samples calculated
from the second drop heat absorption data at low DC temperatures. The devia-
tions from the mean between duplicate samples are shown for the unirradiated
materials. Only a single sample of each of the irradiated materials was
measured. The difference between enthalpies before and after heating to
195°C in the DC (not shown) was léss than 0.1 cal/g in all cases, showing
that annealing of stored energy was negligible during these measurements.

The differential thermograms obtained with the DSC for each unirradiated
specimen are shown in Figures 11-16. These are plots of AT versus sample
temperaturé from the sequential scans of the same sample. Differences between
the first and the second scan indicate the occurrence of irreversible events.
The DSC measurements made on the irradiated specimens are presented in
Figures 17-23. These are plots of dH/dT versus sample temperature and show
quantitatively the rate of release of heat as a fun&tion of sample temperature.




TABLE 14. Effect of Irradiation on the Average Heat Capacity of Glass
Samples Measured Below the. Annea11ng Temperature, Drop

Calorimeter
Average Heat Capacity from
: 75 to 195°C, cal/g/°C
Sample Before After
. Number Irradiation Irradiation (@)

SEN-4 0.203 + 0.00] 0.204'P)
SEN-5 0.182 + 0.003 0.166(P)
SEN-9 0.222 + 0.004 0.216(¢)

. 12-week irradiation.

. For comparison, the experimental va]ues in the
temperature range 125 to 510°C were 0.238 and
0.202 for SEN-4 and SEN-5, respectively. See
Tables 11 and 12. -

c. The literature(24) value for fused silica between
75 and 195°C is 0.211.
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Values for total amounts of heat released within certain temperature
intervals, obtained by 1ntegratioh of the DSC rate data, are included in
Tables 15-22. The listed values are the-avérage of the results of measure-
ments on two samples where the results differed only slightly. Where there
were appreciable differences between the two samb]es, both results are.
listed. ' - '

Heat release commenced between 160 and 200°C for all of the neutron-
irradiated'specimens. ‘The two specimens éonfaining calcine'initia11y under-
went an endothermic reaction below 200°C, as is evident from the negative
values in the heat release rate curves (Figures 17 and 18). The calcine on
alumina specimen also underwent an endothermic reaction in the temperature
region of 500 to 600°C.




TABLE 15. Enthalpy Changes upon: ‘Heating and Ratios of .the Values"
at Different Annealing Temperatures for Neutron-
Irrad1ated A]um1na

Enthalpy Change, 4H, and Ratio of
Change to that Reported by Roux for Arinealing

Investigator at 1200 °C
and Annealing F1uence > 1 MeV(a) Flusnce > 1 MeV(a)
Calorimeter Temp., 1.45 x 1020 3.48 x 1020
Type °C AH Ratio AH Ratio
Present; DSC  350'°) 2.1 0.13 2.9 0.1 '
Present; DSC 400(P) 3.0 0.18 41 0.15 :
Present; DSC 600(P) : 5.6 0.34 8.5 0.32
Present; DC 750 - - 10 0.37
Present; DC 978-988 12 0.73 6.5 "0.62
Present; DC 978-988 8’ 0.48 20.5 0.77
Roux; ct€) 1200 - 16.5 1 6.7 1

a. The_neutron flucnces emplc.ed by Roux (20) were 1.5 » 1020 and 3.2 x 1020,
cm™é, >1 MaV. liis specimen temperatures during irradiation were about
160°C.

b. AH values are for heat released in temperature range bzlow this
temperature.

c. Reference 20.

TABLE 16. Enthalpy Chenges upon Heating and Ratios of the Values
Measured at Different Temperatures for Neutron-
Irradiated Fused Silica

Enthalpy Change, AH, and Ratio of Change
to that Measured at 977-988°C

Annealing FTuence > T MeV Fluence > | MeV
Calorimeter Temp., 1.45 x 1020 3.48 x 1020
Type °C AH Ratio AH Ratio
DSC 350(3) 1.4 0.04 2.4 0.07
2.9 0.08
DSC 400(2) 2.2 0.06 4.0 0.1
' 4.7 0.13
DSC 600(2) 7.0 0.20 9.9 0.28
13.2 0.38
0C 809 - - 30 0.86
nC 977 ' 35 1 - -
nc . 977 37 - 1 - -
0C 938 - - - 32 o
oC 988 ‘ - - 34 1

a. AH values are for heat released in temperature range below this temperature.
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Enthélpy Changes Observed Upon'Heatiﬁg Samp]eskeffCalcine SEN-2

TABLE 17.
Entha]py Change :in’ Irrad1§ted Speciloens,
Annealing cal/g!

Calorimeter Temp., . Fluence > 12gev Fluence > 1dev
Type- °C 1.45 x 10 3.48 x 10
DSC 200® 2.6 : 6.2
DSC - 600(P) 6.2 ~ n.3
DC 897 21 : ST
DC 897%23 14 <

. 975 L 1 i -
DC 887 ‘ g - 417‘;
DC 887 : - : 14

a. AH' equaled 13 cal/g at Ty = 850 to 1000°C in DC measurements. In DSC
measurements on unirradiated specimens, 1.4 ca]/g was re]eased in the tem-
perature range 205 to 600°C. '

b. AH values are for heat released in temperature range between 205°C and this
temperature,

c. These samples measured sequentially at successively higher temperatures.

TABLE 18. Enthalpy Changes Observed upon Heating Samp]es of
Calcine on Alumina, SEN-1
Enthalpy Change in Irraq1§ted Specimens,
Annealing cal/gid!
Calarimeter Temp., Fluence > T MeV Fluence > T MeV
Type ‘ °C 1.45 x 1020 3.48 x 1020
bC 512 6 .
DSC a00(b) 2.6 2.9
DSC 500(P) - 3.8 4.4
pSC 600 4.4 4.5 .
0C 743 15 -
0C 743(¢) 10 -
968(¢) 2 -
bC 67OE ; . 12
748 . 1
0c 714 - 15
nc 748 - n

a. AH'(125) equaled -3 cal/g at Tp equal to 840°C in DC measurements. In
DSC measurements on unirradiated specimens, 2.5 cal/g were absorbed in
the temperature range 480 to 600°C.

b. AH values are for heat released in temperature range 180°C to this

temperature.
c. These samples were measured sequentially at successively higher
temperatures.

6.20



TABLE 19. Enthalpy Changes Observed upon Heating Samp]es of
Hot Press, SEN-7

Enthalpy Change in Irrad1ated Swecimens,

"Annealing cal/gl?

" Calorimeter © Temp., . Fluence > 1 MeV F1u»nce > T MeV
Type ' °C - -1.45 x 1020 3.48:x 1020
DSC a00(P) ' 7.0 © 7.3

8.1 .
..
DSC 600() 25.1 30.2
28.3 A
oc 838 : 32 ' -
0C s68(¢) - " 30
nalc) - . 0
DC 714 - 28
0C 804 - 34

a. AH'(125) equaled -4 cal/g at Th equal to 838°C in DC measurements.
In DSC measurements of unirradiated specimens, a net heat release of
4.5 cal/g was observed between 425 and 600°C, Figure 4.

b. aH values are for heat released in temperature range below this
temperature,

¢. These samples were measured -sequentially at successively higher
temperatures.

TABLE 20. Enthalpy Changes Observed upon Heat1ng Samples of
Borosilicate Glass, SEN-4

Enthalpy Change in Irradiated Specimens,

Annealing cal/gla
Calorimeter Temp. , Fluence > T MeV Fluence > T MeV

Type °C T 1.45 x 1020 3.48 x 1020
oc © 333 -7 - . -

DSC 350(P. 5.1 5.7
DsC a00(®) 9.5 9.5
DSC s08 7 69 18.1

oc 489 - 18.5
nc - 506 - 23.5
be 510 - - 22 L -

o 510 ' 16 , -

oc 538 ' - , 18

DSC 600(P) 20.7 ‘ 22.6

a. AH'(125) = 4 cal/g at Tp = 510°C in DC measurements. In DSC measurements
there were no irreversible thermal effects.
. b. AH values are for heat released in temperature range below this
temperature. .
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TABLE 21. Enthalpy Changes Observed upon Heat1ng Samp]es
of Borosilicate G]ass, SEN- 5

‘Enthalpy Change in Irra 13ted-$pecimens,

Annealing _ cal/g'd
Cal?rizeter TeTE" F1$?dex>]é2gev F1g?2§ex>1é2gev
Dc 334%5% | 7 -
- 375 1 -
482(P) 6 ]
DSC 350(c) 5.6 6.0
DSC 400(¢) 8.7 9.2
' DSC 500(¢) 15.5 16.5
DC 489 - 17
bC | 506 - 21
DC 510 20 -
DC 510 20 -
DC ' 538 - - | 18
DSC 600(¢) 19.7 19.5

a. AH'(125) = 2 cal/g at Ty, = 510°C in DC measurements. In DSC measurements,
there were no irreversible thermal effects.

b. This sample was measured sequent1a11y at successively higher temperatures.

C. AH values are for heat released in temperature range below this temperature.

TABLE 22. Average Heat Capacity Observed in Samples of
SEN-4 and SEN-5

Average Heat (ipacity

Temperatgre ) (a) cal/g/°l
Range, °C : Quantity Measured SEN-4 SEN-5
75-195 - C'; (unirradiated) 0.203 0.182
75-195 C](irradiated 12 weeks) 0.204 0.16€
125-510 C'2(unirradiated) 0.238 0.202
125-510 Co(irradiated 6 weeks) 0.218 ' 0.206
125-510 Cz(irradiated 12 week) 0.208 0.202

a. See Section 5.3 for definition.
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The energy releases observed in the DSC measurements. were complete at
600°C (the highest temperature used) only for the two borosilicate glasses
SEN-4 and SEN-5. The rest of the specimens continued to evolve heat at
600°C, and complete release was obviously not attained in these cases. How-
ever, when heating was discontinued and the calorimeter temperature was
fixed at 600°C, the AT value quickly returned to zero, showing that the
remainder of the stored energy was being annealed very slowly (or not at

‘all) at this temperature. '

6.2.2 Discussion of Results with Neutron-Irradiated Specimehs

Given here are comments on the interpretations of the experiménta]
results and on comparisons with those reported by other workers.

Other workers have studied neutron-irradiation‘effects‘on both alumina
and silica, and considerable information is available on the growth and
thermal annealing of stored energy and of density changes for these mate-
rials. No reported experimental information is available on radiation
effects in the other sample materials.

SEN-3, Alumina Spheres

The results of our measurements of enthalpy changes upon heating neu-
tron-irradiated specimens of alumina are assembled in Table 15. Also

(20) for specimens of sin-

included are results reported previously by Roux
tered alumina which were irradiated at comparable fluences and temperatures
and then analyzed for enthalpy change with a drop calorimeter operating at

1200°C. Several features of the results are noted:

1. Saturation'of‘stored energy was not reached at the maximum neutron flu-
ences tested--3 to 3.5 x 1020 > 1 MeV.

2. The ratios of the amounts of enthalpy change observed at the lower flu-
ence to that at the higher were épprbximate]y independent of calorimeter
(annealing) temperature at 600°C and above and about the same as that
for Roux's reported data.

6.23




3. The observed changes in enthalpy increased with increasing annealing
temperature as shown by the listed values for the ratio of sur results

to those reported by Roux,(zo)

Considerations of reported literature information led us to conclude:

1. The differences between the amounts of enthalpy change observed at
different calorimeter temperatures resulted from incomplete anneal-
ing of the stored energy below 1200°C (and possii:ly below 14: 0°C).

2. The total radiation-induced enthalpy changes in our specimens were

near those reported by Roux.(zo)

3. An estimate of about 50 cal/g for the total stored energy at approxi-

(20) relationship between

mate saturation can be made using a reported
radiation-induced enthalpy and density changes. Our considerations

which led to these conclusions are discussed below.

First consider whether the difference between the amounts of enthalpy
change reported by Roux and those found in this work might be ascribed to
differences between sample materials and/or between neutron energy spectra.
Germane to these considerations are 1) the report by Roux that there was
a direct .relationship between the enthalpy and the density changes which he
observed in his irradiated specimens and 2) the results of studies of density
changes induced in alumina by neutron irradiations at 60 to 100°C reported by

(25-27) using different sample materials and

several different investigators
exposing their samples in several different reactors. Comparisons of these
reported results indicated that there was no difference between the density
change at a given fluence, >1 MeV, in fhe‘range under consideration in single
crystals and in polycrystalline materials prepared in several different

ways. Also there was no significant difference between results obtained with

irradiations in the ETR or the HIFAR or the RA Reactor. The HIFAR is a tank
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type reactor (Australian) using D20 moderator: The ETR and the ORR afe

tank type reactors using H20 moderator. Roux did not report the reactor

in which his irradiations were made, but it can be inferred from reported
work of others(zs)'that some or all of the AT203 irradiations were in the

RA reactor at Vinca, Yugoslavia.  This is also a tank type reactor with

020 moderator. We concluded that possible differences between the sample
materials and radiations sources did not account for the differences between

the enthalpy changes reported by Roux and those found in our work.

Next consider the fractional annealing of stored energy at temperatures
below 1200 to 1400°C. Reported information on the fractional annealing of
radiation-induced density changes is pertinent here. Specifically, Hickman
and Wa]ker(zs) reported studies of the annealing of radiation-induced density
changes in single crystals of alumina in which specimens irradiated in the
HIFAR Reactor were heated for'1 hr at consecutively higher temperatures
between 200 and 1400°C in 200° steps. Their specimen temperatures during
irradiation were 75 to 100°C and the neutron fluences >1 MeV were 4.4 x 10
to 5.0 x 1020 cm'z. Their results showed that the fractional annealing cor-
responded to 14%, 27%, 48%, 65%, and 90% after heating at 400, 600, 750,

1000, and 1200°C,- respectively, and was independent of the fluence to which
(26)

19

a specimen was exposed. Others have shown that most of the annealing
taking place at a given temperature occurs within a few tens of minutes

after the initial exposure to the temperature.

The values for the fractional amounts of density-annealing at 400, 600,
750, and 1000°C mentioned in the preceding paragraph are near those, listed
in Tab]e 15, for the values of the ratio at these temperatures. Also, and
in particular, the relative values of the ratios at a given fluence are near
those for the relative amounts of densify annealing at the respective tem-
peratures. These agreements Ted us to infer that an approximate linear
relationship between fractional amounts of thermal annealing of radiation-
induced density changes and of stored energy in alumina prevails up to at
least 1200°C. It also led to the conclusion mentioned above that most of
the differences between Roux's and our stored energy data réSu]ted from the
differénces between calorimeter temperatures.
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(25,27) effects of 70 to 100°C irradiations on

‘ density, it can be estimated that an approximate saturation of the density

change at about 1.4% is reached at a fluence of about 1 x ]021 cr 2, >1.0 MeV.*

On the basis of reported

From Roux's relationship between stored energy and volume increase prior to
annealing, it can be estimated that about 50 cal/g would be associated with
the 1.4% volume increase. ' '

SEN-9, Fused Silica

The results of the calorimetric measurements on fused silica are assem-
bled in Table 16.

The amounts of stored energy measured at Th equal to about 1000°C appar-
ently reached saturation at about 35 cal/g during the 6-week irradiation.

(20)

This agrees with the results of Roux who reporfed that saturation was

]9, >1 MeV. Our stored energy values, 31 to

reached at'a fluence of 3 x 10
37 cal/g, are within the range of values reported by Roux for high-fluence
specimens. Roux's calorimeter temperature was also about 1000°C with the

fused silica.

Just as for alumina, it is possible that the actual amounts of stored
energy exceéded those measured at 1000°C. No direct information on this pos-
sibility is available. However, the results of others for the annealing of
radiation-induced density changes in heavily irradiated fused silica indi-
cated that a small fraction (5 to 15%) of the density change remained after -
heating for 30 min at 1000°C.(28’29)
energy also remained after the 1000°C DC measurements. Assuming this was
also in the range 5 to 15%, the total radiation induced enthalpy changes in
our specimens equaled about 40 cal/g.

‘It seems 1ikely that some stored

There were small differences between the heat capacity between 125 and
980°C of irradiated and unirradiated specimens of fused silica after anneal-
ing at 980°C. These differences may have resulted from partial devitrifi-
cation of the irradiated silica during annealing at 980°C. The heat capacity

* The vo]*me continues to increase slowly with increasing fluence above
1 x 1021 cm2,(27)
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ot irradiated and unirradiated material in the temperature range 75 to 195°
(see Table 14) did not differ significantly.

SEN-2, Calcine

The resufts of the varﬁous calorimetric measurements on the.calcine ara
assembled in Table 17.

The het enthalpy changes in this material in the temperature region
200 to 600°C increased from 6.2 to 11,3 cal/g between the 6-week and 12-week
irradiations, showing that stored radiation.energy had not saturated at the
radiation levels studied. Measurements at higher temperatures were not con-
c1usive because of large thermal effects apparently unrelated to radiation
damage. Unirradiated samples showed a large exotherm of +13 + 2 cal/g
occurred between 600 and 1000°C. The maximum enthalpy change in irradiated
samples was 25 cal/g at.975°C (the sum released in the sequential runs at
897 and 975°C for the 6-week jrradiation). No similar data are available
at this. temperature for the 12-week irradiatijon.

The unirradiated material also showed a small enthalpy change of
+1.4 cal/g between 205 and 600°C (see Figure 12). In'addition an endotherm
occurred below 200°C, resulting in an enthalpy change of -4 cal/g. This
endotherm was also observed in irradiated samples but was much smaller,
amounting to only 1.5 cal/g.

The DC results with Th = 897 to 975° also indicated a significant effect
of irradiation on the enthalpy in the case of the 6-week specimens. The
enthalpy changes upon heating in these cases increased by about 10 cal/g
“above the 13 cal/g which prevailed before irradiation. However, the enthalpy
change upon heating the 12-week specimens in this higher temperature range
amounted to only a few calories per gram above the preirradiation 13 cal/g.

The experimental results outlined above suggest that the radiation
defects produced during the 6-week irradiation added tb the disorder already
present to result in the relatively large enthalpy changes during heating at.
897 to 975°C. They also suggest that the longer irradiation caused some
annealing of this disorder.
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SEN-1, A1,0, Coated with Calcine

Results of the various enthalpy-change measurements on samples of
alumina coated with calcine are assembled in Table 18.

Gas was evolved from samples of this material in amounts which caused
swelling of the platinum container-capsule at high temperatures. To avoid
much swelling, most of the DC measurements were made at test'temperatdres
about 750°C or below. The enthalpy change with the unirradiated specimens
was measured only at Th = 840° where the measured value was -3 cal/g.

As with the SEN-2 material, appreciable thermal effects were observed
with unirradiated specimens in DSC measurements (see Figure 11). A small
endothermic reaction ~0.5 cal/g, started at about 60° and continued to 250°.
Unlike SEN-2, a second endotherm of ~2.5 cal/g occurred in the interval
480 to 600°C. The latter endotherm probably resulted from decomposition
of metal nitrates or loss of chemically bound H20.

It is Tikely that several processes including gas evo]utibn and stored
radiation energy release from the alumina and calcine were contributing to
the observed enthalpy changes. Our data are insufficient to separate the
effects of the different processes. In any case, the net enthalpy change on
heating irradiated specimens to 750°C or below appears to have reached
approximate saturation of about 15 cal/g during the 6-week irradiation.

SEN-7, Hot Press

Results of the various enthalpy-change measurements on samples of this
material are assembled in Table 19.

Gas was evolved from this material in amounts which caused swelling of
the platinum container-capsule at high temperatures. To avoid much swelling
with irradiated specimens, DC temperatures were held relatively low.

The SEN-7 material was formed by hot pressing (1000°C) at 50-50 mixture
of quartz and PW-4m calcine (500°C).(3O) The bonding between the hot
pressed constituents was believed to result from the formation of small
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amounts of Na,0-Si0,, which me]ts at about 780°, and Na,-Fe,0,-Si0,, which
2 T2 (31) 275273702

melts at about 760°C.

likely that melting of these contributed.to the.negat1ve entha]py change in

If these phases are, in fact, present, it is

dnirradiated specimens upon heating to about 840°C Other effects caused
the net release of 4.5 cal/g from unirradiated spec1mens in DSC measurements
below 600°C (see Figure 15).

The major crystalline phases in the hot-pressed material prior to irra-
diation were quartz and components of PW-4m calcine. 30) It is

cnown (28529533)

that the effects of high-fluence neutron irradiation on
quartz are similar to the effects on fused silica in the sense that the same’
vitreous phase is formed from each material. The density of this phase at
high dose is greater than that of fused, vitreous silica by‘about 2.3%, and
less than that of quartz by about 15%. Thermal annealing of the heévi]y
irradiated materials apparently produces vitreous silica regardless of
whether the initial material is quartz or fused silica. Accordingly, we
assume that the enthalpy changes upon heating high-fluence specimens of

quartz and fused silica are the same.

If we assume that the release of stored energy by the silica and the
calcine in the irradiated samples of the hot-press material occurred inde-
pendently of each other, we can estimate the contribution of silica to the
observed values of AH, and thus find the contribution of the calcine and/or
of interface materials and reactions. Using our data for the stored energy
released fusion from irradiated silica (Table 6), our estimated values for
the stored energy released from the silica in the high-fluence SEN-7 sample
are ~11 cal/g at 600°C and ~30 cal/g at 800°C.

The observed fe]ease of stored energy from the high-fluence SEN-7
samples (Table 9) were ~30 cal/g at 600 and 34 cal/g at 800°C. The net
release after adjustment for observed thermal effecfs in unirradiated speci-
mens of SEN-7 were ~25 cal/g at 600°C and 38 cal/g at 800°C. Reducing the
net values of stored radiation energy’by the estimated contributions for
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silica in the irradiated samples leaves 20 to 25 cal/g (40 to 50 cal/g of
material other than'silica) at both 600 and 800°C.* These amounts of energy
must be ascribed to stored energy in the calcine and/or reactions between
calcine and silica on heating the irradiated material, i.e., to reactions
promoted by radiation damage in the material.**

SEN-4, Borosilicate Glasses

Results of the various enthalpy-change measurements on samples of this
material are assembled in Table 20. Results of measuraments of the average .
specific heat of irradiated and unirradiated samples are listed in Table 22.

The results of DSC measurements, Figure 13, showed no significant irre-
versible thermal effects upon heating to 600°. The indicated transformation
temperature, Tg (transformation between a glass and a supercooled liquid) is
between 495 and 500°C. The lack of ihreversible thermal effects “ndicated
that the enthalpy of the glass at a given temperature was not sensitive
+(34-36) Rapid relief of stresses in
(34) and it is Tikely that

.stored radiation. energy also anneals: rap1d1y upon heating to and above T _.

to the rate of cooling through Tg'
glasses takes place upon heating to and above Tg

Assuming that this was the case, annealing of stored energy occurred map1d1y
at all the listed ca]or1meter temperatures at 489°C and above. %

The DC measurements on unirradiated specimens at Th 510°C showed an
irreversible thermal effect in which 4 cal/g were evolved. Apparently
changes occurred in the glass during the relatively long times (15-30'min)
that a sample remained at 510°.(36) The nature of this change is unknown.

The occurrence of changes during heating at 510° was also indicated by the

* Similar estimates for the low-fluence SEN-7 sample showed that the amounts
of energy released which wer2 not accounted for by the silica were also
20 to 25 cal/g.

** The indicated amounts of stored energy are much greater than found in
either SEN-2 calcine samples (Table 17) or in SEN-1 samples of calcine
on alumina Table 18. However, the radiation effects in the calcine may
have been enhanced by the strains which must have resulted from the 15%
swelling of the silica during irradiation. Also, the particular heat
and pressure treatments used in the preparation of the SEN-7 material
may have effected the susceptibility to radiation damage.

+ The rate of cooling during manufacture of the glass was 1.5°C/min
while that during the DSC measurement was about 20°C/min.
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changes in the observed average heat capacity of both irradiated and unirra-
diated specimens after heating at 510° in the DC‘(Tablé 21). However, the
information on specific heats is insufficienf for eva]dating the quantity
AH(Ta) - AH(Ti) [see Equation (13), Section 5.3]. The résu]ts of DC experi-
ments in which the specimen was withdrawn from the calorimeter much more
slowly than usual after -the first drop showed no effects of withdrawal rate
on AH and supported the idea that the enthalpy of the glass at a given tem-
perature was not sensitive to the rates of cooling through Tg.

In principle, the DC values should be adested for the AH'(125) value
of 4 cal/g and for possible differences between AH values at different
annealing temperatures before comparing the DC and DSC stored energy results.
(See Section 5.3.) However, as mentioned above, the information on specific
heats is insufficient for evaluating possible differences between AH values
at different temperatures. The agreement among the results in Table 20 sug-
gesfs that any effects of .an appreciable AH'(125) were cancelled by the
effects of differences between effective annealing temperatures.

SEN-5, Borosilicate Glass -

Results of the various enthalpy-change measurements on samples of this
material are assembled in Table 21. Some results of measurements of the
average specific heat of irradiated and unirradiated samples are listed in
Table 22. | ‘

Generally, the discussions and interpretatioﬁs given above for the SEN-4
glass samples apply also to this material and to the enthalpy-change results.
The indicated trénsformation temperature T_ was between 508 and 512°C, about
12 degrees above that for SEN-4 (see Figure 14). It is Tikely that anneal-
ing of stored energy occurred rapidly at all the listed calorimeter tempera-
tures above 500°C. '

As with the SEN-4 samp]es; the DC measurements at 510°C on unannealed
samples of SEN-5 showed an irreversible thermal effect. However, the AH'-
value for SEN-5 was 2 cal/g, one-half that of SEN-4.
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As can be seen in TabTe 22, there is close agreement among all the AH
values obtained at a given calorimeter temperature.‘ There'Were no signifi-
cant differences between the two different neutron exposures. Tk - stored
energy in these specimens, as indicated by bbth the DSC and DC fesu]ts, was
20 cal/g. N - '

Again, in principle, the DC values should be adjusted for the AH'(125)
value (2 cal/g) and for possible differences between AH values at different
effective annealing temperatures before comparing the DC and DSC stored
energy results (see Section 5.3). However, as with the SEN-4 samples, the
information on specific heats is 1nsuffi¢ient for evaluations of possible
difference between AH values at different temperatures. The agreement among
the results in Table 22 suggests that any effects of an appreciable AH'(125)
were cancelled by the effects of differences between efféctive annealing
temperatures. | ’
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7.0 CONCLUSIONS

7.1 PREDICTED AMOUNTS OF STORED ENERGY AND AMOUNTS AND EFFECTS OF
TEMPERATURE EXCURSIONS. IN THE EVENT OF STORED ENERGY RELEASE

The main concerns with stored energy are: 1) that its rapid release
may cause temperature rises which could be excessive with respect to the
effects of high temperatures on the integrity of the waste-container and

on the physical and chemical properties of the solid waétes, and 2) that

the explosive release of mechanical energy accompanying a sudden tempera-
ture rise in the wastes might be of concern.

The results of this study show that large temperature excursions
resulting from the release of the stored energy which may be accumulated
during a perijod of ten years or more at relatively low storage tempera-
tures following reprocessing are not possible. The temperature rises which
could occur under adiabatic conditions and which represent the worst cases
were estimated and are listed in Table 23 for the synthetic wastes included
in this study. The values were calculated using the maximum observed
stored energies and the measured heat capacities, assuming that a spontane-
ous release is triggered at 125°C and that the temperature rise occurs
adiabatically. The maximum fast neutron doses to the calcines in SEN-1,
-2, and -7 samples were equivalent to the damaging radiation doses which
would accumulate- within wastes during about 500 and 10 years following
reproéessing for, respectively, LNR-UOZ'waste and mixed LwR-UO2 (2/3) and
LWR-PuO2 (1/3) waste. The damaging doses to the glasses during neutron
jrradiations were much Tower (Table 10) because the concentrations of
fission product elements in the glasses were much lower; about 1/4 to
1/3 those in the calcines. However, the results obtained with the Cm-
spikea glass samples (similar in composition to the SEN-4 samples) showed
that damaging doses during 23°C storage exceeding those mentioned above
for the calcines would not result in more than about 25 cal/g stored energy
in the glass.
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TABLE 23. Maximum Temperature Rises Resulting
" From Stored Energy Release

Maximum Observed

‘Specimen No. and Fraction Average Maximum
and Observed Heat Capacity, Temperature

Material AH, cal/g cal/g/°C Rise, °C

SEN-1 15--a11 to 0.213 70
Calcine on 750°C : ’
A1203

SEN-2 25--all to 0.140 180
Calcine >900°C ‘ :

SEN-4 23.5--al1 0.208 ~ 113
Glass :

SEN-5 21-all 0.202 - 104
Glass

SEN-7 34--all to 0.219 155 -

- Hot Press >800°C

No serious adverse effects on the waste container or on the physical
and chemical properties of the wastes have been visualized as results of
sudden temperature rises in the amounts shown in Table 23. Also, no serious
mechanical éffects are indicated. Thus, an instantaneous temperature rise
of 250°C in 6.3 ft3 of waste within a 12-in. ID canister would release a
maximum of 1.7 x 105 cal of mechanical ehergy (assuming that the heat .
capacity and compreésibi]ity of the wastes are the same as those for Pyrex
glass). The 1.7 x 105 cal represents an innocuous amount of mechanical
energy. The linear expansion of the wastes resulting from the 250°C AT
would be about 0.1%. The steel walls of the waste canjster would easily

accommodate the stress from this amount of expansion.

The results of this work also.provide means of estimating the amounts
of stored radiation energy (and accompanying hazards) which might accumu-
late during very long storage periods at the same relatively low, or at
higher, storage temperatures,

The buildup of stored energy in the Cm—spiked borosilicate glass did
not reach saturation at irradiation temperatures of 23°C and alpha doses of
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up to 1.35 x 10]8

years storage after reprocessing of LWR-UO2 wastes. However, the increase

a/g; corresponding to the total alpha decays during 1000

of stored energy with dose was very small following a dose of about 6 x

1017 a/g. Linear extrapolation of the experimental relationship between

stored energy and dose in the dose range above 6 x 10]7 a/g indicated about
35 cal/g at 106 years after reprocessing for the LWR-UOz‘wastes [~ 30,000
years for the mixed LWR-UO, (2/3) and LWR-PuO, (1/3) wastes]. Higher stor-
age temperatures resulted in smaller amounts of stored energy in the Cm-
spiked glass samples. These results indicate that the stored energy accumu-
lation in borosilicate glass wastes will be less than ~ 40 cal/g at the
maximum. As discussed above, no serious adverse effects are expected to

result from sudden release of this amount of stored energy.

Extrapolation of our eXperimenta] results for the calcine-containing
specimens SEN-1, -2, and -7 are less clear-cut for several reasons includ-
ing the facts that: 1) irreversible reactions with accompanying enthalpy
changes which were unrelated to stored energy occurred upon heating, and
2) only two neutron doses were employed. However, from the results of
the correlations of our experimental data and of other experimental data
available in the literature, it was estimated that the saturation amounts
gf‘stored energy in these materials would be less than 50 cal/g.*

* The few data which are available on the effects of elevated temperatures
during irradiation on the accumulation of radiation damage show that the
amount of radiation damage a% ? given neutron dose generally decreases
with increasing temperature. 4) “However, in the particular case of alumina,
it has been shown by Keilholtz and coworkers at ORNL that the radiation
damage which is measured by swelling and crystal fracture increases with
temperature in the range 100 to 600°C. This increase is associated with
formation of c]uster? 3f defects. The stored energy associated with the
clusters is unknown.(4

Radiation damage in the alumina in calcine-on-alumina type waste during
storage would result primarily from alpha particle irradiation. We esti-
mated that the number of atom displacements which occurred: in our alumina
samples during the 12-week neutron irradiations was about the same as the
number which would occur during 106 years storage of calcines of mixed
LWR-UO, (2/3) and LWR-PuOp (1/3) waste. Accordingly, even with some
accelerating effects of elevated storage temperatures on the accumulation
of stored energy, it is reasonable to assume that the maximum will not
exceed about 50 cal/g (about twice that estimated for our 12-week neutron
irradiated alumina samples).
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7.2 COMPARISON OF THE EFFECTS OF ALPHA AND NEUTRON -TRRADIATION

The observed amounts of stored energy with speciméns of Melt 72768 at
high alpha doses and with SEN-4 (which had the'same composition as the alpha-
irkadiated Melt 72-68 material) were in close agreement. The alpha-irradiated
specimens contained 23.5 cal/g af the highest dose administered, and the
neutron-irradiated specimens contained 21 to 23 cal/g. In both cases the
stored energy was near saturation. - .

The stored energy appears to approach saturations at lower neutron
doses than with alpha doses. The calculated neutron-recoil damage energies
at the neutron fluences at which SEN-4 was irradiated are 1.4 and 3.6 x ,
1022 eV/g (see Sections 4.2 and 5.2.1.6). Alpha-RN damage energies equiva-
lent to the neutron fluences are attained at 1.4 and 3.6 x 1017 o/g (assum-
ing damage energy of 100 keV/a-RN). Comparisoh of the stored energy values
observed at the two neutron fluences and with alpha irradiated specimens at
equivalent doses is shown in Table 24. The apparent underestimate of the
neutron damage energy is probably due in part to ignbring, in the calcula-
tions, the fission product element recoils with primary energies less than

0.025 MeV and the recoils of the low atomic weight elements.

TABLE 24. Comparison of Stored Energy(c) for Neutron and Alpha
Irradiations at Equivalent Damage Energies(a

Estimated Stored Energy cal/g
Neutron Recoil SEN-4 Melt 72-68(b)
Damage Energy, (Neutron (A1pha

1022 eV/g Irradiated) Irradiated)

1.4 20.7 12.3

3.6 _ 22.6 : 18.6

“a. At 600°C annealing temperature.
b. Values taken from Figure 7. Conversion to equivalent
neutron damage energy based on 100 KeV/-RN.
c. In cal/g. -
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