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NOMENCLATURE

The fraction of weight which is 002 (0.44 for CaGO3 and 0.1324

for Kapitzke concrete)

Constants represent the ratio between the weight lost during thermal
decomposition and the weight of dried solid (dimensionless)

Weight of carbon dioxide released (g) in each time period (2,4,6,8...)

The fraction of sample weight which is 002 (0.44 for CaC0, and 0.2161

for Kapitzke concrete)

Molecular weight of carbon dioxide (44 g/mole)
The density of germ nuclei (nuclei/cma)
Atmospheric pressure (1 atm)

Gas constant (82 mi-atm/mole+K®)

Reference 24

Reference 25

Absolute temperature (°K)

Volume of carbon dioxide released (mi) in each time period
(2,4,6,8...)

Initial weight of the solid sample (g)

Weight lost during thermal decomposition (g)
Weight of dried solid (g)

Weight of the solid sample (g) after time t

A constant (dimensionless)

The interplanar spacing distance

Gram

The Miller indices

Time intervals (2,4,6,8,10,...)

A constant velocity of propagation (cm/sec)



k k"

The rate constant for nucleus formation (seconds_l)
Milliliter

The integer number (1,2,3,...etc.)

Time from start of thermal decomposition (seconds)

The cumulative value of fractional decomposition

Fractional decomposition of solid in time i (dimensionless)
An angle of incidence

X-ray wave length



1.0 INTRODUCTION

The U.S. Atomic Energy Commission reported on October 25, 1966 that
on February 16, 1966, damage to one of the eight-inch beam tubes of the
1 MW fuerto Rico Nuclear Center Research Reactor had occurred. This was
due to a high pressure release in the tube which was made of solid barytes
concrete completely enclosed in a 1/4" thick aluminum can. According to
the AEC report (16), the cause of the pressure build-up was not known,
Possible causes envisioned by the writer include either a gas producing
concrete reaction or radiation induced decompesition of the concrete also
producing gaseous products. Another incident also occurred (17). In this
incident, a radiation shield plug ruptured within an 8" beam tube at a
1-MW pool type reactor facility., The "explosion" caused one end plate on
the plug, as well as the welded-end disc on the beam tube, to be driven
againet the reactor; the core, however, was not damaged. The shield plug
was again constructed of baryt concrete hermetically sealed within a
1/4"-thick aluminum jacket. Although the cause of this incident has not
been established conclusively, suspected causes again include:

a. Gas formation accompanying aluminum corrosion by the concrete

b. Radiation-induced decomposition of water to produce gaseous

hydrogen and oxygen.

Concrete is, of course, a basic construction material in nuclear
reactor shielding, Carbonate compounds constitute some of the important
components of this important material. Heat and radiation may decompose
the carbonate, generating carbon dioxide, which could cause disruption and
other degradation of the concrete used in nuclear reactor or other types

of radiation shielding.



This research is concerned in part with a study of the non-equlibrium
reaction kinetics of the thermal decomposition of irradiated and non-
irradiated kapitzke concrete (1) and calcium carbonate in an inert
atmosphere of helium gas. The dynamic reaction was followed by measuring
the concentration of carbon dioxide released according to the following
relation

CaCO3 T Ca0 (solid) + 002 (gas)

This research is also concerned with a study of the evolution of hydrogen
gas due to the reaction of Kapitzke concrete with aluminum in the presence

of water. Hydrogen gas is evolved according to the following relations

Al + A1 4 3e” (1)
- +
31,0 > 30H + 3H (2)
+ -3
SH +3e <3H, , (3)
or in summary
Al + 3H,0 » Al(OH), + 2 H (4)
2 3272 ¢

Effects of gamma radiation on the kinetics of thermal decomposition
have previously been studied at KSU for manganese carbonate and zinc carbo-
nate (2) based on the relation:

Y

Alsolig) Fadiation, oo 11d4) + C(gas) (5)

where B is insoluble in A. There are available several different methods
of analyzing carbon dioxide released in the above decomposition reaction.
Thermogravimetric analysis and measurement of carbon dioxlde pressure have

been used to study equilibrium and non-equlibrium reaction kinetics lor



irradiated or nonirradiated carbonates (2), Gas chromatography can also
be used for analysis of carbon dioxide released during decomposition. This
latter procedure is comparatively fast and easily applied; therefore gas

chromatographic techniques were used in this research,



2.0 THEORY AND REVIEW OF LITERATURE

2.1 Kinetics of Thermal Decomposition of Solids
2,1,1 General Form of the Decomposition Curve and Descriptive Terminology
The decomposition of solid carbonate compounds can be represented by the
isothermal reaction

T = Constant
A(solid) > B(solid) + C(gas) (6)

The decomposition can be described in terms of the fractional decom-
position (&) or equivalent quantities (%%, .v+, etc.) as a function of time,
A typical decomposition can be described as follows (see decomposition curve,
a vs. t, Fig. 1 as presented by Young (2)).

The A portion of Fig. 1 represents an initial rapid evolution of gas.
This feature is limited to 0.1-5.0 per cent of the total decomposition. The
curve is first order and the activation energy is generally about 3-5 kcal
mole-l.

The B portion of Fig. 1 represents the induction pericd. This region
is characterized by a slow evolution of gas. The curve is approximately
first order decay with an activation energy of about 31 Kcal mole_l.

The C portion of Fig. 1 represents an acceleration pericd. This portion
normally extends up to fractional decomposition (ui) between 10.0-50.0 per
cent of the total thermal decomposition, though ai—values above this range
are possible. The analysis of this portion yields the most significant
information concerning the decomposition of the solid. It is customary to
fit expressions of the form

a = f(exp kt) (7)

or

a = £(kth) (8)
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to the acceleratory period. Good fits to experimental data have been
obtained with these simple expressions, but in some cases it is necessary
to compromise and to introduce (to) as an additional adjustable parameter,

such that
a = f(t - to)“ (9)

The D portion of Fig. 1 represents the decay period. This portion is
both more difficult to analyze satisfactorily and less valuable for inter-
pretation of the decomposition kinetics. It depends markedly on the details
of the particle size distribution present at this stage of the decomposition.
However, if particle size effects can be eliminated, Section D can normally

be analyzed according to a power function relation (3), e.g.,
: 3
a=1 -exp(-k'Not ) (10)

the transition region between sections C and D defines the maximum rate of
the decomposition and contains the inflection point (ai, ti).

The dotted portion D' in Fig. 1 represents the actual value of D. In
particular, for values of o greater than 0.98 the experimental curve is
frequently observed to fall significantly below the values D'. This
deviation, lettered E in Fig. 1, is termed the retention. It is evaluated
by assuming the analytical function applicable throughout the major portion
of D is valid up to a = 1.

The common phenomenon of a lack of reproducibility of the decay period
at high degrees of decomposition arises from a combination of particle-size
effects, a reduction of chemical reactivity by poisoning or sintering, or

a chemisorption of product gas on the solid product.



2,1.2 The Topochemical Nature of Solid Decomposition

In the past the analysis of decomposition curves, particularly in the
acceleratory period, has been based chiefly on geometrical principles rather
than on mathematical analysis. This approach was mainly due to the work of
Langmuir (4) on the dissociation of calcium carbonate into two solid phases,
Ca0 and CaCOs. In order that CaCO3 may dissociate and form a separate Ca0
phase rather than a solid solution, the reaction must occur only at the
boundary between the two phases.

In subsequent studies on decomposition, Hinshelwood and Bowen (5)
discovered that the activation energy cannot be calculated directly from
the temperature coefficient of the reaction without correction for varia-
tions in the extent of the reaction interface. This surface should not
necessarily be identical with the external surface of the crystal. They
further showed that with ammonium dichromate light crushing of partly
decomposed material exposed fracture planes covered with reaction product;
whereas on further grinding the interior regions of the particles were left
unchanged. An observed increase in the initial reaction rate on grinding
was found to be larger than that, which could be explained by the increase
in the surface area alone; thus indicating the creation of "internal
surfaces."

MacDonald and Hinshelwood (3) applied the new concept of reaction
nuclei to solid decomposition. They adduced indirect evidence for the
formation and growth of autocatalytically active nuclei with silver oxalate,
They argued that the autocatalysis required to account for the acceleration
in the thermal decomposition of silver oxalate for the acceleratory period

could be due to elther an increase in the surface area of the solid or to



the presence of nuclei of the product silver. Since this acceleration was
not eliminated by grinding the silver oxalate, they concluded correctly that
nuclei were formed and grew. They also showed that nucleation occurred on
the external surfaces,

Roginskii and Shultz's work (3) also supported the theory of nucleus
formation and growth for decomposition of potassium permanganate. Evidence
of the existence of nuclei was further provided by the work of Kohlschiitter (3)
and Garner (f). According to their development, it was clear that the concepts
of nucleus formation and growth by interfacial mechanism could account for
the kinetics of the acceleratory periced,

According to the topochemical model (3), the decomposition of solids
is initiated by formation and growth of nuclei. These nuclei are formed on
the crystal surface and grow at constant radial rates above a critical
dimension, The rate of nucleation may be zero, constant, proportional to
time or to (time)z, providing a range of power law expressions,

The concept that the reaction interface advances at a constant rate
has been confirmed in the majority of cases, but there do exist important
deviations from this ideal behavior. Trapping probabilities and possibility
for escape of the gaseous product are major influences on the locus of nucle-
ation in solid decompositions. One of these deviations, which arises from
impedance to the release of the gaseous reaction product by layers of solid
product, has been accounted for by Topley and his co-workers ( 8). Another
deviation from the constancy of interfacial advance was found with the growth
of small nuclei by Bright and Garner (3). In their study, small nuclei appear
to grow more slowly than large nucleli. On the other hand, Cooper and Garner

(9) have shown that small nuclei grow more rapidly than large nuclei. There



is a certain amount of evidence that this difference arises from minor
and different to distinguish changes in the interfacial conditions.

The important mathematical development of the topochemical model was
given by Mapel (3 ). In his treatment, nucleation and growth in systems
consisting of spherical micro crystals was considered. Fach spherical
particle was divided into concentric shells. The problems of overlapping
and ingestion of germ nuclei were treated by using probablility considerations.
Integration over all shells gave the fractional decomposition, a(t). Mapel's
expressions for the fractional decomposition were of an integral type.
However, numerical computer integration techniques are commonly available
today for rigorous solutions. With a few simplifying assumptions, Mapel's
expressions can be reduced to arrive at more usable simplified expressions.
These simplified forms (2) are as follows:

(1) For particle radius r = 1 and small values of (t) the fractional

4
decomposition is proportional to (t ), therefore

po=gt (11)
where a is a constant,
(2) For large particle radius (r), there is time for the surface to
become completely nucleated before marked penetration occurs.
Thus a contracting sphere geometry is rapidly attained and the

decomposition conforms to the equation

k t
i & o |3
o = 1 [l o } (12)

where ko is a constant velocity of propagation cm/sec.
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(3) For small particle radius (r), the decomposition is governed by
the equation
¢n (1 - a) = a - kt (13)

where a 1s a constant.

2.2 Radiation Damage in Crystalline Solids

2.2.1 The Interaction between Radiation and Crystalline Solids

The interaction of energetic radiation with matter can be classified
according to primary and secondary effects (2). The primary or direct effects
include the displacement of electrons (ionization), atoms from lattice sites,
excitation of both atoms and electrons without displacement, and the trans-
mutation of nuclei. Primary effects can be produced by irradiation with
energetic charged particles producing both primary atomic displacement and
ionization. Irradiation with gamma-rays produces only ionization as a primary
effect and atomic displacements only to a negligible extent. Irradiation with
neutrons produces ionization only as a secondary process, the primary process
being atomic displacement. The secondary effects are due to further excita-
tion and disruption of lattice structure by electrons or displaced atoms
produced as a primary effect. However, the most important effect of gamma-
rays in solids is the ionization phenomenon.

The interaction of gamma-rays with matter occurs primarily by means
of three mechanisms, the photoelectric effect, Compton scattering, and
pair production. These three processes are necessary to give an accurate
description of the absorption and scattering of gamma-rays in matter. .The
. energy ranges of gamma-rays for the three processes are respectively 0.1 MeV,
0.1 to 10 MeV, and greater than 1.02 MeV. The atomic cross section for each

process at a given energy depends on the atomic number, Z, of the absorber.
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For reactor gamma-rays, 6OCO gamma-rays, and fission product sources, the
Compton effect has the predominant cross section, except for absorbers of
very high atomic number.

In general, radiation causes different types of defects in solids.
These defect types may be summarized as follows (10):

(a) Vacancies: This defect may result from displacements caused
by collisions of energetic particles with the atoms in a solid lattice.

(b} Interstitial atoms: Atoms displaced from their lattice sites
may stop in interstitial locations.

(¢) Ionization effects: Charged particles passing through a solid

may cause extensive ionization and electronic excitation leading to bond

rupture.

2.2.2 The Effects of Radiation on CaCO3

The passage of gamma rays through calcium carbonate (ionic crystal)
may cause extensive lonization and electronic excitation leading to bond

rupture (11). It may be postulated that CO2 evolution and CaO formation

results from the reactions

CO3W-? CO2 + 0

ca't & 0"

> Cal
Neutron irradiation may cause lattice damage through atomic displace-
ment. These displaced atoms are energetic charged particles and can cause

electronic excitation and ionization, leading tec bond rupture.
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2.2.3 Reported Effects of Radiation on the
Decomposgition of Crystalline Solids

As noted in the previous section, nuclear radiation can induce decom-
position of crystalline solids by creating crystalline defects and the
breakage of chemical bonds in crystalline solids. Allen and Ghormley (12)
have shown that barium nitrate decomposes when exposed to ionizing radi-
ation, yielding nitrate ion and oxygen upon disolution in water. Henning,
Lees, and Matteson (13) have shown that sodium nitrate, potassium nitrate,
and potassium chlorate exhibit decomposition when subjected to irradiation
from 2-4 weeks in Argonne's heavy-water reactor. In this case decomposition
results from electronic ionization and excitation rather than from the
displacement cof atoms by elastic cellision.

Labelle (2) studied the decomposition of powdered magnesium and zinc
carbonate before and after pre~irradiation with gamma radiation. The
irradiated carbonates exhibited an increase in carbon dioxide production
rate during the first ten minutes of their decomposition over unirradiated
carbonates. Figures 2-3 show G02 production rates at 345 °C as a function

of time for unirradiated MnCO. powder and for 9.45 Mrad pre-irradiated

3

MnCO, powder.

3
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3.0 DESCRIPTION OF EXPERIMENTAL APPARATUS

A gamma irradiator, a high temperature furnace, and a gas chromatography

gystem were used in this research. This equipment is described below.

3.1 The Gamma Irradiator

A "Gammacell" -- 220 designed by Atomic Energy of Canada, Ltd., and
loaded with a 3,963 curies of 60Co source on March 15, 1965, was used to
irradiate the samples during this research. Inside the cell, the source
is in the form of a hollow circular cylinder located inside a thick walled
ghield. The irradiation chamber (inside dimensions are 6 inches in diameter
by 8 inches in length) is located on a movable cylinder that can be elevated
for insertion or removal of a sample and lowered for irradiation of the sample
within the circular cylindrical source of 6000. The irradiation chamber can
be actuated by an electric timer permitting sample irradiation for a preset

time in seconds, minutes or hours.

3.2 The High Temperature Furnace

A LECO (Laboratory Equipment Corporation) model 540 resistance furnace
was also used. The model 540 contains two combustion tube furnaces with four
silicon carbide heating elements, two of which are above the combustion tubes
and two below. The furnace incorporates coarse and fine heat controls to
maintain the proper level of power to the heating elements. A maximum tem-
perature of 3000 °F can be maintained with this furnace. To detect and
control furnace temperature, a platinum-rhodium thermocouple was used. For
this research, the thermocouple was connected to a Barber Coleman 292 PF

Capaclitrol on-off type temperature controller. This controller automatically

maintained the furnace temperature within + 10 °F of the set point at 1621 °F.
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3.3 The Gas Chromatography System

A Varian Aerograph Model 90-P3 Gas Chromatograph with associated
strip-chart recorder, Model 30 was used to produce a quantitative analysis
and record of the gas yields during thermal decomposition of CaCO3 as well
as the Kapitzke concrete.

The Model 90-P3 gas chromatograph includes the detector (thermal con-
ductivity, four-filament, tungsten type), adsorption column temperature
control oven and various other gas flow and temperature controls. The
chromatographic column, a 40 foot length of 1/4 inch diameter copper
tubing was packed with 6Q0/80 mesh silica gel.

The chromatograph thermal conductivity detector indicates and measures
the amount of separated components in the carrier gas due to the difference
in thermal conductivity of the various gases. The detector is adjusted to
zero when pure carrier gas, helium is present. Carrier gas flow rate in the
work was adjusted to 50 ml/min.

The detector was designed for use with a strip chart recorder to obtain
a permanent record of the results. The recorder was restricted to 1 mV full
gcaley however the amplitude of the output signal to the recorder was
controlled by an attenuator permitting attenuation of the detector voltage

by factors from 2 to 512.
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4.0 EXPERIMENTAL PROCEDURE

The experimental procedure consisted of packing a carbonate sample in
a stainless steel 'boat' particularly designed for this work, drying the
sample in a furnace to a standard condition and finally irradiating the
sample using the gamma irradiator and/or KSU TRIGA Mark II Reactor. A
sample was then decomposed in the high temperature furnace. A quantitive
analysis of carbon dioxide content was carried out using a gas chromatograph
system,

In these experiments calcium carbonate and Kapitzke (1) concrete (in
powder form) were used. The powder samples were passed through a 200 mesh
screen to remove any coarse particles and after preliminary drying were
atored in tightly astoppered bottles.

Stainless steel "boats" (2.25 inches in length, 3/8 inch width) were
ugsed to hold the samples during irradiation and decomposition. The stainless
ateel "boat" was packed with the sample by a vibrational technique until it
was filled to an approximately constant weight for each sample type.

Next the sample was final dried, for 24 hours using a furnace operating
at 220 °F, to remove adsorbed moisture. After final drying, the sample was
again placed in a tightly rubber stoppered glass vial as shown in Fig. 4.

For irradiation purposes, the stainless steel "boat" containing the
dried sample was put in a glass bottle. The glass bottle was then tightly
sealed with aluminum foil and capped with a cap through which a hole had
previously héen drilled (see Figs. 5-6). To fix the location of the bottle
in the irradiator the bottles were ingserted in the cells of a plastic sample

holder. The plastic sample holder was centered in the "Gammacell" chamber
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Fig.

bl

View of a rubber stoppered glass

vial containing the sample.
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Fig. 5.

View of the glass bottle with aluminum
foil seal, sample, and cap with drilled
hole before irradiation.
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Fig. 6.

View of the capped glass bottle

with aluminum foil seal after
irradiation in the "Gammacell."
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during irradiation. The above procedure was followed for irradiation of
both caleium carbonate and Kapitzke concrete with gamma radiation. In
addition the Kapitzke concrete was subjected to reactor radiation. In this
case sealed plastic bottles containing the Kapitzke concrete were placed in
one of the thimbles of the rotary specimen rack of the KSU TRIGA Mark II
Reactor.

A schematic diagram of the system used for thermal decomposition of
calcium carbonate and Kapitzke concrete is shown in Fig. 7. In each ex-
periment an unirradiated and/or irradiated sample in its stainless steel
"boat" was centered in the isothermal region (2.25 inches in length) of
the high temperature furnace inside a stainless steel tube as shown in
Fig. 5. The carbon dioxide released due to thermal decomposition of the
sample was carried from the stainless steel tube through copper tubing to
the gas chromatograph by helium gas flowing at 4-5 ml/min. The chromatograph
injection system was then used to inject 1 cm3 samples from the flowing stream
into the chromatograph for carbon dioxide analysis. The time between two
successive Injections was two minutes, This sampling and analysis procedure
was followed for one hour or until the completion of decomposition.

The operating conditions of the 90-P3 gas chromatograph were as shown

in tables 1-2 following.

Table 1. Operating conditions for the Column

and Detector in 90-P3 Gas Chromatograph.

Operating Parts Transformer Settings Temperature

Column Dial on 34 290 °F

Detector Dial on 17 170 °F
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Table 2. Operating conditions for carrier gas, filament, and

attenuator in 90-P3 Gas Chromatograph.

Operating Parts Scale Reading Equivalent Reading
Carrier gas (helium) 30.05 50 ml/min.
Filament Current Meter 200 mA
Attenuator Dial on 32

The gas chromatrograph was absolutely calibrated for the equivalent measure
of carbon diloxide gas in a helium-carbon dioxide gaseous mixture. A detalled
description of the method is given in Appendix A.

Analysis was made of the atmospheres present in-the bottles used to
hold samples prior to thermal decomposition both unirradiated and irradiated
samplea. In this procedure, 1 cm3 samples of the atmosphere in the bottles
were taken with a gas tight syringe and injected into the chromatograph for

analysis of the carbon dioxide content.
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5.0 PRESENTATION OF DATA

Unirradiated powdered calcium carbonate was thermally decomposed at
1621 °F. Powdered calcium carbonate samples were subjected to radiation
doses of 16.03 Mrad, 21.2 Mrad, and 31.2 Mrad of gamma radiation prior to
decomposition. A quantitative analysis of the carbon dioxide content was

performed as noted earlier and the volume of CO, produced by the decom—

2
position was converted to mole percent carbon dioxide using the absolute
calibration curve of Appendix A. The carbon dioxide flow rate was

determined using the mole fraction carbon dioxide in the sample carrier

gas, l.e., Ehe computed mole fraction from the calibration curve, multiplied
by the flow rate of the sample carrier gas. The flow rate of carbon dioxide
was divided by the initial dry weight of powdered calcium carbonate to obtain
the carbon dioxide production rate as a function of time (ml/mineg dried
sample). Graphs of the carbon dioxide production rate vs. time were plotted
in the form of histograms at the decomposition temperature, 1621 °F, as shown
in Figs. 8-11.

Samples of unirradiated and irradiated powdered Kapitzke concrete were

gstudied in a similar treatment. Powdered Kapitzke concrete samples were
16 n

subjected to radiation doses of 12.2 Mrad and 54.95 x 10 —5 > 24,7 Mrad
cm
and 11.11 x 1018 —EE-, and 19.93 Mrad prior to decomposition at 1621 °F.
cm

Histograms of carbon dioxide production rate for the concrete at the
decomposition temperature are shown in Figs. 12-15,
All results are also presented in tabular form in Appendix C for both

powdered calcium carbonate and Kapitzke concrete.
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6,0 Discussion of Results and Conclusions

1. The carbon dioxide production rate as a function of time for
powdered calcium carbonate exhibits a rapid rise to a maximum rate in the
firat ten minutes of decomposition. This behavior can be related to a
rapid initial decomposition of the surface of the carbonate and mixing of
the carbon dioxide with helium carrier gas stream. This behavior is in
good agreement with the A portion (initial evolution of gas) of the
isothermal decomposition curve (Fig., 1). After the initial rapid rise,
the carbon dioxide production rate exhibits a gradual decline from the

maximum, This behavior can be ascribed to completion of decomposition at

the surface of the carbonate particles. Similar results were obtained with

powdered Kapitzke concrete, except in this case the maximum in the 002
production rate was obtained within the first two minutes after initiating
decomposition.

2. The powdered calcium carbonate and Kapitzke concrete showed no
evidence of reduction in carbon dioxide diffusion rate due to sintering or
formation of hindrances to flow in the pores between the powder particles,
This conclusion is based on the uniform gradual decline of the carbon
dioxide rate as shown in Figures 8-15. If the process were diffusion
limited it would be expected that the gas evolution curve would rise to
a maximum and then hold at the maximum to produce a plateau over a
significant period of time.

3. Powdered calcium carbonate during decomposition at 1621 °F was
found to shrink and exhibit surface granulation. This shrinkage can be

attributed to the presence of the metallic oxide, CaQ, which crystallizes

32
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into a sodium chloride type structure after decomposition of hexagonal crystals
of the CaCOB. Similar results were obtained with heated powdered Kapitzke
concrete. A photograph of a heated powdered calcium carbonate sample is

shown In Figure 16. Granulation and shrinkage is evident in the photograph.

4, The carbon dioxide production rate, expressed as volume per unit
weight of dried sample prior to decomposition, was used to obtain an indi-
cation of the uniformity of packing of the sample, its composition and size
of the sample particles. According to this criterion, it was found that the
total carbon dioxide produced per unit weight of the dried sample exhibited
a deviation from the average value of from 5.8 to 28.1% for powdered calcium
carbonate and from 4.6 to 15,8% for powdered Kapitzke concrete. These
deviations indicate probable non~uniformity in the composition and size of
the sample particles and/or in the vibrational packing of the sample prior to
heating and decomposition,

5. Compared with unirradiated samples thermal decomposition of calcium
carbonate irradiated with Co-60 gamma-ray radiation and Kapitzke concrete
irradiated with Co-60 gammz-ray radiation and both KSU TRIGA reactor gamma-
ray radiation and neutrons, show an initial decrease in carbon dioxide
production and then increasing production with increasing dose (see Figs. 8-15).
This observation was based on the first ten minutes of sample decomposition of
calcium carbonate and on the first two minutes of sample decomposition of
Kapitzke concrete., This effect can be related to the deposit by gamma-
radiation and/or neutron radiation, of energy in the sample which produces
damage to the crystal structure. This conclusion is based on the observation
that neutron irradiation causes significant changes Iin the physical and mech-

anical properties of concrete, its component aggregates and its cement paste (21).



Fig.

16.

View of the powdered calcium carbonate

heated for one hour at 1621°F
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For both types of samples it is observed that as the gamma-ray radiation
dose increases, the susceptibility to thermal decomposition passes through an
apparent minimum and then begins to increase. For CaC03 at a dose of about
30 Mrad the external decomposition is significantly above that noted for the
unirradiated material. This behavior may result from eventual break down of
the thermal decomposition resistant structure with increasing radiation dose.
Neutron and gamma-ray irradiation of Kapitzke concrete samples (gamma dose
12.2 Mrad; neutron fluence, 5.5 x 101? neutrons/cmz)* showed, compared to
samples receiving the same gamma-ray dose (from Co-60) a further decrease
in carbon dioxide production compared to unirradiated samples. However with
an increase in gamma-ray dose and neutron fluence, the carbon dioxide pro-
duction rate increased over that noted at the same gamma-ray dose in the
absence of the neutron fluence (gamma dose, 24.7 Mrad; neutron fluence,

1.11 x 1019 n/cmz). The effects of gamma-ray and neutron irradiation
appear to be additive in terms of the effect on the rate of carbon
dioxide production.

A graphical representation of the total carbon dioxide production
versus gamma radiation dose is shown in Figures 17-18 for both powdered
calcium carbonate and Kapitzke concrete.

6. Gas chromatographic analysis of the atmosphere in the bottles in
which the powdered calcium carbonates were irradiated showed only trace
quantities of carbon dioxide similar to that present normally in the atmos-
phere. Analysis of the atmospheres in bottles in which unirradiated powdered

calcium carbonate samples were enclosed for times equivalent to the irradiation

times, showed no carbon dioxide release above that present in the atmosphere.

*The fluences noted in the text and graphs are thermal neutron values; fast
fluence is about an order of magnitude lower (22).
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Thus calcium carbonate does not spontaneously decompose to a detectable degree
at 68°F. Chromatographic analysis of the atmospheres present in irradiated
and unirradiated bottles, in which powdered Kapitzke concrete were enclosed
showed no carbon dioxide release in either case. Thus the decomposition of
powdered Kapitzke concrete due to the irradiation or due to spontaneous decom—
position at 68°F temperature was not present to a detectable extent.

7 It is expected that many of the questions raised by this research
could be answered If a determination of what and the relative amount of the
various compounds present in unirradiated and irradiated concrete samples
could be determined. It is known that this type of analysis can be carried
out with difficulty using X-ray diffraction patterns. This technique,
determines by comparison of an X-ray photograph or diffractogram for the
sample substance with a library of diffractograms of known substances the
substances and the relative amounts present. X-ray diffraction procedures
presented in Appendix B, can be used for concrete analysis but because of
the extreme difficulty inherent in applying this technique when only subtile
changes are occurring in composition, it was not practical to apply this
procedure in this study.

8. The fractional decomposition, o, was calculated using two different

methods. In the first method, a was calculated from a knowledge of Ci as

follows:
C =.‘ii'_}1..r;
i RT
where C, = weight of carbon dioxide released (g) in each time

i
period (2,4,6,8,...)

Vi = Volume of carbon dioxide released (ml) in each time

period (2,4,6,8,...)



M = Molecular weight of carbon dioxide (44 g/mole)
P = Atmospheric pressure (1 atm)

R = Gas constant (82 ml. atm/mole.°K)

T = Absolute temperature (°K)

i = Time intervals (2,4,6,8,10,...)

and
&= KC;(E(”;)
o
where K = The fraction of sample weight which is C02 (0.44 for
Ca003 and 0.2161 for Kapitzke concrete)
a, = Fractional decomposition in time i (dimensionless)
Wo(g) = Initial weight of the solid sample (g)

i = Time interval (2,4,8,10,...)
The cumulative value of o for the time periods, 2 to n is

n
s= 3 a
i=2

i
n=2,4,6,8,...
In the second method, o was calculated for both calcium carbonate and
Kapitzke concrete according to the following procedure:
(a) A carbonate or concrete sample was heated for different time
periods (2,5,10,15,20,...60 minutes) at 1621°F and L the

weight of the sample at time 1, measured.

(b) o, the fractional decomposition was then determined as
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a=° i
AW
0
where W0 = Initial weight of solid sample (g)
Wi = The weight of the sample at time i = 2,5,10,15,...60 minutes.
A = The fraction of sample weight which is 002 (0.44 for CaC03

and 0.1324 for Kapitzke concrete (Appendix D)).

Comparison of values of o calculated by the two methods exhibited a
difference; the values of o determined by the first method were in all cases
less than those obtained by the second. The difference in the two results
can be explained 1f it is assumed with respect to the sample subjected to
the second method that during the weighing process when a sample was cooled
to room temperature, weighed and then reheated to 1621°F, suface decomposed

material (Ca0) cracked and exposed a new CaCQ, material which subsequently

3
decomposed during further heating cycles. Since the cubic Ca0 and hexagonal

CaCO, crystals had different coefficients of expansion this result would be

3
expected. Values of o calculated by the two methods are plotted in Figures
19 and 20 and are tabulated in Tables 9-10 of Appendix C. (The plots lie in
the region of initial gas evolution (see generalized decomposition curve,
(Fig. 1)) thus both methods indicate that the thermal decomposition of

both calcium carbonate and Kapitzke concrete occurs only at the surface or
near surface layers of the powder particles. This conclusion indicates

that the interior layers of both the calcium carbonate and Kapitzke concrete

particles have a strong structure which resists thermal decomposition once

they are coated with decomposition product, i.e. Ca0 (18).
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9, Powdered Kapitzke concrete was mixed with powdered aluminum metal
and water in a plastic bottle. Within a period of ten minutes following
mixing, a vigorous chemical reaction was observed. Hydrogen gas evolved due
to the reaction (equations 1-4) was detected by observing the glow and pop
cbtained when a wood ember was introduced into the plastic bottle. A similar
mixing process was carried out using powdered 2zinc metal and iron metal. A
slow reaction was observed in the mixture containing powdered zinc metal
while no detectable reaction was observed in the mixture containing iron
metal over a period of several days.

The vigorous chemical reaction in the presence of aluminum indicates
that concrete canned in aluminum can produce a high-pressure release due
to chemical reaction between concrete and aluminum metal in the presence
of water. This observation provides an explanation of the high pressure
gas release noted in the beam tube of the Puerto Rico Nuclear Center
Research Reactor (16) and to the similar release noted in a radiation
shield plug ruptured within an 8" beam tube at 1-MW pool-type reactor

 facility (17).
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7.0 Suggestions for Further Study

In this work, a cutting and weighing integration technique was used
to analyze the chromatographic output. This technique is time consuming
and therefore it is suggested that an electronic digital integrator capable
of fast, precise analysis be purchased and used in future work.

Further work should be performed to study the thermal decomposition
of mixtures of calcium or powdered Kapitzke concrete and aluminum metal.
Further work should also include a study of calcium carbonate and concrete
encapsulated in aluminum containers., The effect of both radiation (gamma-
ray and neutron irradiation) and heat on the buildup of gas within the

closed containers is worthy of study.
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APPENDIX A

The Calibration of the 90P3 Gas Chromatograph

According to the procedure described below, the 90P3 Varian gas
Chromatograph was absolutely calibrated for the quantitative analysis of
carbon dioixde in a helium carrier gas. The purpose of the calibration
was to provide a graphical relation between known concetrations of carbon
dioxide in a helium-carbon dioxide mixture and the corresponding weights of
the integrated chromatographic output.

The method used for calibration was as follows:

(1) Known concentrations of carbon dioxide and helium gas were prepared
from commercial compressed gas cylinders using suitable gas regulators and
flow meters. The flow rates of the standard carbon dioxide and helium gas
were geparately measured using an RGI~F1100 flowmeter (19) (the calibration
curves of the flowmeter are presented in Fig. 1lA). The two gases were then
mixed together and passed to the injection system on the gas chromatograph
through a tubing arrangement as shown in Fig. 24,

(2) The chromatographic output was obtained in the form of Gaussian-
shaped peaks for carbon dioxide on a 1 mV scale strip chart recorder. Peak
areas were determined by cutting out the chromatographic peak and weighing
the paper on an analytical balance (2). Peak weights with corresponding mole
fractions of carbon dioxide are given in Table 1-A. A graph of peak weight
vs. mole fractions of COz, using a linear least squares fit, is also attached
(see Figure 3A). This plot was used to compute the mole fraction of 002
corresponding to the peak weight in each run. The same procedure was used

for the following runs except that the data of each run were multiplied by
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the ratio AII/AI

where A = Wg(g)/wg(g)
Ay =W, (&) /W_(g)

for normalization purpose.

for the previous run

for the following run
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Table 1-A, Data for the Calibration of the 90P3

Chromatograph for Carbon Dioxide.

54

CO. Content of CO,.-Helium Mixture

Peak Weight

2 (mole ffaction) (mg)
0.01 35.00
0,02 38.90
0.05 62,84
0.07 81.92
0.09 93,30
0,11 106, 36
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APPENDIX B

The Powder X-ray diagram

In this technique (15) a sample in powder form is placed at the center
of a cylindrical camera and irradiated by a beam of X-rays as in Fig. 1B,
Each set of planes (hkl) in the crystal can produce a diffracted beam. This
is true only if that set of planes 1s at an angle 0 to the primary beam
defined by the equation

=.—9—L—.
dhkﬂ 2 ginf

where dhki = the interplanar spacing distance.

(hk&) = the Miller indices
8 = an angle of incidence.
A = X-ray wave length
n = an integer number

(15253 s EEE,)

I1f the crystal is turned about at random in the beam, reflected beams will
appear as the critical values of 8 are passed. All these reflected beams
will form cones whose apices are the crystal and which cut across the phote-
graphic film to give arcs from which the angle 6 and the Spacings-% can be
found, If the relative intensity of each arc is also recorded, the resulting
table of spacings and intensities is characteristic of the substance under
examination.

The American Society for Testing and Materials (15) has compiled an
Index of X-ray data in which substances are classified according to the
spacings of three strongest lines in the powder X-ray diagram. X-ray data

are given below for all the substances of interest in cement chemistry, the
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three strongest lines being marked. Because of the difficulty inherent 1in
analyzing a mixture such as concrete by powder x-ray techniques, it was not
practical to apply this procedure in this study. This information is applied

for future use with simple substances.



POWDER X-RAY DATA ON CEMENT MINERALS (15 )

The values of I represent relative intensity.

The d values for the spacings are given in A, Angstrom
units, the intensities are on an arbitrary numerical scale,
10 being the strongest and 1 the weakest. Where it is
known that doublets would be shown by using a camera of
very high resolving power (such as the Guinier camera),
the lines are marked with an asterisk. The three strongest
lines are underlined. The symbol B indicates a broad line,

Mg (OH)
Ca0 [1] Mg0 [1] Ca(OH)ﬁ[l] (Brucite) [1]

d I d I d I d I
2,778 8 2,431 1 4.900 7 4,77 8
2,405 10 2,106 10 3.112 2 2.725 2
1.701 9 1,489 9 2.628 10 2,365 10
1.451 6 1.270 1 2,447 1 1,794 7
1.390 3 1.216 2 1.927 4 1.573 6
1.203 1 1.0533 1 1.796 4 1.494 5
1,1036 1 0.9665 1 1.687 2 1.373 5
1.0755 4 0,9419 2 1,634 1 1.363 1
0.9819 4 0.8600 2 1.557 1 1.310 3
0.9258 1 0.8109 1 1,434 2 1.192 1
0.8504 i 1.449 2 1.183 2
0.8131 3 1.314 1 1.118 1
0.8018 3 1.228 1 1.092 1
1.211 1 1.034 2
1,762 1 1.030 1
1.1432 2 1.0067 2

1.1275 1

1.0599 2

1.0366 1

1.0143 2




3Ca0.810, (2] Alite [2] o 2Ca0.510,[3] «”2Ca0.510,[3]

d I d I d I d I
5.901 4  3.861 3  4.69 2 4,74 2
3.862 3 3.517 1 3.87 2 4,63 1
3.510 2 3.334 2 3.41 2 3,82 2
3.346 2 3.144 2 315 2 3,40 2
3.227 1 3.022 8 3.02 I 3:.14 2
3.022 8 2.959 6 2.88 7 2.89 2
2,957 6 2,880 2 2,83 2 2.81 2
2,891 3 2,804 1 2,76 9 2,76 10
2,818 1 2,764 10 2.71 10 2,75 10
2.776 10 2,739 9 2.54 2 2.69 8
2,730 8 2,682 3 2,46 1 2.63 2
2,670 1 2,592 g 2,35 2 2.36 2
2,602 10 2,436 3 2.305 2 2,28 2
2.549 1 2,313 6 2,208 7 2.23 2
2,449 3 2.178 9 2,129 1 2.200 6
2,326 6 2,172 6 2,072 2 2,137 1
2,304 5 2.089 1 2,052 2 2.082 1
2,277 2 2,060 1 2,008 1 2,035 6
2,234 1 2,208 l 1.4971 2 1.965 2
2.185 10 1.973 5 1.935 7 1.939 6
2+159 1  1.928 6 1.870 1 1.914 1
2,125 3 1.8 5 1.837 1 1.786 1
2,083 4 1,819 5 1.806 2 13755 2
2,045 2 1,799 2
2,011 1 1.761 9
1.979 6/B 1.689 2
1.940 7 1.640 2
1.926 6 1.623 8
1.900 2/B 1,537 6
1.863 1 1.522 2
1,825 6/B 1.485 9
1,797 3
1.771 9(1)

1.752 8(1)
1.642 2
1.632 8
1.623 6
1.543 6
1.526 2
1,513 2
1,497 6
1,481 6

Pure 3Ca0,5i0; can be distinguished from Alite since at (1)
it gives doublets instead of single lines.



B 20&0.3102[5]

Y 2Ca0.3102[4]

3CaO.A1203[5]

d

4.920
4.645
3.790
3.380
3.335
3.090
3.040
2.874
2.778

2.740

2.714
2,607
2,544
2.448
2,403
2,279
2,189
1.163
2,128
2.088
2,044
2.019
1.982
1.911
1.892
1.844
1.806
1.787
1.763
1.706
1.632
1.606
1,587
1,573
1.550
1,523
1.483
1.448
1.427
1,416
1,406
1,393

NHEEFEHWHE R -

2%
10%
10%

1
10

3

4k

4

3

6*

*

e e e e e VU - T R R O R A R N e S I I\ J Sy sy
o

5.625
4.320
4,047
3.794
3.354
3.002
2.881
2,728

2,508
2,460
2.320
2,243
2,186
2,024
1.963
1.928
1.878
1.800
L7151
1.685
1.669
1.632
1.539
1.524
1.498
1.469
1.457
1.443
1.414
1,401
1.374
1.352
1.268

-

'—l
MMM O OO DN NNNORION BN R H

2,525

4,08

3.34

2,70

2.39

2,258
2,200
1.984
1.951
1,907
1,826
1.556
1.346
1.206
1.106
1.023

LMoo YRR DO RS H
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QGaO.A1203F3203[5] 6CaO.2A1203[5] 28&0.Fe203[5]

d L d I d 1
7.24 5 7.17 5 7.36 4
3.63 3 4,87 2 5.23 1
3.39 1 3.62 4 3.88 2
2,77 8 3.37 1 3.68 4
2,67 7 2,99 1 3.05 2
2.63 10 2.76 8 2.78 7
2,57 2 2,69 1 2,71 6
2,43 Al 2,65 8 2.67 10
2,20 3 2.62 10 2.60 2
2,15 3 2.56 4 2.35 1
2,04 6 2.44 1 2,22 1
1.92 8 2.41 1 2,18 3
1.86 2 2,19 6 2.07 3
1.81 4 2,14 6 1.94 7
1.73 2 2.04 7 1.90 1
1,57 4 1.91 8 1,88 2
1.53 4 1.85 3 1.84 4
1.51 1 1.81 6 1.74 3
1.50 2 1.79 1 1.66 1
1.45 1 1.72 4 1.62 2
1.42 1 1,66 1 1.59 4
1.39 2 1.60 2 i et 4
1,33 1 1.57 6 1.54 1
1.32 2 1.56 1 LaS2 2
1.53 7 1.48 1
1.51 2 1.46 1
1.50 2 1.43 1
1.45 2 1.38 1
1.41 2 1.36 1
1.38 3 1.34 4

1.35 3

1.34 1

1.33 2

4

1.32
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Hillebrandite [9] 20&0.A1203.8H20 [5] 3Ca0.A1,0 .6H20 [5]
(Synthetic)(CZSH(B))
d I d I d I
12.0? 1 10.70 10 5.140 9
8.10 3 5.36 8 4,453 4
5.70 3 4,25 1 3.366 6
4.74 9 4,10 1 3.149 5
4.03 4 3.94 1 2,816 8
3.51 6 3.80 2 2.571 2
3.32 6 3.58 6 2.469 3
3.00 7 2.86 7 2.300 0
2.90 10 2,78 2 2.226 1
2.80 2 2.68 6 2.043 9
215 8 2,54 7 1.991 1
2,67 4 2,49 2 1.817 1
2,62 4 2,45 1 1.746 4
2.44 3 239 6 1,714 3
2.36 7 2.24 3 1.683 5
2.23 9 2515 1 1.599 2
2.05 6 2.10 5 1.574 1
1.95 6 2,03 1 1.484 1
1.93 6 1.97 3 1,408 8
1.85 6 1.94 1 1.366 1
1.80 9 1.84 3 1.342 2
1.75 5 1.79 1
1,71 2 1.73 I
1,68 1 1.67 6
1.66 1 1.65 4
1.62 2 1.59 4
1,56 2 1.51 2
1:393 3 1,44 3
1.52 2 1.42 1
1,46 4 1.37 2
1.44 2 1,09 3
1,41 2 1.06 1
1.35 1
1.33 1
1.32 2
1.17 4
1.11 2
2

1.09
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Ca0.A1,0,.10H,0 [5] Ca0.A1,0,.10H,0 [5]
d I B I

14,30 10 2.06 4
7.16 10 1.94 5
5.39 4 1.87 1
4.75 4 1.83 3
4,52 3 1.79 4
4,16 3 1.75 1
3.93 1 1.71 3
3,72 5 1.64 5
3.56 7 1.60 6
3.26 6 1.56 1
3.10 5 1.52 2
2,88 6 1.47 3
2,69 5 1.40 2
2,55 7 1.38 4
2,47 5 .27 1
2,36 6 1.24 2
2.26 6 1.18 2
2.18 6 1.07 2
2,11 4
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Ca0.A1,0, [7] 'Pleochroite' [8]  12€a0.7a1,0; [5]  Ca0.241,0, [5]

d i d I d I d I
5.54 6 5,40 1 4.89 10 6.20 3
4.66 9 4.90 3 4.2 2 4.4k 7
4,04 7 4.60 2 3.795 5  3.59 4
3,71 8 4,11 5 3.200 5 3.49 10
3.41 3 3.70 8  2.999 7 a2 3
3.29 7 3.01 7 2.680 10 3.08 5
3.19 7 2.97 1 2.553 5 2.87 4
3.06 1 2,87 10 2.445 8  2.74 4
2.98 2.76 10  2.347 3 2.70 4
2.95 10 2.69 3 2,186 7 2.59 9
2.90 5 2.60 1 2,056 2 7.53 3
2.85 8 2.53 1 1.944 7 2.43 4
2.75 5 2.44 5  1.898 1 2,40 1
2.53 2.37 6  1.894 2 2.32 3
2.50 10 2.34 6  1.762 2 2.2 1
2.43 4 2,21 2 1.729 4 2.17 3
2,42 2.18 2 1.694 2 2.06 1
2,39 10 2.11 4 1,662 7 2.05 5
2.33 8 2.03 6 1.646 1 2.00 3
2.29 7 1.92 6  1.630 4 1.96 2
2,26 7 1.89 1 1.601 7 1.93 1
2.20 1.84 2 1.559 1 1.90 3
2.19 9 LT 7 - 1.522 3 1.87 3
2.16 4 1.76 8 1.497 2 1.80 5
2.13 8 1.72 4 1.475 3 1.76 5
2.10 7 1.66 4 1,393 6  1.68 4
2.08 1 1.63 5 1,357 1 1.62 3
2.01 8 1.55 4 1,339 3 1.55 1
2,00 4 1,52 5 1,322 1 1.53 5
1,956 7 1.48 6  1.307 4 1,51 2
1.921 10 1.45 1 1,292 2 1.48 2
1.909 8 etc, 1277 2 1.45 1
1.852 4 1.263 3 1.42 1
1.830 8 1.235 2 1.40 1
1.802 2 1.210 2 1.37 5
1.780 2 1.198 1 1.35 2
1.740 7 1.186 1 1.33 4
1.721 6 1,174 2 1.31 1
1.696 6 1.29 2
1.677 7 1.28 2
1.651 8 1.26 2
1.617 3 1.25 2
1.602 2 122 2
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Calcium silicate
hydrate (I) [9]

Calcium silicate
hydrate (II) [9]

Afwillite [9]

2€a0.5i0,
o hydrate
(C,SH(A)) (9]

d I

9-14 10

A
—

3.06
2,81

1.83
1.67
1.53
1.40
Lo
1.11
1.07
This is the data
for the poorly
crystalline
materiagl, The
long spacing
can vary con-
siderably and
may also be
undetected,
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2.44

2.35

2.31
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1.145
2,064
2.017
1.989
1.949
1.924
1.862
1.805
1.776
1.724
1.704
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1.630
1.604
1.589
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1.507
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1.382
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2,87
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2,60
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2,16
2.10
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1.820
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1.737
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1.687
1.662
1.654
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Ettringite

3Ca0.A1,0

2°3
0,.138,0 [5]  3Ca0.A1,0,.3CaS0,  CaS0,.13H,0 [5]
32H,0 [5]
2

d I d I d I
8,05 10 9.80 10 8.92 10
%50 1 5.70 8 4.88 1
4.05 2 %.90 6  4.72 1
3.90 5 4,67 7 4.46 6
3.63 1 4.34 2 3.99 6
2,86 9 3,87 8  3.65 1
2.69 6  3.60 3 2.87 7
2,54 3 3.45 6 2.73 A
2,45 6  3.26 4 2,60 1
2.36 3 3,02 3 2,45 6
2,23 4 2,79 9 2.41 5
2,17 1 2.67 3 2.35 1
2,04 2 2,57 8  2.33 2
1.97 3 2,43 3 2,25 2
1.93 2 2,36 1 2,19 2
1.86 3 2.20 8  2.06 4
1.74 2 2,14 6  1.99 2
1.66 8  2.06 3 1.90 1
1.94 3 1.87 1
1.89 2 1.82 4
1.84 4 1.66 5
1.80 1 1.63 4
1.75 4 1.58 1
1.70 4 1.55 1
1.66 6  1.54 1
1.62 2 1.44 2
1,57 4 1,42 1
1.54 g L8 2
1.50 4 1,37 1
1.45 3 1.35 1

1.34 3

1.30 3




APPENDIX C

Data for the thermal Decomposition of the Powdered Carbonate

CO, Production Rate with Time for

2

Unirradiated CaCoO

at 1621°F

67

CO,, Production Rate (ml/min.g dried carbonate)

2

Time (min) Run No, 1 Run No. Run No. Run No. 4 Average

2 ———— 0.158 0.036 0.081 0.069 + 0.068
4 0.133 0.216 0.141 0.199 0.172 + 0.041

6 0.156 0.238 0.139 0,206 0.185 + 0.046
8 0.162 0.219 0.134 01213 0.182 + 0.041
10 0.150 0,218 0.131 0.193 0.173 + 0.040
12 0.146 0,207 0.135 0.195 0.171 + 0.035
14 0.143 0.187 0,123 0.185 0.160 i_0.032
16 0.139 0.176 0.116 0,172 0.151 i_0.0Zl
18 0.136 0.165 0.111 0,155 0.142 + 0,024
20 0.134 0.146 0.105 0.154 0.135 + 0.022
22 0.120 0.128 0.107 0.136 0.123 + 0.012
24 0.117 0,101 0.089 0.108 0.104 i_0.0lZ
26 0.114 0.064 0.094 0.082 0.086 + 0,021
28 0.098 0.047 0.088 0.062 0.073 + 0.019
30 0.102 0.030 0.086 0.044 0.066 i_0.034
32 0.092 0,008 0.084 0.026 0.055 + 0.042
34 0.082 0.074 0.015 0.043 + 0.041
36 0,073 0.068 0.003 0.036 + 0.040
38 0.064 0.065 0.032 + 0.037
40 0.057 0.054 0.028 ¥ 0,032
42 0.048 0.049 0.024 + 0.028
b4 0.045 0.049 0.024 + 0,027
46 0.034 0.036 0.018 + 0.020
48 0.032 0.033 0.016 + 0.016
50 0.031 0.025 0.014 + 0.014
52 0.035 0.019 0.014 + 0,017
54 0.035 0.016 0.013 ¥ 0,017
56 0.015 0.003 0.005 + 0.007
58 0.006 0.002 0.002 + 0,003
60 .02  eee—— 0.005 + 0.001
Total CO, 5,002 4.616 4,424 4,454 4,624 + 0,281
(ml/g dried

sample)
Ws(g) 1.7122 1.5824 1.7263 1.6206 1.6604 + 0.07
Wl(g) 0.7426 0.6822 0.6994 0.7069 0.7078 + 0.0514

0.4262 0.4311 0.4051 0.4362 0.4247 + 0.0137

wl(g)/ws(s)




Table 2-C CO, Production Rate with Time for

2
Irradiated CaCO3 at 1621°F
CO2 Production Rate (ml/min.g dried carbonate)
31,2 Mrad*

Time (min) Run No, 1 Run No. 2 Run No. 3 Average

2 0,052 2 o—ee oo 0.017 + 0,030
4 0.192 0.130 0,195 0.172 + 0.037
6 0.195 0.156 0.193 0.181 + 0.022

8 0.205 0.158 0.188 0.184 + 0.024
10 0.195 0.151 0.188 0.178 + 0.024
12 0.225 0,158 0.184 0.189 + 0.034
14 0.178 0.149 0.169 0.165 + 0.015
16 0.175 0,146 0.157 0.159 + 0.015
18 0.165 0.148 0.150 0.154 + 0.009
20 0.155 0.144 0.147 0.149 + 0.006
22 0.158 0.130 0.123 0.137 + 0.0138
24 0.145 0.135 0.116 0.132 + 0.015
26 0.135 0.130 0.104 0.123 + 0.017
28 0.123 0.133 0.087 0.114 + 0.024
30 0.090 0.128 0.077 0.098 + 0,027
32 0.097 0.116 0.056 0.090 + 0.031
34 0.077 0.112 0.043 0.077 + 0,035
36 0.067 0.099 0.033 0.066 + 0,033
38 0.060 0.096 0.024 0.060 + 0.036
40 0.045 0.087 0.012 0.048 + 0.038
42 0.033 0.085 0.007 0.042 + 0,040
44 0.027 0.083 0.037 ¥ 0.042
46 0.023 0.069 0.031 + 0.035
48 0.009 0.067 0.025 ¥ 0.036
50 0.005 0.057 0.021 + 0.032
52 0.053 0.018 ¥ 0.031
54 0.051 0.017 ¥ 0,030
56 0.041 0.014 + 0.024
58 0.043 0.014 + 0.024
60 0.034 0.011 + 0.020
Total CO9 5.662 6.348 4,506 5.5050 + 0.242
(ml/g dried

sample)
Hs(g) 1.5005 1.6492 1.4526 1,5341 + 0,1025
W, (g) 0.6159 0.5264 0.5990 0.5804 + 0.0474
Wl(g)/WB(g) 0.4105 0.3192 0.4124 0.3807 + 0.0534

*Co~60 Gamma-Ray Irradiation
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Table 3-C 002 Production Rate with Time for

Irradiated CaCO3 at 1621°F

CO, Production Rate (ml/min.g dried carbonate)

2
21.2 Mrad*

Time (min) Run No. 1 Run No, 2  Average

2 0.127 0.074 0.101 + 0.038
4 0.142 0.173 0.158 + 0.022

6 0.150 0.178 0.164 + 0.020

8 0.144 0.176 0.160 + 0.023
10 0.141 0.166 0.154 + 0.018
12 0,138 0.159 0.149 + 0.015
14 0,125 0.156 0,141 + 0.022
16 0.121 0.145 0,133 + 0.017
18 0.112 0.133 0.124 + 0.015
20 0.114 0.121 0.118 + 0.005
22 0.097 0.116 0.107 + 0.014
24 0.093 0.099 0.096 + 0.004
26 0.087 0.090 0.089 + 0.002
28 0.075 0.069 0.072 + 0.004
30 0.073 0.057 0.065 + 0.011
32 0.060 0.047 0.054 + 0,009
34 0.052 0.033 0.043 + 0.009
36 0.046 0.021 0.034 + 0.018
38 0.046 0.010 0.028 + 0.026
40 0,033 0.007 0.020 + 0.018
42 0.022 0.011 + 0.016
44 0.015 0.008 + 0.011
46 0,011 0.006 + 0.008
48 0.011 0.006 ¥ 0.008
50 0,003 0.002 + 0.002
Total COp 4,076 4,060 4,068 + 0,08232
(ml/g dried

gample)
Ws(g) 1.6727 1.4454 1.5591 + 0.1608
Wl(g) 0.6850 0.5372 0.6111 + 0.1045
Wl(g)/ws(g) 0.4095 0.3719 0.3906 + 0.0267

*Co-60 Gamma-Ray Irradiation
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Table 4-C CO2 Production Rate with Time for

Irradiated CaCO3 at 1621°F

002 Production Rate (ml/min.g dried carbonate)

16.03 Mrad*

Time (min) Run No. 1 Run No. 2 Average

2 0.121 0.057 0.089 + 0.045

4 0.154 0.152 0,153 + 0.001

6 0.170 0.158 0.164 + 0.009

8 0.167 0.155 0.161 + 0.009
10 0.162 0.149 0.156 + 0.009
12 0,152 0.133 0,143 + -.014
14 0.151 0.131 0.141 + 0.014
16 0.134 0.128 0.131 + 0.004
18 0.136 0.120 0.128 + 0.011
20 0.121 0.107 0.114 + 0.010
22 0.098 0.095 0.097 + 0.002
24 0.074 0.082 0.078 + 0.006
26 0.062 0.066 0.064 + 0.003
28 0.033 0.046 0.040 + 0.010
30 0.021 0.036 0.029 + 0.011
32 0.019 0.010 + 0.014
34 0.006 0.003 + 0.004
Total COy 3.512 3.280 3.402 + 0.058

(ml/g dried

sample)
W () 1.5282 1.5825 1.5554 + 0.0384
Wl(g) 0.6612 0.6519 0.6566 + 0.0066
wl(g)lws(g) 0.4327 0.4119 0.4223 + 0.0147

*%Co-60 Gamma-Ray Irradiation



Data for the Thermal Decomposition of the Powdered

Kapitzke Concrete

Table 5-C CO, Production Rate with Time for

2

Unirradiated Concrete at 1621°F
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CO, Production Rate (ml/min.g dried concrete)

2

Time (min) Run No. 1 Run No. Run No. Run No. Average

2 0.474 0.398 0.244 0.189 0,326 + 0.132
4 0,242 0.239 0.314 0.383 0.295 + 0.068
6 0.137 0.172 0.176 0.168 0.163 + 0.018
8 0.132 0.165 0.155 0.125 0.144 + 0.019
10 0,134 0.160 0.147 0.136 0.144 + 0.014
12 0.113 0.168 0.145 0.134 0.140 + 0.023
14 0.123 0.144 0,131 0.124 0.131 + 0,009
16 0,115 0.140 0.131 0.120 0.128 + 0.012
18 0,112 0.133 0.131 0.124 0.126 + 0.012
20 0,103 0.122 0.116 0.120 0.115 + 0.009
22 0.098 0.114 0.114 0.112 0.110 + 0.008
24 0.091 0.104 0.108 0.098 0.100 + 0.007
26 0.080 0.091 0.097 0.084 0.088 + 0.008
28 0.073 0.079 0.088 0.075 0.079 + 0.007
30 0.066 0.062 0.075 0.066 0.067 + 0.006
32 0.052 0.052 0.070 0.058 0.058 + 0.009
34 0.047 0.043 0.059 0.048 0.049 + 0.007
36 0.042 0.038 0.054 0.043 0.044 + 0,007
38 0.031 0.026 0.048 0.034 0.035 + 0.009
40 0.031 0.018 0.044 0.027 0.030 + 0.011
42 0.023 0.013 0.033 0.020 0.022 i_D.OOB
44 0.013 0.007 0.029 0.018 0.017 + 0.009
46 0,007 0.005 0.025 0.014 0.013 + 0.009
48 0.010 0.003 0.019 0.010 0.011 + 0.007
50 0.002 0.012 0.004 0.005 + 0.005
52 0.0097 0.0032 0.003 + 0.005
54 0.006 0.002 + 0.003
56 0.0048 0,001 + 0.002
58 0.0024 0.001 * 0.001
Total COy 4,700 4.992 5.196 4.7064 4.899 + 0.158
(ml/g dried

sample)
Ws(g) 2,1293 2.5688 2.0698 2.3480 2,2790 + 0.2273
wl(g) 0.3221 0.4073 0.3195 0.3880 0.3592 + 0.0673

0.1513 0.1586 0.1544 0.1653 0.1574 + 0.0061

Wl(g)/ws(g)




Table 6-C 002 Production Rate with Time for

Irradiated Concrete at 1621°F

CO,, Production Rate (ml/min.g dried concrete)

2
24.7 Mrad* & 11,11 x 1072 n/cn”

Time (min) Run No. 1 Run No. 2  Average

2 0.322 0.290 0.306 + 0.036

4 0,098 0.124 0.111 + 0.018
6 0.148 0.083 0.116 + 0,033

8 0.103 0.076 0,090 + 0.042
10 0.088 0.084 0.086 + G.0G3
12 0.096 0.077 0.087 + 0.014
14 0.091 0.069 0.080 + 0.016
16 0.087 0.068 0.078 + 0.014
18 0,077 0.058 0.068 + 0.014
20 0.074 0.054 0.064 + 0.014
22 0.063 0.048 0.056 + 0.011
24 0.050 0.043 0.047 + 0.005
26 0.034 0.035 0,035 + 0.001
28 0,033 0.024 0.029 + 0.005
30 ¢.027 0.021 0.024 + 0.004
32 0.016 0.010 0.013 + 0.004
34 0.004 0.006 0.005 + 0.0014
36 0.001 0.0005+ 0.0007
Total CO» 2,824 2,341 2,583 + 0.057
(ml/g dried

gample) : )
Ws(g) 1,8885 0.8098 1.8492 + 0.0557
wl(g) 0.3164 0.3005 0.3085 + 0.01124
Wl(g) /WS(g) 0.1675 0.1660 0.1668 + 0.0011

*Co-60 Gamma-Ray Irradiation
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Table 7-C 002 Production Rate with Time for

Irradiated Concrete at 1621°F

CO, Production Rate (ml/min.g dried concrete)

2

Time (min) 12.2 Mrad* & 54,95 x 1016 n/cm2

2 0,166
4 0.054
6 0.062
8 0.067
10 0,052
12 0.048
14 0.038
16 0.035
18 0.023
20 0.008
Total CO, 1.106
(ml/g dried

sample)
Ws(g) 1.8693
W, (8) 0.3478

wl(g)/ws(g) 0.1861

*Co-60 Gamma-Ray Irradiation



Table 8-C 002 Production Rate with Time for

Irradiated Concrete at 1621°F

002 Production Rate (ml/min.g dried concrete)

19,9332 Mrad*
Time (min) Run No. 1 Run No. 2 Run No. 3 Average

2 0.134 0.120 0.162 0.130 + 0,021

4 0.069 0,091 0.054 0.071 + 0,019

6 0.072 0.083 0.063 0.073 + 0.007

8 0.073 0.071 0.061 0.068 + 0,006
10 0.065 0.060 0,054 0.060 + 0.008
12 0.043 0.045 0.051 0.046 + 0,004
14 0.026 0.031 0.049 0.035 + 0,012
16 0.010 0.007 0.040 0.019 + 0.018
18 0.033 0.011 + 0.019
20 0.027 0.009 + 0.016
22 0.017 0.006 + 0.010
24 0.004 0,001 + 0.002
Total Coy 0.984 1.016 1.230 1,077 + 0.046
(ml/g dried

sample)
Ws(g) 2.332 2.2006 2.2652 2.1663 + 0.0751
wl(g) 0.3615 0.3994 0.3634 0.3748 + 0,0214
wl(g) /ws (g) 0.1778 0.1815 0.1604 0.1732 + 0.0108

%Co-60 Gamma-Ray Irradiation



75

Table 9-C Values of o calculated by two methods for CaCO

3
Gas Chromatographic Method Weighing Method
t o | t Wo(g) Wi(g) o
2 0.00302 0 1.5435
4 0.00149 2 1.5318 0.018
6 0.00266 5 1.5268 0.025
8 0.00379 10 1.5214 0.032
10 0.00489 15 1.5143 0.043
12 0.00602 20 1.5103 0.048
14 0.00705 25 1,5053 0.057
16 0.00804 30 1.4976 0.068
18 0.00897 35 1.4908 0.077
20 0.00985 45 1.4778 0.098
22 0.01075 50 1.4726 0.105
24 0.01550 60 1.4628 0,118
26 0.01229 ‘
28 0.01303
30 0.01375
32 0.01446
34 0.01508
36 0.01565
38 0.01620
40 0.016654
42 0.017071
44 0.017483
46 0.017785
48 0.018062
50 0.018272
52 0.018432
54 0.018566
56 0.0185912

58 0.018608



Table 10~C Values of a calculated by two methods for
Kapitzke concrete,
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t o t Wo(g) wi(g) a
2 0.0095 0 2.2836
4 0.02175 2 2.214 0.125
6 0.02861 5 2,.1946 0.181
8 0.03466 10 2.1668 0.236
10 0.04039 15 2.1557 0.259
12 0.04605 20 2,1410 0.292
14 0.05116 25 2.1371 0.296
16 0.05627 35 2.1232 0.324
18 0.06138 45 2.1203 0.333
20 0.06590 60 2.1070 0.361
22 0.07035
24 0.07456
26 0.07834
28 0.08177
30 0.08470
32 0.08743
34 0.08973
36 0.09184
38 0.09371
40 0.09543
42 0.09672
44 0.08785
46 0.09883
48 0.09957
50 0.10004
52 0.10042
54 0.10065
56 0.10084
58 0,10093



Table 11-C COp Production Rate with Time for

Irradiated Concrete at 1621°F

CO0, Production Rate (ml/min-g dried concrete)

Time (min) 12.2 Mrad* 24,7 Mrad#®
2 0.0910 0.0786
4 0.0745 0.0632
6 0.0514 0.0446
8 0.0461 0.0473
10 0.0488 0.0486
12 0.0488 0.0486
14 0.0508 0.0466
16 0.0488 0.0479
18 0.0514 0.0459
20 0.0461 0.0439
22 0.0448 0.0386
24 0.0428 0.0340
26 0.0402 0.0333
28 0.0342 0.0273
30 0.0298 0.0226
32 0.,0257 0.0180
34 0.0231 0.0153
36 0.0172 0.0140
38 0.0132 0.0998
40 0.0099 0.0092
42 0.0073 0.0072
A 0.0059 0.0053
46 0.0064 0.0040
48 0.0040 0.0027
50 0.0026 0.0013
52 0,0013
Total COjp 1.7365 1.5182
(ml/g dried sample)
Ws(g) 2.4268 2.4037
Wl(g) 0.4199 0.4616
W, (g)/w_(g) 0.1731 0.1920

* Co-60 Gamma=-Ray Irradiation



Appendix D

""Meyer Concrete" (1)

Kapitzke concrete constituents are reported to be as follows:

Table 1-D Constituents of Kapltzke Concrete in

Atomic Density Units.

Atomic Density (atoms/cmS)

Constituents
Ca x 105
21
H x 10
21
0 X 1021
C x 10

Specific gravity and water content of Kapitzke concrete

2.4 and 6.47%.

Kapitzke concrete is similar to 'Meyer Concrete'.

constituents are described below

were respectively

Meyer Concrete

Table 2-D Chemical Analysis of "Meyer Concrete."

Rer)) ®(20) ®(19)
Constituents Wet Analysis, Wet Analysis, X-Ray Emission
Weight % Weight 7 Weight 7%
Total Silica 38.78 44,09 38.10
Soluble Silica 3.06
Ferric Oxide 2.34 1.75 2.01
Aluminum Oxide 3.29 Q25 3.52
Calcium Oxide 31.10 30.55 30.00
Magnesium Oxide 133 0.90
Sulfur Trioxide 0::21 0.26
Loss on Ignition 21,68 21.61
Inscluble Residue 40.76 41.06
Sodium Oxide 0.00 0.25
Potassium Oxide 0.08 0.33 0.89
Titanium Dioxide not determined 0.25
Carbon Dioxide 13.24
Combined Water 8.37
1055——002
Total 99,99
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Where R(lQ) = Reference 19
R(ZO) = Reference 20
Note: Reference 20 states, the sample as recelved appeared to be slightly
wet. Therefore the entire sample was oven dried (120°C) over night prior

to any analysis. Free water was 0.53%.
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ABSTRACT

Powdered calcium carbonate was isothermally decomposed to Ca0Q and carbon
dioxide gas in an inert atmosphere of flowing helium at a temperature of
1621°F. Samples of powdered concrete were similarly decomposed. The thermal
decomposition of both materials was followed by periodically measuring the
carbon dioxide content of the helium flow with a gas chromatography system.
Chromatographic output measurements were used to calculate the carbon dioxide
production rate as a function of time for each of the decompositions.

In comparison with unirradiated samples thermal decomposition at 1621°F
of both powdered concrete and calcium carbonate irradiated with Co-60 gamma-
rays exhibited an initial decrease in carbon dioxide production rates followed
by an increasing rate with increasing dose. Histograms and tables of carbon
dioxide production rates as a function of time are included. Irradiation with
neutrons in addition to gamma rays at lower neutron fluences produced a further
decrease in 002 production rate as compared with the same gamma-ray dose in
the absence of the neutron fluence. An increase in neutron fluence at higher
gamma-ray doses brought about a further increase in 002 production rate over
that noted for samples ilrradiated with the gamma-rays only.

The decomposition of the powdered calcium carbonate and concrete were
both found to follow an apparent surface controlled process. Both the
powdered calcium carbonate and concrete showed no diffusion limiting
phenomenon during the decomposition period.

A mixture of powdered Kapitzke concrete and aluminum metal with water
in a plastic bottle were found to exhibit a vigorous chemical reaction re-

leasing hydrogen gas. Mixtures containing powdered zinec or iron metal in



place of the aluminum, showed respectively a slow and no detectable chemical
reaction, It appears that gas explosions of aluminum canned concrete shielding
plugs reported in the literature are due to a chemical reaction between alumi-
num, concrete and water rather than a radiation induced decomposition of the
concrete, Radiation, however, may release the combined water necessary to

initiate the concrete—~aluminum reaction.



