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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Collisions between energetic heavy ions and target atoms
of the same element produce under certain circumstances a
continuum of X-rays that extends to energies above the
characteristic X-ray lines. The continuum arises from events
in which the ion strikes two target atoms in quick succession
and is favoured when the target is N2 when compared with NH3,
for instance. A mechanism to account for the experimental
results has been advanced.

In asymmetric collisions, for example between oxygen ions
and N2 or NH3, the continuum mentioned above is not observed.
The mechanism also accounts for its absence in such instances.

A knowledge of the stopping power of materials for
energetic helium ions is essential for many applications of
ion-scattering techniques. However, the published data for
many common materials are discordant and those for carbon show
the largest discrepancies. Our measurements, for helium ions
in the energy range 0.2 - 1.9 MeV, are in good agreement with
the most recent published values and do not support either the
earlier experimental values or the most commonly used semi-
empirical tables.

The reflection of light, energetic ions from surfaces is
being investigated with a computer simulation model which takes
into account the degree of crystallinity of the solid as well as
the usual factors such as ion energy and target material. The
results show that in comparing theory with experiment or in
extrapolating laboratory results to practical situations, good
characterization of the structure of the solid is essential.

Radiation Chemistry

Significant isotopic scrambling occurs in the radiolysis
of 2 8N 2- N2 mixtures and is thought to occur through the
intermediacy of nitrogen ions. Recent measurements of the
extent of isotopic mixing as a function of pressure confirm this
hypothesis.
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In another aspect of the thorough study being made of the
radiation chemistry of nitrogen, the yield of nitrogen atoms has
been determined from measurements of the yield of nitrogen
dioxide in the radiolysis of nitric oxide-nitrogen mixtures.
The result is in accord with those from earlier, independent
methods.

Both temperature and solvent effects alter the spectra of
ionic species present in amine solutions of alkali metal salts.
The interaction between solvated electrons, formed by radiolysis,
and Na+ appears to increase as the temperature increases or the
solvent polarity decreases, which suggests that with these
changes there is a trend towards a tight ion pair or atom-like
species.

Hydrogen Isotope Exchange

a) Amine-Hydro g en Process

The rates of exchange of protons between methylamine and
methylamide ions have been extracted from magnetic resonance
spectra and a significant dependence on catalyst concentration
has been noted. This is in contrast to published observations
on the analogous ammonia system.

b) Photolytio Processes

The decomposition of methanol and formic acid have both
shown significant isotopic selectivity when irradiated with
pulsed laser light. The isotopic selectivity in the hydrogen
yield from both species decreases with increasing pressure which
suggests a competition between isotopically selective and non-
selective processes.

The yield of product molecules from formic acid photolysis
is not a linear function of the energy of the laser pulse;
saturation effects appear to be limiting the yields at high pulse
energies. At least 6 photons from the hydrogen fluoride laser
are required to decompose a formic acid molecule at lower
pressures.

Analytical Chemistry

Automation of analytical chemistry procedures is being
expanded to improve the precision of the measurements and
efficiency of staff utilization. The systems being examined
at present are: (1) the mass spectrometer used for the
determination of hydrogen in zirconium by the isotope dilution
method and for the analysis of inorganic gases and (2) the
atomic absorption spectrometer used for trace metal analysis.
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Rapid methods for the separation and analysis of the
lanthanide and actinide elements by high speed liquid chroma-
tography are being investigated. Recent developments that
favour this approach are the discovery of a suitable complexing
agent and the availability of variable wave-length detectors.

Analyses for uranium isotopic abundances in samples of
U-Al alloy billets were made for the International Atomic Energy
Agency. This material is to be used by the Agency as a
source of standards.

Materials Science

Delayed hydride cracks have been found at the points of
initiation of cracks formed in iodine vapour during stress
corrosion cracking (SCC) tests, but not in methanolic iodine
solutions, for some batches of Zircaloy fuel cladding. These
appear to be present in the as-received tubing as a result of
high residual hoop stresses and long times since manufacture.
It has not yet been shown positively whether any hydrides were
actually cracked prior to stressing for the SCC test, but some
were definitely cracked at the start of the SCC test.

Observable differences have been found by scanning electron
microscopy between the oxides formed on intermetallic particles
in Zircaloy-2 in nitrite and nitrite-free molten salt baths.
These differences help to explain the differences in electro-
chemical behaviour of specimens observed previously in
experiments with molten salts.

Samples of commercial "Nitinol", a shape-memory alloy of
nickel and titanium, have shown excellent corrosion resistance
in the first 170 days of testing in pressurized water at 575 K.

Modifications to the structural model used in calculating
steady state creep from constitutive equations have resulted in
much better agreement between calculated and experimental values
for the stress exponents and activation energies than was
previously obtained.

Neutron irradiation has been observed to suppress the
notch-embrittlement of Zr3Al and replace it with a small notch-
strengthening effect at 295 K.

Results on disordering of Zr3Al by 1 MeV electron
irradiation in the high voltage electron microscope at Harwell
correlate well with evidence obtained from heavy ion irradiations.
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1.2 ION PENETRATION

1.2.1 Contributions to the Isa Continuum Radiation From Single
and Double Collisions in the 0 + N System

- W.N. Lennard, I.V. Mitchell and D. Phillips

Meyerhof et al^1* have shown that the Isa X-ray con-
tinuum intensity from low velocity N -»• N2 collisions
greatly exceeds that from N •*• NH3. The excess, which is
attributed to double collisions, becomes insignificant at
higher velocities, due to the rapid increase of the single
collision contribution. We have measured X-ray emis ion
cross sections for Isa for each cf the symmetric systems
N •* N 2, NH3 and O -*• O2, H2O, over the energy range 300-
1450 keV. X-ray spectral intensities were normalized
through the elastically scattered particle yields recorded
at 45° to the beam. There is qualitative agreement between
the present data and the earlier data for the N - N
systems. Figure 1.2.1.1 shows 200 keV data for the
analogous O ->• O2, H2O systems, the difference between the
double and single collision Isa yields being clearly
evident in the seven-fold increase of spectral intensity
beyond a photon energy of 1.4 keV.

The production mechanism for Isa radiation in O + O2
collisions is believed to be the following: in the first
collision, O Is vacancies are produced, 50% of which are
carried away by the projectile. This can collide with the
second 0 atom of the same O2 molecule within the lifetime
of the K-vacancy. During the second collision, the vacancy
can radiatively decay while in the Isa molecular orbital,
MO. This two-collision process does not occur in O + HjO
collisions (since the H atoms are inefficient at ls-ion-
izing the projectile at low velocities).

We have also measured cross sections at low velocity
(300 keV) for Isa emission in the asymmetric collision
systems O •* N 2, NH3 and N •*• O2, H2O. Figure 1.2.1.2 shows
the photon yield for O •*• N2, NH3 normalized to the same
number of particles scattered to 45°. The results of these
measurements are summarized in Table 1.2.1.1 where all the
cross sections have been integrated over the energy window
1.07 to 2.07 keV.

(*) W.E. Meyerhof, Th. P, Hoogkamer and F.W, Saris
Abstracts of the Fifth International Conference on
Atomic Physics, ed. R. Marrus, M.H. Prior, H.A. Shugart,

i ()
y
k
y ,

p.56; Berkeley, University of California (1976).
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Figure \.2.1.1

X-ray spectra observed for 300 keV O+ bombardment of O2 and H2O.
The X-ray yields are normalized to the same number of scattered
particles. The O Ka and O Koa characteristic X-ray lines appear
at approximately 0.5 and 1.1 keV, respectively.
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Figure 1.2.1.2

X-ray spectra observed for 300 keV O+ bombardment of N2 and NH3,
normalized to the same number of scattered particles. The O Ka
and N Kaa characteristic X-ray lines appear at approximately 0.5
and 0.8 keV, respectively. The N Ka line expected dt approximate-
ly 0.4 keV does not appear due to strong absorption by the 0.0008 cm
Be entrance window of the Si(Li) detector.
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Table 1.2.1.1

Cross sections for Isa molecular orbital X-ray emission
obtained by integrating the X-ray yield in the region 1.07
to 2.07 keV for different collision systems.

E(keV) Collision System a(lso)+ [10~21* cm2]

3 0 0 N ->• H 20 0.041 ± 0.004

N -»• O 2 0.049 ± 0.004

3 0 0 0 •+ NH 3 0.058 ± 0.006

O •*• N 2 0.073 + 0.006

+ Uncorrected for absorption by the Si(Li) detector
window Be entrance.

The striking feature is the dominance of the single
collision cross sections. Within the accuracy of our
measurements, the double collision cross sections are not
significant. The MO model again provides a reasonable
explanation. For asymmetric 0 •* N 2 collisions the Isa MO
correlates to the 0 Is shell. K-vacancy sharing in the
first O - N collision results in only 5% of the K-vacancies
being formed on the 0 atom, greatly reducing the Isa
emission which arises in the second 0 - N collision. Thus,
due to vacancy sharing, there is essentially no difference
between the 300 keV O •*• N 2 and O + NH3 spectra at low
velocities.

Likewise the MO model provides a framework for under-
standing the N -> O collision results. Although K-vacancies
can be formed in the first of two collisions, in N + O 2
radial coupling will only transfer approximately 5% of
these vacancies from the 2pa to the Isa orbital. It is
interesting to note that the 300 keV N -»• NH 3 cross section
for Iso emission, integrated over the same energy interval,
1.07 to 2.07 keV, is 0.039 x lO" 2 4 cm2, comparable to the
other single collision cross sections. As discussed in the
O ->• O2 case above, 50% of K-vacancies formed in the first
of two symmetric collisions are available for Isa excitation
in the second collision. This may explain the trebling of
the Isa cross section for 300 keV N •*• N 2, compared to
N •>• NH3.
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1.2.2 Relative Oxygen K-Shell Fluorescence Yields for 1 MeV He+

Bombardment of O2, CO2Y H2O and co Molecules

- W.N. Lennard, I.V. Mitchell and D. Phillips

We have measured the relative K X-ray fluorescence
yields, U>K, for 0 in molecules of O2, H2O, C0 2 and Co for
bombardment by 1 MeV He+. Current integration was per-
formed by counting the number of helium ions scattered at
45° to the beam direction. The results are shown in
Table 1.2.2.1. The uncertainties include estimates for
changes in absorption by the 0.0008 cm Be window on the
Si(Li) X-ray detector due to chemical shifts of the O Ka

line energy. This chemical effect has been observed*1' in
ESCA studies of molecules containing carbon. The measured
WK-values have not been described theoretically. However,
we believe that the radiative transition rate reflects
electron availability and this will change with.the chemical
bond. The total K-ionization cross section is not altered
by the chemical environment(2).

d ) K.G. Harrison, H. Tawara and F.J. De Heer, Chem. Phys.
Lett. 1£, 285 (1972).

(2) R.P. Chaturvedi, D.J. Lynch, L.H. Toburen and
W.E. Wilson, Phys. Lett. 61A, 101 (1977).

Table 1.2.2.1

Relative Oxygen K-Shell Fluorescence Yields For
1 MeV He + Bombardment

ecule

H2O

CO

CO2
O2

1

0

0

0

uK(relative)

.000 ±

.931 ±

.875 ±

.827 ±

0.

0.

0.

0.

105

098

090

086

1.2.3 Stopping Power of Heavy Ions

- D.C. Santry, R.D. Werner and F. Brown

A program to measure stopping powers of heavy ions in
solids has been initiated, using ion beams from the 2 MV
Mass Separator.
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The experiment involves using a surface barrier part-
icle detector to measure energy shifts of heavy ions beams
transmitted through thin, self-supporting films of known
thickness. Corrections for any nonlinear energy response
in the detectors was obtained using beams of known energies,
as defined by the magnetic field of the accelerator
analyzing magnet.

In order to reduce the flux of ions reaching the
detector, the beam is first scattered from a suitable
target. As an aid in detector energy calibration and to
provide cross checks on stopping power values at various
energies, a backscattered beam from a multi-component
target was used. Suitable energy resolution was obtained
with targets consisting of a thin evaporated layer of Al
(1.7 ug/cm2} and Au (0.32 yg/cm2) on carbon. Since thin
Al deposits are readily oxidized, the backscattered beam
also shows a well-defined peak due to oxygen (1.5 yg/cm2).
By knowing the accelerated beam energy and the kinematic
factors for backscattering from C, 0, Al and Au, data
collected at a given accelerator energy provides simultane-
ously, stopping power values for four different energies.

Initially, self-supporting films of C (20 to 40 yg/cm2),
Al (50 to 80 yg/cm2) and Au (80 yg/cm2) are being used as
the slowing down foils. Film thicknesses are being deter-
mined by weighing and are correlated with measured energy
shifts of transmitted a particles (5.484 MeV) from an
241Am source. The lack of agreement between published He
stopping power values precluded using this method for
thickness determinations.

Measurements were begun with He ions, since these data
are needed to complete our work on heavy ion ranges. Pre-
liminary results are shown in figure 1.2.3.1 together with
curves of published values. Our data are in reasonable
agreement with values determined recently by Matteson et
dl(i). The data of Zeigler and Chu*2' are about 7 to 8%
lower than ours. The semi-empirical tables of Northcliffe
and Schilling*3) do not fit well to any of the experimental
data.

f1) S. Matteson, E.K.L. Chau and D. Powers, Phys. Rev.
A14, 169 (1976).

(2) J.F. Ziegler and W.K. Chu, Atomic Data and Nuclear
Data Tables 13, 463 (1974).

<3> L.C. Northcliffe and R.F. Schilling, Nuclear Data
Tables 7, 233 (1970).
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Analysis has not been completed yet for collected
data with Al and Au films. The next beam to be studied will
be 7Li.

1.2.4 2.5 MV Positive Ion Van de Graaff

- J. Lori

The modification work in Labs. 55 and 57 in prepara-
tion for the Ultra High Vacuum LEED-Auger system neared
completion and normal Van de Graaff operation was resumed
April 20, 1977.

The Van de Graaff operating schedule for the past
three months was as follows.

Month

March

April

May

Operating Time
(hours)

0

44

172

Routine Checks
(days)

2

Other Lost Time
(days)

* 23

* 11

* Modifications to Labs. 55 and 57. One day lost due to
electric power failure in April.

1.2.5 High Voltage Mass Separator

- G.A. Sims

Frequent source and injector malfunctioning was en-
countered over a period of about four weeks in late April
and part of May. The source insulators were shorting out
with unusual regularity and beam focussing was extremely
poor. The Einsel lens system was removed from the
accelerator for cleaning, along with the ion source.
Various power supplies were checked out and it was found
that the bias supply had to be replaced. These repairs
seemed to improve the operation of the accelerator some-
what but the beam focussing still left something to be
desired. This fault was finally remedied by correcting
a poor extractor lens connection.

The accelerator has been operating very satisfactorily
since these problems were eliminated. The new terminal
voltage stabilizer was designed, built and installed in
place of the N.E.C. model.
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The total "beam-on" time during the last three months
was 288 hours.

1.3 ELECTRON MICROSCOPY

1.3.1 Multi-Beam Lattice Images of End-On Dislocations In Ge

- J.R. Parsons and C.W. Hoelke

Experimental techniques have now been developed for
the preparation of 14.0 nm thick [110] oriented Ge
specimens. Unlike the previously prepared [111] oriented
Ge specimens these [110] oriented specimens contain large
numbers of end-on dislocations. Good quality lattice
images showing the atomic scale perturbing influence of
these dislocations are expected during the next quarter.

1.3.2 Ion-Simulation of Zr-2.5% Nb In-Reactor Creep

- J.R. Parsons and R.W. Gilbert (Metallurgical Engineering)

The experiments discussed in PR-CMa-40 (AECL-5808)
section 1.3.3 have been continued. To date, the irradia--
tions have been carried out at room temperature on un-
loaded specimens of Zr-2.5% Nb pressure tube material. The
following intriguing results have been obtained.

(1) [1120] oriented, approximately 4.0 nm spaced fringes
were observed in specimens irradiated with 100 keV
oxygen ions. The frequency of observation, i.e. the
number of grains having fringes, was greater for
specimens exposed to 10 1 5 ions-cm"2 (10 dpa) than for
those exposed to 10llf ions-cm"2 (1 dpa).

(2) Identical fringes were observed after the same doses
of 100 keV neon ions, thus ruling out oxide formation
by the implanted oxygen as an explanation for their
appearance. Calculations indicate that the rise in
temperature of the specimen due to the ion fluxes used
was only 0.1 K thus ruling out thermal oxidation or
temperature-induced stress.

(3) Thinned specimen areas exposed to either 100 keV neon
or oxygen ions were brittle and visibly bent in the
beam direction.

(4) Neither the fringe spacings nor their frequency of
occurence change on annealing at 573 K for one-half
an hour.
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(5) Re-examination of electron micrographs of neutron-
irradiated Zircaloy, taken earlier, confirms that
similar fringes are present. This provides some
confidence that, in this respect at least, ion
bombardment is providing a correct simulation of
neutron irradiation.

Additional experiments are in progress. Consistent
with the above results, but as yet not completely sub-
stantiated experimentally, is the following model. Zr-2.5%
Nb specimens become saturated with hydrogen during electro-
polishing. Also supersaturation has been suggested as a
possible reason for the uniform distribution of hydrogen in
the interior of Zr specimens under aqueous corrosion condi-
tions (i.e. in reactor). Because very few "fringed" grains
are evident in specimens prepared from unirradiated
Zr-2.5% Nb we suspect that a stress-induced precipitation
of zirconium hydride is responsible for the 4.0 nm fringes.

1.3.3 An Investigation of Irradiation Damage in Ordered Zr3Al

- L.M. Howe and M.H. Rainville

In order to characterize the disordering produced
during Ar+ ion bombardment of Zr3Al in a more quantitative
manner, microdensitometer traces are being performed to
determine the intensities of superlattice and fundamental
reflections in the electron diffraction patterns from
irradiated specimens. The diffraction patterns were taken
near the centre of various zone axes. Additional irradia-
tions were also performed for this investigation.

High temperature irradiations have been performed at
625 and 725 K with 1 x 10 1 5 Ar+ ions cm"2 in order to
assess the effect of irradiation temperature in this range
on the extent of the order to disorder transformation.
These bombardments were performed using a new high tempera-
ture stage (designed in collaboration with J. Lori) and the
performance of the new stage was very good i.e. it heated
up fairly rapidly and caused no outgassing or beam current
integration problems. The Zr3Al specimens are presently
being backthinned by electropolishing for examination in
the electron microscope.
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1.4 METAL PHYSICS AND RADIATION DAMAGE

1.4.1 Defect-Solute Atom Interactions in Zinc

- L.M. Howe, M.L. Swanson and A.F. Quenneville

Zinc single crystals were ion implanted with
3 x 10 1 6 Au ions cm"2 and then annealed for one hour at
575 K. This resulted in a Au concentration of 0.07at%
over the depth region used in the Rutherford backscattering
analysis performed with 1.5 MeV He+ ions* The apparent
fractions, f<jAu' o f A u displaced into the <1120>, <10Î0>
and [0001] channels were initially 0.023, 0.039 and 0.059
respectively, thus showing that the majority of the Au atoms
were on substitutional lattice sites. Irradiating at 40 K
with 9.6 x 10 1 5 cm"2 He+ of 1.5 MeV ions resulted in a
small increase in f^u to 0.067, 0.125 and 0.068 for the
<112*0>, <10Ï0> and [0001] channels respectively. During

post-irradiation annealing f^,, > and f^AU
 > gradually^A

decreased between 80-160 K whereas f^»u remained

essentially unchanged. These results suggested that the Au
solute atoms are not acting as very strong traps for
migrating Zn interstitial atoms even though the addition
of Au to Zn results in a contraction of the host lattice
i.e. should possibly favour the formation of a mixed dumb-
bell interstitial. Experiments will also be performed at
lower He+ ion irradiation fluences to check whether the
formation of a high density of defect clusters or disloca-
tion loops has had any influence on the results.

1.4.2 Backscattering Measurements of the Irradiation-Induced
Displacement of Au Atoms in an Fe-0.2% Au Crystal

- M.L. Swanson, L.M. Howe and A.F. Quenneville

Channeling studies of the interaction of irradiation-
induced defects with solute atoms are being extended to
body-centered cubic metals. In the f.c.c. metals Al and Cu,
it is known that small solute atoms trap self-interstitial
atoms strongly, forming the <100> mixed dumbbell, in which
a solvent atom and a solute atom straddle a lattice site »*).

(̂  M.L. Swanson, L.M. Howe and A.F. Quenneville,
J. Nucl. Materials (in press); Proceedings of the
International Conference on Properties of Atomic
Defects in Metals, Argonne, 1976.
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The displacement of the solute atom is large (approximate-
ly 0.13 nm) and is easily detected by channeling measure-
ments. However, large solute atoms trap self-interstitials
weakly and are not displaced appreciably from lattice
sites. It is expected that the same size criterion for
trapping will apply for b.c.c. metals.

in b.c.c. Fe, all heavy solute atoms are larger than
the host atoms, so that backscattering measurements of
solute atom displacements are restricted to the presumed
weak trapping case. In an Fe-0.2at% Au crystal, we have
used the channeling of 1 MeV He + ions to measure the
irradiation-induced displacement of the Au atoms from
lattice sites. Before irradiation, the Au atoms were com-
pletely substitutional, and after an irradiation of 1 MeV
He + ions at 40 K to a fluence of 10 1 6 cm"*2, the Au atoms
were not appreciably displaced from lattice sites. The
apparent displaced fraction of Au atoms, f^Au * n <H0 >»
<100> and <111> channels was < 0.01. Subsequent annealing
to 120 K, during which Pe interstitials become mobile,
produced no displacement of Au atoms, but annealing to
350 K caused a small increase in f^u t o approximately 0.05.
This displacement was reduced by a further irradiation at
40 K, which indicates that the displacement was caused by
vacancy clustering at the Au atoms.

1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 Fluorine Analysis on Pressure Tubes

- W.D. Mackintosh, H.H. Plattner and V. Urbanic (Systems
' Materials Branch)

Sections of two pressure tubes were analyzed for F
contamination using the 19F(p*ay)16O reaction. As this
reaction has two convenient resonances, one very narrow
and one broad, we were able to distinguish between the F
content of a surface layer 100 nm thick and the content
of the entire oxide layer, by varying the energy of the
incident beam. We found the outer layers to contain
< 0.2 pg.cnT2 and the entire oxide layer < 0.6 yg«cm~2.
There was very little variation between inside and outside
of the tubes and little from point to point on either sur-
face of the sample. The values found were quite normal
for pressure tube and sheathing materials.
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1.5.2 Rutherford Scattering Studies of Canlub Coatings

- W.D. Mackintosh, H.H. Plattner and J.C. Wood (Fuel
Engineering Branch)

An account of this work will be given in an internal
report.

1.5.3 Structures of Anodic Oxides

- J.P.S. Pringle

In the preceding report in this series (PR-CMa-40,
section 1.5.3), it was noted that X-ray and electron
diffraction experiments on anodic tantalum oxides give rise
to diffuse haloes. This suggested a comparison with glassy
oxides such as SiO2 and B2O3, since these also give diffuse
haloes in this type of experiment. Following a suggestion
by Zachariasen, originally put forward in 1932, the structure
of the latter are normally described in terms of a random
network of corner shared oxygen polyhedra; the polyhedra
enclose the cations, and are identical to those found in
the crystalline forms of these oxides, where they form a
regular, instead of random, array. The obvious assumption,
therefore, is that similar principles apply to the structure
of anodic tantalum oxide, and the first step in developing
a suitable model is to identify the possible oxygen coordina-
tion polyhedra.

In crystalline SiO2, the polyhedra are almost regular
tetrahedra, and in B2O3, they are almost regular triangles.
Because they are almost regular, and because only one type
is present in each oxide, good evidence for their existance
in the glassy forms has been obtained from appropriate
analysis of x-ray diffraction experiments. Crystalline
Ta2(>5, however, contains several different types of distorted
octahedra and pentagonal bipyramids; if these persist in
the anodic oxide,' the analysis of the diffuse haloes ob-
tained in diffraction experiments becomes so difficult as
to become for all practical purposes impossible.

Under these circumstances, the question is whether the
polyhedra observed in crystalline Ta2O5 would be likely to
persist in the amorphous form, as they do in SiO2 and
B2O3. It is more useful, however, to turn this question
around and ask whether the polyhedra observed in crystalline
Ta2O5 are likely to be typical of Ta (V) in an oxygen
environment. A study of tantalum chemistry suggests that
they are; some of the most convincing evidence comes from
the coordination numbers listed in Table 1.5.3.1. This
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shows that an average coordination number between six and
seven is entirely in keeping with the trends observed.

To aid in the analysis of other features of these
coordination polyhedra, a computer program has been
written to calculate nearest neighbour distances and angles
from crystal structure data.

Table 1.5.3.1

Coordination numbers for transition metal atoms in their
highest valency oxides. Where two numbers are listed, the
first is the most frequent.

ÏV A VA VIA

1st Ti-6 V-5* Cr-4

2nd Zr-7 & 8 Nb-6 Mo-5*

3rd Hf-7 & 8 Ta-6 & 7 W-6

Actinides Th-8 Pa-8 & 7 (?)+ U-6 & 7

* V and Mo have oxygen octahedra distorted in such a way
that the coordination number is equivalent to about five.

+ Pa2O5 have a fluorite structure with additional oxygen
atoms, but the details are not known.

1.5.4 preparation of Free Standing Films Of Anodic Zirconium Oxide

- D. Phillips

The stoichiometry of an anodic oxide can be determined
by Rutherford backscattering if a free standing film can be
produced. Such films can be prepared by anodizing a metal
foil on one face and then removing a portion of the metal
backing to leave a 'window' of the metal oxide. In
PR-CMa-25, section 4.2.4, a method for producing free stand--
ing films of anodic tantalum oxide was reported in which
the metal backing was dissolved anodically in a saturated
solution of ammonium chloride in methanol. Attempts have
been made to use this method to produce free standing
films of anodic zirconium oxide, but unfortunately the
oxide films continually broke as they were being removed
from the solution. The same problem occurred with the
method of R.E. Salomon, W.M. Graven and G.B. Adams (^in

H) R.E. Salomon, W.M. Graven and G.B. Adams, J. Chem.
Phys. 32!, 310 (1960).
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which the metal was dissolved in hydrofluoric acid.
Success was eventually achieved, however, with a method due
to J.C. Banter*2).. An anodic oxide film was grown on all
surfaces of a 0.025 cm thick zirconium foil and the centre
of one face was abraded with emery paper over an area
approximately 0.3 x 0.3 cm. The metal was then dissolved
by immersing the specimen in a 20% solution of bromine in
ethyl acetate. Attempts to extend these various methods
to produce films of anodic tungsten oxide have so far been
unsuccessful.

*2* J.C. Banter, J. Electrochem. Soc. 112, 388 (1965).

1.6 COMPUTATIONS

1.6.1 Calculations of the Reflection of keV Light Ions From Metals

- D.P. Jackson

This work is a continuation of a project begun at the
Max-Planck-Institute for Plasmaphysiks (Garching) to
investigate the theory of scattering of H + and He+ ions
from niobium and stainless steel. This problem is of
practical significance for the design and operation of
controlled thermonuclear fission reactors (CTR's) since
the walls of such devices will be subject to the bombard-
ment of such light ions. A computer simulation model was
developed whose pertinent features are (a) ion-atom
collisions governed by the Molière potential, (b) velocity-
dependent electronic stopping applied along the ion's path
and (c) the facility to simulate a variety of solid
structures from single crystal to 'amorphous' including
intermediate polycrystalline stages. The results thus far
may be summarized as follows.

(i) As the effective stopping power increases the re-
flection coefficient (RJJ) decreases. The variations
of RJJ with stopping power become larger as the in-
cident ion energy increases.

(ii) 'Amorphous* solids yield the highest % ' s ; increasing
the degree of crystallinity reduces Rfj. Again these
effects were more pronounced at higher energies.

(iii) For low beam energies the peak in the energy spectrum
of the reflected ions occurs at a relatively high
energy due to scattering from the surface. As the
incident ion energy increases, the magnitude of the
surface peak rapidly diminishes and the peak in the
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spectrum occurs at a much lower energy. Both the
position and shape of this 'low energy peak' were
observed to depend sensitively on the stopping
power and degree of crystallinity.

Generally, the results indicate that both comparisons
of calculated and experimental ion reflection data and the
extrapolation of laboratory measurements to technical
situations (e.g. CTR design), if they are to be meaningful,
require good characterization of the structures of the
solids involved.

1.6.2 Computer Calculations of Flux Distributions and Solute Atom
Displacements in f.c.c. Metals^

- N. Matsunami, M.L. Swanson and L.M. Howe

Further calculations were done to determine the dis-
placements of solute atoms in mixed dumbbells, by comparing
the ratio of the measured apparent displaced fractions with
the ratio of the calculated yields for different channels
(PR-CMa-40). We used the relations:

Y(S) = 2 fd
<100> 3 —rv?rje-

(S) rd

(S) £d

Here ^f^n> is the calculated yield from the atoms dis-

placed a distance S along <100> from the string of atoms

for a <lmn> channel and f< l m n > = (X^- Xh
<lmn>)/(l-x£lmn>)

is the apparent displaced fraction for a <lmn> channel,

where x ^ m n > and X* are the normalized minimum yields

from the solute atoms and host atoms, respectively, for a
<lmn> channel. The factor of 2/3 means that 2/3 of the
displacements are projected into a <100> channel. The

measured values of f£ m n > and the calculated displacement

S are summarized in Table 1.6.2.1, for f.c.c. metals. The
calculated displacements, S R 1 and SR 2# from two equations



Table 1.6.2.1

CALCULATED DISPLACEMENT OF SOLUTE ATOMS IN MIXED DUMBBELLS

r^llU' .^1UU> -<i.±X> _
fd fd fd Rl sRi R

2
 SR 2

(nm) (nm)

(1) Al-0.09% Mn 0.87 0.35 2.5 0.141
Al-0.09% Mn 0.511 0.100 0.217 3.41 0.143 2.35 0.140
Al-0.09% Mn 0.694 0.117 0.222 3.95 0.145 3.13 0.145
Al-0.09% Mn* 0.606 0.086 4.70 0.148

(2) A1-0.13T Cu 0.59 0.09 4.4 0.147

(3) Al-0.08% Ag 0.30 0.13 1.54 0.126

Al-0.08% Ag 0.44 0.35 1.26 0.127

Al-0.08% Ag* 0.32 0.17 1.25 0.121

(4) Cu-0.25% Be 0.37 0.06 0.14 4.1 0.133 2.6 0.129

* Measured at 150 K, others at 30-40 K.

** (Estimated Error in S + 0.003 nm)
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agreed well. The displacement of Mn, S M n = 0.143 ±. 0,003 nm
at 40 K agrees well with the value of 0.143 nm which was
determined by comparing the ratio of the peak to valley
yields from Mn atoms for a <110> channel with the ratio
calculated using Monte Carlo simulation(1).

It has been shown by theory(2) (in general) and
Mossbauer experiments(3) (in aluminum) that the thermal
vibration amplitude of dumbbell or mixed dumbbell inter-
stitials is larger by a factor 1.5 at 50 K and 2.0 at 150 K
than that of host atoms. It turns out that the enhanced
thermal vibration of the dumbbells affects the calculated
yield ratio by <i 10% at 50 K and -5 40% at 150 K for
0.08 nm £ S i? 0.16 nm, but affects S much less.

The displacement of Ag atoms, S^g = 0.121 nm in
Al-0.08% Ag measured at 150 K agrees well with S&g = 0.126 nm
at 40 K. The displacement of Mn S^n = 0.148 nm at 150 K
is slightly higher than S^n = 0.142 nm at 40 K, but these
values agree within an experimental error because of the
low accuracy for the 150 K measurements.

(*) J.H. Barrett, Proc. Fourth Conference on Applications
of Small Accelerators, Denton, Texas, 1976.

^2' P.H. Dederichs, C. Lehmann, H.R. Schober and A. Scholz,
J. Nucl. Mat. (in press). (Proceedings of the
International Conference on Properties of Atomic
Defects in Metals), Argonne, 1976.

(3> G. Vogl, W. Mansel and W. Vogl, J. Phys. F: Metal
Phys. 4, 2321 (1974).

1.7 PUBLICATIONS, LECTURES AND REPORTS

1.7.1 Publications

Mobility of Foreign Atoms During the Anodic Oxidation of
Aluminum: As, Sb, Bi; Se and Te
- W.D. Mackintosh, F. Brown and H.H. Plattner
Journal of the Electrochemical Society (in press).

1.7.2 Lectures

Application of MeV Ion Channeling to Surface Studies
•*• J.A. Davies
University of Montreal, January 28, 1977.
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Recent Application of MeV Ion Beams In Solid State And
Surface Studies
- J.A. Davies
Wayne State University, March 10, 1977.

Imaging of Lattice Crystals
- J.R. Parsons
Can, Metal Physics Conference, Kingston, June 8-10, 1977.

A Channeling Investigation of the Interaction Between Solute
Atoms and Irradiation-Produced Defects in Magnesium
- L.M. Howe, M.L. Swanson and A.F. Quenneville

1977 Canadian Metal Physics Conference, Kingston,
June 8-10, 1977.

The Location of Oxygen Adsorbed on a Ni(110) Surface By Low
Energy Ion Scattering
- D.P. Jackson

6th Canadian Seminar on Surfaces, Kingston, June 6-7, 1977.

Double K-Shell Vacancy Sharing in Heavy Ion-Atom Collisions
- W.N. Lennard and I.V. Mitchell
American Physical Society General Meeting, Washington,
D.C., April 25-28, 1977.

Energy Loss of 4He Ions in Solidified Gases
- W.K. Chu, J.A. Davies, N. Matsunami and D.A. Thompson

3rd International Conference on Ion Beam Analysis,
Washington, D.C., June 27-July }., 1977.

Crystal Lattice Imaging With The Electron Microscope
- J.R. Parsons and R.R. Hosbons
Microscopical Society of Canada, 4th Annual Meeting,
London, Ontario, June 13-15, 1977.

Production of Very Thin Crystal-Oriented Films of Germanium
- C.W. Hoelke
Microscopical Society of Canada, University of Western
Ontario, June 12-15, 1977.

K-Vacancy Sharing in Heavy Ion-Atom Collisions
- I.V. Mitchell

I.N.R.S., University of Quebec, Varennes, Quebec,
March 25, 1977.
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

(1) Performance Evaluation of Jarrell-Ash 2.5 m Direct
Reading Spectrometer

Emission spectroscopy is an established technique
for multi-element (impurity) analysis of U02 and appears
suitable for U02/Pu02 fuel. The Jarrell-Ash direct
reading spectrometer offers the promise of rapid analysis
by dried residue analysis of isolated (by solvent
extraction) impurities or carrier dist i l lat ion of
impurities in U02 or UO2/PuO2 matrix. To fulfill this
requirement, the instrument must exhibit high sensitivity
and stabili ty and provide a reasonable working range
(100-fold concentration spread). A comprehensive evalua-
tion program has been initiated to test the capability
of the instrument to provide the required performance
parameters. The following procedures have been completed:

(1) The optical.system (grating/mirror combination) was
realigned with the assistance of an outside consultant
(Mr. G. Zotov).

(2) The operating parameters of the spark source unit
were altered to reduce the high background signal
observed with graphite electrodes.

(3) All 20 photomultiplier tubes and associated optical
components (sl i t assemblies and refractors) were
realigned. High performance tubes (Hammamatsu
212-UH and 106-UH) were used for detection of cr i t ical
impurities (boron and cadmium).

(4) The stability of the instrument has been checked
on a day-to-day basis by monitoring the drift in the
mercury detectors.

The average detection limit for twenty elements was
found to be 0.5 micrograms. A twenty-fold sensitivity
improvement is required for fuel impurity analysis.
Efforts are underway to extend the sensitivity and evaluate
the ut i l i ty of the spectrometer for direct alloy analysis.
Instrument stability as given by the mercury monitors is
acceptable.
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2.2.2 Analytical Support for Heavy Water Process Programs

- R.M. Cassidy, S. Elchuk, R. Harpur, T. Longhurst

This work is reported in internal CRNL reports.

2.2.3 Atomic Absorption Spectrometry

- M. Hurteau, E.D. Bellavance

(1) Examination of 'Refractory' Elements by Electro-
thermal Atomic Absorption (AA)

Development work intended to exploit the potential
of electrothermal AA for improved sensitivity (compared
with flame AA, e.g. 10 ng/mL) for metals which form
thermally stable oxides and carbides has been suspended.
Zirconium oxynicrate salts have been examined most
extensively. Detector response signals which were
thought to be originating from zirconium atomic vapour
are background effects produced from the graphite furnace
at high operating temperatures ^2BQ0°C). These back-
ground signals cannot be effectively compensated by the
Techtron BC-6 background corrector to permit a search
for relevant signals at the Zr-360.1 nm resonance line
position.

Conversion of zirconium salts to tri-n-octylamine
complexes to diminish the probability of ZrO2 formation
during the thermal decomposition cycle has not produced
the desired result. Although an absorption peak appears
during the 'ash' cycle f*>250°C} indicating thermal decomposi-
tion of the amine complex, there is no corresponding
absorption peak during the atomize cycle revealing the
presence of Zr atomic vapour. Formation of zirconium
carbide, which also has a very high thermal decomposition
temperature, is likely under these circumstances.

(2) Automated Electrothermal AA

The precision of electrothermal AA measurements is
limited by the skill of the operator in dispensing very
small sample aliquots (5 to 10 yL) into the receiving port
of the carbon furnace. Instrument manufacturers are now
providing sample delivery systems for electrothermal AA
which provide good precision (±2%) plus the potential
for fully automatic operation. Automatic gas chromatography
(GC) samplers which have been in use for several years
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appear to have good prospects for AA application.

In particular, GC samplers offer the advantage of
sampling from sealed vials (for organometallic components
in volatile organic solvents) plus proven hardware and
software for automatic operation and data reduction. We
are currently evaluating a Hewlett Packard Model 7671A
Automatic Sampler for use with a Techtron AA-5 atomic
absorption spectrophotometer equipped with a Techtron
CR-63 graphite furnace. The sampler is operated by the
HP Model 3352B Laboratory Data System via a Hewlett Packard
control interface module. Data are being acquired and
processed by the 3352B Lab Data System in parallel with
the CRNL-developed AA data system (Reports AEP-5298 and
AEP-5290) for evaluation purposes. The precision for
organosilicon determination is ±3.8%, using a 10 yL
Hamilton syringe for sample delivery. Development work is
continuing to relate precision to the element under in-
vestigation, and the nature of the delivery tip (steel,
Pt or Teflon).

2.2.4 Mass Spectrometry

(1) Magnetic Sector - J.H. Munch

A new Micromass Model 601, equipped with batch inlet
system is being commissioned for hydrogen isotope and
general inorganic gas analysis. Commissioning involves
investigation of optimum scan conditions (best compromise
of resolution and sensitivity) and calibration with
standards (pure gases and gas mixtures) to establish sen-
sitivity factors for individual components.

The Hewlett Packard Model 3352B Laboratory Data System
has been interfaced to the Micromass Model 601 mass
spectrometer for test purposes. Preliminary attempts to
acquire and process mass spectrometer peak signals via
GC software have been encouraging. Additional effort is
required to locate a better signal source (combination of
voltage and noise levels) for A/D interfacing, to determine
memory requirement for general mass spectrometer analysis,
and to test batch analysis processing software developed
at CFNL.

(2) Quadrupole Mass Spectrometer - T.H. Longhurst

A GC/MS single ion monitoring method for analysis of
water and acetone in methanol has been developed and
applied to a service analysis request. The components
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were separated on a 180 cm x 0.32 cm Porapak Q column
and directed to the mass spectrometer via the single-
stage glass jet separator. The Digital Mass Programmer/
Demultiplexer combination was programmed to display the
M/e 18 peak for water on one channel and the M/e 58 peak
for acetone on a second channel. The corresponding peak
areas were measured with a digital integrator. Sensiti-
vity factors for each component were obtained by making
standard additions of each component to the sample
methanol. Detection limits were ^50 yg/mL for water
and 15 yg/mL for acetone.

2.2.5 High Speed Liquid Chromatography of Lanthanides and
Actinides

- R. Cassidy, M.J. McKay

A program has been initiated to determine the potential
of modern liquid chromatography for the separation and
detection of the lanthanide and actinide elements. Liquid
chromatography is used routinely at Oak Ridge National
Laboratory for the purification of lanthanides and actinides
but little work has been done on the development of re-
producible methods for routine analysis. One of the
problems has been the detection of these elements. With
the introduction of sensitive variable-wavelength detectors
it is now possible to do efficient in-stream effluent
analysis with sensitive colorimetric reagents such as
Alizarin Red S (sodium salt of 1,2-dihydroxyanthraquinone-
3-sulphonate). This reagent forms complexes with all of
the lanthanides and gives maximum absorption at 526 nm.
Studies of the in-stream effluent reaction between La 3 +

and Alizarin Red S have been very encouraging. The
reaction appears to be fast enough to permit efficient
detection and peak reproducibility has been good with
fresh reagent solutions. The main problem at present is
detector noise caused by small flow fluctuations. This
problem can likely be removed if pulseless pumps or pulse
dampers are used.



2.2.6 Analysis Requests

Received
from

Heavy Water
Programs

Type of Sample

System
Materials

Fuel
Engineering

Fuel
Materials

Miscellaneous

No. of
Samples

221

Pressure tube decrudding solutions
Water samples
Decontamination Centre waste solutions

Process water

30
9

16

Varsol solvent containing p a r t i c u l a t e matter 1
Cruds from H2S corrosion t e s t 2
Nickel chips 2
Si lver membrane f i l t e r s 7
Deposit from G-l process water systems 1

Cruds from weld coupons
Sal ine water
250-H5 loop water
Zr-Nb al loy

Fission gas

U/Al alloys
UO2

2
4
8
54

10

2
4

Type of Analysis Done

Gas chromatography,
liquid chromatography,
mass spectrometry,
emission spectrography,
UV absorption, total
organic carbon, Fe, Al,
Ca, K, Na, Si, Cl

Fe, Ni, Cu, Co, Cr
Cl
Na, K, Ca, Mg, Fe, Cu,
Si, PCK, SOi,, Cl
Na, Ca, Fe, Cl, SOc. pH
HCO3, absorbance scan
(UV-Vis)
Cr, Ni, Cu, Zn
Cl, S
P
Fe, Cu, Ni, Co, Cr, Al
Qualitative emission
spectrography
Fe, Ni, Cr
Na
Fe, Cu, Ni, Cr, Co, Al
K2

Gas composition (mass
spectrometry)

U (X-ray)
Qualitative emission
sp ectrography, C,
O/U, Fe, Ni

I



Received
from

Metallurgical
Engineering

General
Chemistry

Materials
Science

Physical
Chemistry

Accelerator
Physics

Chemical
Operations

Mechanical
Services

Mechanical
Equipment
Development

Workshops
Estimating
& Planning

Type of Sample

Steel tube
Zr-Nb alloys
Stainless steel alloy

H2 gas

Uranium impurities (after solvent
extraction)
Distillation column packing extracts

Zr-Fe alloys
Zr-Al alloys

Pt catalysts

H2 gas

Douglas Point moderator

Steel tube

Electrical contact from welding kit

Water
Loop water
Halon 1301

Seal deposits

Welding insert

No. of Type of Analysis Done
Samples

1 Cr, Sn, Ni, Fe
153 0 2, C

1 N content

5 Composition (mass
spectrometry)

3 Fe, Ni, Cr, Cu, Al
7 Si, S

2 Fe
2 Fe

23 Pt, Pd

1 Composition (mass
spectrometry)

B

1 Alloy identification
(X-ray)

1 Alloy identification
(emission spectrography)

2 Cl, Mg, Si
2 Cl
8 Composition (mass

spectrometry)
1 C

1 Alloy identification
(X-ray)



Received
from

Type of Sample

Solid State Doped metal target material
Science

V-Ta alloy

Environmental Perch Lake sediments
Research

Applied ZED-2 loop water
Mathematics

NRU

NPD

Neutron &
Solid State
Physics

Simon Fraser
University

Nuclear
Physics

WNRE

Crud from NRU critical heat faci l i ty

Turbine casing chips
D20

Capsule reaction product

Zr single crystals

Argon gas

Zr-4 alloy

Ontario Hydro Zr-Nb alloy
Fe chips

No. of
Samples

9

1

9

5

1

1
1

1

2

1

3

12
1

Type of Analysis Done

Quantitative emission
spectrography
Ta

Qualitative X-ray

B

Qualitative emission
spec trography

Si
Cl, F

Qualitative emission
spectrography

Quantitative emission
spectrography

Composition (mass
spectrometry)

O2 content

Efe content
C

OJ

1

Total number of samples = 638

Total number of analyses = 2,516
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Fission Product Deposition - Laboratory Studies

- W.J. Edwards

A particle size separator, employing a vertical water
sheet, has been used to separate a sample of magnetite
(Matheson Coleman Ltd.) into 20 size ranges. The particle
size distribution appears sharply peaked with *83% of
the mass falling into 20% of the total range and 43%
into 5% of this range. The actual particle sizes have
yet to be determined.

This material is being tested as an adsorption sub-
strate for fission product distribution. The uniformity
and purity of selected size ranges are being measured.
A white refractive material, apparently silica, has been
found in the fines portion, but other sizes appear to be
purer.

2.3.2 Analysis of F~ at Low Concentration

- W.J. Edwards

The response of the LaFs specific ion electrodei to
solutions with very low F concentrations (>10 pg F / g ) ,
has been investigated by R.C. Hawkings et al (1,2).
The experimental procedures developed for this study are
quite time-consuming, requiring many hours of E.M.F.
measurements in blank solutions to stabilize and calibrate
the electrode. The stabilization and calibration must he
repeated frequently.

An attempt is being made to modify the procedures
developed by Hawkings and convert them from techniques
suitable for the study of electrode behaviour per se,
to those suitable for routine analysis of very low fluoride
concentrations. Existing procedures have been automated
using a small computer and a program developed previously
(PR-CMa-38, -39) for quadrupole mass spectrometry. Two LaF3
electrodes and two solution temperatures can be monitored
concurrently. By freeing the experimenters from tedious
observational duties once the sample has been made up, a
considerable saving of technical man hours is achieved;
however the actual measurement period is not appreciably
shortened. Ultrasonic stirring techniques are being
studied as a means of shortening the response time. This
work is being carried out to aid the Environmental Research
Branch in the measurement of trace F~ in natural water samples.

(1) R.C. Hawkings, L.P.V. Corriveau, D.M. Tennant, in preparation
(2) R.C. Hawkings, L.P.V. Corriveau, S.A. Kushneriuk, in prepara-

tion.
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2.3.3 Y'Spectrometry Laboratory - P. A. Robinson

A total of 284 samples was received during the
period March 1 - June 8, 1977. These were analyzed as
follows :

Nal(Tl) gamma spectra
Ge(Li) gamma spectra

decay curves beta
gross beta

20
163

183

10
123

133

DISTRIBUTION OF BETA ANALYSIS

Loop

Decay

Gross

X-1

-

20

X-3

2

26

X-4

-

14

X-5

1

20

U-1

1

6

U-2

2

14

U-5

1

16

DISTRIBUTION OF GAMMA ANALYSIS

Analyses
for

X-1

2

X-3

6

X-4

15

X-5

5

U-2

5

U-5

2

U-1

2

NRU

37

Special
Analysis

109

Mass spectra obtained using the PDP-8 Quadrupole
automation system = 4 9
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2 . 4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

- W.M. Thurston, M.W.D. James

The following is a summary of deuterium analyses for
the period March 1 to June 1, 1977 -

No. of Samples Branch Program

41,161 Physical Chemistry H2-H2O Exchange
2,347 General Chemistry Electrolysis-Catalyst

Exchange
54 General Chemistry Interlaboratory

Comparisons
117 General Chemistry Miscellaneous H20

Analysis
90 Chemical Engineering L/G Tests at GBHWP
23 Chemical Engineering Combustion and Micro

Analysis of Gas Samples
6 Pickering GS D2O Inventory Analyses

43,798

2.4.2 Heavy Water Analysis - Cooperation with Production Plants

- W.M. Thurston, M.W.D. James

This work is described in an internal CRNL report.

2.5 ELECTROCHEMISTRY

2.5.1 Platinum (111) Single Crystal

- M. Hammerli, W.J. 01mstead (with P.R. Norton, Physical
Chemistry Branch and J.A. Davies, Solid State Science Branch)

Studies of the anodic behaviour of a platinum (111)
single crystal continued. Current densities of 23.3 to
233 mA'cm"2 of geometric surface were used. The ESCA
results of P.R. Norton and J.W. Goodale (see PR-CMa-41,
Sec. 3.3.2) indicate only a small amount (1-2 monolayers)
of adsorbed oxygen was present, with very little penetration
into the crystal itself.
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These new results contradict an earlier result (see
PR-CMa-38) which seemed to indicate that a relatively
large amount of oxygen had penetrated into the crystal.
The reason for this discrepancy is not yet clear, but
different crystals were involved.

Future experiments are planned when the LEED-Auger
facilities become available.

2.5.2 SHD Measurements on Noranda/Electrolyser Proprietary
Cathodes

- M. Hammerli, W.J. 01mstead

2.5.3 Evaluation of the Ag/Pd Method for Removing Hydrogen
from the Pressure Tube Annulus Gas

- M. Hammerli, W.J. 01mstead

2.5.4 The Combined Electrolysis Catalytic Exchange (CECE)
Process

- M. Hammeili, A.S. Denovan

2.5.5 Anode Depolarization

- M. Hammerli, A.S. Denovan

Work carried out in Sections 2.5.2 to 2.5.5 is reported
in internal CRNL reports.

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Spectrometry

- I.H. Crocker, S.V. Armstrong

(1) Trace Impurity Analysis of High Purity Cadmium
Telluride Crystals (in cooperation with
J.G.V. Taylor, Neutron and Solid State Physics Branch)

In an extension of the work described in PR-CMa-39 and
-40, high purity tellurium crystals were analyzed for
their trace impurities. The results of the analyses are
reported in Table 2.6.1.1.
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Table 2.6.1.1

Trace Impurities in High Purity Tellurium

Concentration
No. Element (atom %)

1 Na 2 x 10""
2 Zn 3 x 10""
3 Ni <1 x 10"*
4 Fe <1 x 10"*
5 Mn <1 x 10~"
6 Cr <1 x 10~"

No standard material is available; all numbers therefore
are relative and accurate only to within a factor of
three.

(2) Impurities in Gadolinium Used in Bruce Generating
Station Control

As described in Section 2.6.3.1 of this report,
adjacent rare earth trace impurities were detected in
samples of gadolinium nitrate hexahydrate from material
intended for use in the Bruce reactors for shutdown control.
Interference effects were noted in thermionic mass
spectrometric analyses of recent samples, whereas earlier
samples had not shown these effects. Results of spark
source mass spectrometer analyses of a recent sample and
of an earlier one are shown in Table 2.6.1.2.

Table 2.6.1.2

Adjacent Rare Earth Impurities in Gadolinium

(Concentration in lO"* atom %)

Element Recent Sample Earlier Sample
(1977) (1976)

Europium 18 12
Samarium 49 <1

It is postulated that Sm caused interferences at mass
numbers 152 and 154 in the thermionic mass spectrometer
isotopic analysis of recent Gd samples.
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(3) Analysis of Incoloy-800 (in cooperation with W. Evans,
Metallurgical Engineering Branch)

An attempt was made to determine the Co content of
Incoloy-800 by spark source mass spectrometry. A result
of 0.014 weight percent was obtained by normalizing the
analytical results against the known Ni concentration of
the sample.

Subsequently i t was learned that much more accurate
results had been obtained by atomic absorption spectroscopy.
These results averaged 0.020±0.001 % Co.

Given the l.:ek of a suitable standard, the spark
source result is as good as one would expect. The
Incoloy-800 sample may now be utilized as a cobalt standard
for future spark source work.

2.6.2 Uranium Fuel Burnup Measurements

- I.H. Crocker, J.A. Schruder, S.R. Bokwa, B.W. Hildebrandt,
C.H. Knight

Isotopic analyses of forty-two samples of starting
material and irradiated pellets were completed for Fuel
Engineering, Fuel Materials and Nuclear Materials Control
Branches.

Thirty-two irradiated pellets were dissolved and the
uranium contents purified for mass spectrometric analysis.
Another dozen U-Al alloy samples were dissolved and the
uranium purified for isotopic analysis on behalf of a
standards qualification program for the IAEA (section
2.6.3.2, this report).

2.6.3 Thermionic Source Mass Spectrometry

- I.H. Crocker, J.A. Schruder, S.R. Bokwa, B.w. Hildebrandt
(part-time)

(1) Reactor Poison Analyses for Bruce Generating Station

Six more lots of gadolinium nitrate hexahydrate were
sampled, and the samples were mass analyzed to verify that
they met the isotopic requirements that would guarantee
the shutdown state of the Bruce reactors when required.
Each of the samples was found to have a normal isotopic
constitution, except at the low mass numbers 152 and 154,
where interference was observed.
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A trace Impurity analysis by spark source mass
spectrometry on one sample showed that samarium was
present at the 5 x 10" 3 atom percent level, whereas a
previous lot exhibiting little interference at the lower
mass numbers analyzed at <0.1 x 10~3 atom percent. It
is probable, therefore, that trace samarium caused the
interference in these analyses. This has no significance
with respect to the neutron absorbing quality of the
material under test, since the major neutron absorbing
isotopes are l s sGd and ls7Gd.

(2) International Atomic Energy Agency Uranium-Aluminum
Alloy Standards Calibration

A dozen U-Al alloy samples consisting of six samples
each from an NRU billet and an NRX billet were success-
fully analyzed for their uranium isotopic abundances
according to the stringent requirements specified by the
IAEA. These billets will eventually be used by the
Agency as a source of standard calibration material. The
results of the isotopic analyses are shown in Table 2.6.3.1.

(3) Operation of the Thermionic Mass Spectrometers

Both thermionic source mass spectrometers operated
satisfactorily throughout the period. C.H. Knight
completed his training in sample preparation with
S.R. Bokwa, and for the present is responsible for
dissolution and purification procedures. Bokwa is now
gaining experience on the mass spectrometers. B.W. Hildebrandt
is also working part-time in mass spectrometry as his
duties in the mixed oxide laboratory permit.

2.6.4 Analytical Support - Plutonium Fuel Fabrication Line

- I.H. Crocker, F.C. Miller, L.G. Shurrock, B.W. Hildebrandt

This work is described in an internal CRNL report.



Table 2.6.3.1

Uranium Isotope Calibration in Atom Percent

Sample

NRX Billet
D15-12
1/1A
I/IB
3/1A
3/1B
6/1A
6/1B

NRU Billet
C54-34
7/2A

7/2B
9/2A
9/2B
12/2 A
12/2B

NBS U-930
NBS U-930
tified ValuJ

234

0.9991
1.0010
1.0016
0.9991
0.9998
1.0003

1.0053
1.0031
1.0043
1.0033
1.0055
1.0051

1.0842

1.0812

RSD (%) ( 2 )

0.15
0.18
0.11
0.14
0.27
0.18

0.26
0.26
0.09
0.18
0.17
0.08

0.24

0.20

235

93.239
93.240
93.224
93.228
93.232
93.230

93.233
93.238
93.228
93.243
93.229
93.226

93.333

93.336

RSD (%)

0.021
0.020
0.010
0.016
0.013
0.011

0.019
0.022
0.010
0.017
0.010
0.012

0.010

0.010

236

0.4429
0.4422
0.4435
0.4437
0.4473
0.4457

0.4531
0.4528
0.4531
0.4507
0.4534
0.4531

0.2009

0.2027

RSD (%)

0.27
0.24
0.30
1.12
0.69
0.42

0.69
0.49
0.61
0.32
0.70
0.81

0.82

0.30

238

5.316
5.316
5.331
5. 329
5.321
5.324

5.309
5.306
5.314
5.303
5.312
5.316

5.382

5.380

RSD (%)

0.32
0.40
0.11
0.20
0.08
0.18

0.31
0.32
0.08
0.27
0.18
0.17

0.13

0.09

(1) Each of the results is based upon 6 complete runs consisting of 10 individual scans of
th.e uranxum f s o t°P e s i n each run, i.e. each number is based upon 60 actual measurements
of the relative peak height.

(2) RSD is relative standard deviation.
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2.7 REPORTS, PUBLICATIONS, LECTURES

2.7.1 Lectures

(1) Redox Processes in Ground Water
by J. Gulens
Presented at WNRE, April 21, 1977

The following papers were presented at the Joint Meeting
of the American Chemical Society and the Chemical Institute
of Canada, Montreal, May 29 - June 2, 1977 -

(1) Parasitic Heavy Water Production and the Hydrogen
Economy
by M. Hammerli

(2) Sensitivity of Sulphide Ion-Selective Electrodes -
Surface Effects
by J. Gulens and B. Ikeda

(3) A Combined Electrolysis Catalytic Exchange (CECE)
Process for Hydrogen Isotope Separation
by M. Hammerli, W.H. Stevens, J.P. Butler

(4) Reversed-Phase and Normal-Phase Chromatography of
Some Non-Ionic Surfactants and their Decomposition
Products
by R.M. Cassidy
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3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry
- A.W. Boyd and O.A. Miller

(a) Exchange Yields in the Radiolysis of 2 8N 2-
3 0N 2

Mixtures (with C. Willis, National Research Council)

As discussed in PR-CMa-38, AECL-5618 and PR-CMa-40,
AECL-5808 the anomalously high exchange yields in the
radiolysis of 2 8N 2-

3 0N 2 mixtures are thought to be due
to reaction [1].

[1] 1*»N+ + 3 0N 2 •*• 1 5N + + 2 9 N 2

ki = 1.8 x 10" 1 0 cm3-molecule"J.s"x(1)

The contribution of this to the yield of 2 9N 2 is limited
by the addition reaction [2].

[2] N + + 2N2 •+ N 3
+ + N2

k2 = 5 x 10~
2 9 cm6 «molecule" ̂ s " 1 (2)

Below the "three body limit" of [2] the exchange yield
should increase with decreasing pressure. We have
observed such increases but the results show a good
deal of scatter. We attribute this to impurities and
wall effects and have repeated the irradiations using
4 cm (instead of 1 cm) diameter cells thoroughly
cleaned and outgassed. The results are given in
Table 3.2.1.1 and the yields are plotted as a function
of the reciprocal pressure in Figure 3.2.1.1. The
linear portion of this plot extrapolates at high
pressures to G(exch) = 7.5 in good agreement with
previous work(3,4). At 0.25 kPa (<v 2 Torr) the linear
extrapolated yield is G(exch) = 140. In our proposed
mechanism the yield due to reaction [1] is

[3] G(êxch) = 2

and substituting G(exch) = 140 into [31 gives
k2[N2] « 1.8 x 10"

1 2 cm3«molecule"1«s"*. This is in
good agreement with the value obtained for the second
order rate constant for this addition reaction at
0.1 - 0.3 kPa by Good, Durden and Kebarle(2) .

This agreement and that at high pressures would seem
to provide confirmation of the mechanism. The observed
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Table 3.2.1.1

Pressure Dependence of the Exchange Yields in
2 8N 2-

3 0N 2 Mixtures

Dose Rate 2.6 x 10 1 6 eV-g'^s"1

Dose 9.1 x 10 2 1 eV-g"1

Pressure
kPa

0.67
1.33
5 . 3
6 . 7
8 .0
9 . 3

10.7
13.3
19.3
25.3
30.9
37.5

G(excn)

15.6
14.1
12.6
11.3
10.8
10.7
10.6
10.3

9 . 5
9 . 0
8 . 5
8 .7

.02 .04 •08 O.I 0.12 0.14
I/P (kPa-1)

0.16 0.18 0.20

Figure 3.2.1.1 - Exchange Yields in the Radiolysis of
2 8 N 2 _ 3 J N 2 Mixtures as a Function of the
Inverse Pressure.
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fall-off from linearity at low pressures in
Figure 3.2.1.1 is presumably due to the difficulty of
completely eliminating wall effects at these pressures.

(b) Yield of N Atoms in K 2 from the Radiolysis of N2-NO
Mixtures

The ion yields in the radiolysis of N2 are well
known from measurements of the energy required to form
an ion pair and the mass spectra. The neutral dissoci-
ation yield (G(N2* -»• 2N)) has been estimated to be 2.5
from excitation cross-section measurements(5) and derived
from ozone yields in N2-(>2 mixtures to be 2.9(6).
Although the agreement between these two values is reason-
able it is desirable to have another value particularly
in view of the anomaly in the exchange yields discussed
in (a).

In P. mixture of N 2 with a small amount of NO the
yield of N0 2 should equal the yield of N atoms

[1] N + NO + N 2 + 0

ki = 1.8 x 10" 1 0 cm3-molecule"1«s"1

[2] 0 + NO + M ->• N0 2 + M

k2 = 7 x 10"
3 2 cm6«molecule"l-s'1

Any decomposition of the NO resulting from charge
transfer from Nh

+ can be suppressed by the addition of
SF6 and the reaction of N 3

+ with NO is thought to give
mainly N 2 and N 2O

+(7).

We have irradiated mixtures of N2 containing 0.5 mole
percent SF6 with both 2 and 4 mole percent of NO in the
Gammacell and determined the NO2 by measurement of its
optical density using a Cary 17 spectrophotometer. The
results are given in Table 3.2.1.2. The total N atom
yield is G(N) = G(NO2) = 5.9 ± 0.4. The contribution of
ionic processes should be only G(N) = 0.7 from

[3] N2««-> N
+ + N + e"

The yield due to neutral dissociation is then

nln * _̂  1Mi _ 5.9 t 0.4 - 0.7 _ 0 , . n ,G(N2**«
r->' 2N) = = = 2.6 ± 0.2

in good agreement with the above values of 2.5 and 2.9.
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Table 3.2.1.2

Yields of NO2 in the Radiolysis
N 2 - NO - SF6 Mixtures

Dose Rate 2.5 x 10" 1 6 eV'g^-s" 1

Mole % N0 a

2
4
2
2
4
4

Dose
10 2 0 eV.g"1

1.87
1.87
3.75
3.75
3.75

11.2
Average

G(NO2)

5.62
5.28
6.41
6.15
5.87
5.93

5.87 ± 0.4

aEach sample contained 0.5 mole % SF6 the balance being N 2.

(1) P.C. Fehsenfeld, D.L. Albritton, Y.A. Bush,
P.G. Fournier, T.R. Govers and J. Fournier,
J. Chem. Phys. 61,, 2150 (1974).

(2) A. Good, D.A. Durden and P. Kebarle, J. Chem.
Phys. 52, 212 (1970).

(3) D.H. Dawes and R.A. Back, J. Phys. Chem. 69,
2355 (1966).

(4) C.J. Wood and R.A. Mascall, J.C.S. Farad. Trans.
I 71, 1678 (1975).

(5) C. Willis and A.W. Boyd, Int. J. Radiât. Phys.
Chem. 8_, 71 (1976) .

(6) C. Willis, A.W. Boyd and M.J. Young, Can. J. Chem.
4£, 1515 (1970).

(7) W. Lindinger, J. Chem. Phys. 64, 3720 (1976).

3.2.2 Pulse Radiolysis of Liquid Systems
- W.A. Seddon, J.W. Fletcher, F.C. Sopchyshyn and

L.W. Thomson

(a) Amines - Effect of Temperature

In previous work (D we have established that
species considered to be ion-pairs (M+, eg), are formed
in amine solutions containing alkali metal salts.

[1] e~ + M + -* (M+, e^)

In general, the optical absorption band maxima for
(M+, eô) show a shift towards higher energies than
those found for the corresponding solvated electron,
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e s. The magnitude of this shift decreases with increas-
ing solvent polarity and for the series methylamina (MA),
ethylamine (EA) and isopropylamine (IPA), decreases in
the order IPA > EA > MA. Such shifts also show a good
correlation with the hyperfine splitting constants
obtained for the species of stoichiometry M in alkali
metal-amine solutions, suggesting that the transient
species observed by pulse radiolysis are the same as
those observed by electron spin resonance^) .

In the current study we have investigated the effect
of decreasing temperature on the spectral properties
of eg and (Na+, eg) in MA, EA and IPA, with a view to:

(a) investigating the validity of the above correlation
as a function of temperature

(b) distinguishing between the "static" and "dynamic"
models(3,4) proposed to explain the esr data and

(c) to comment on the nature of (M+, e^) as a function
of solvent and temperature.

In brief we observe that the spectra of (M , eg) are
broadened with respect to eg, the extent of which
increases markedly in the order MA < EA < IPA. Extinction
coefficients are less than those measured for the corres-
ponding el spectra and tend to decrease with increasing
band width from MA to IPA. The ion-pair spectra exhibit
temperatures coefficients, dvmax/dK cm"

1^" 1, less than
those observed for eg and they decrease significantly
from MA to EA.

These observations are consistent with an interaction
between eg and Na + the magnitude of which increases
with decreasing dielectric character of the solvent and
decreases again with decreasing temperature. This is
in accord with the pronounced changes in hyperfine
splitting with changes in solvent and temperature(5).
In both the optical and esr results the trend is toward
a more "atom-like" structure, or greater M + - eg
interaction, as the temperature is increased or the
solvent polarity decreased.

This is perhaps best visualised as involving the
formation of "loose" (or solvent separated) and "tight"
(or contact) ion-pairs. In the former the physical
properties of eg are only slightly perturbed by the
presence of M +, whereas in the latter there is a much
greater degree of orbital overlap. This continuous
variation in properties as a function of temperature
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and solvent composition is therefore more in keeping with
the "static" model and should be contrasted with ether
solutions where strong evidence is obtained for the
"dynamic" model involving a rapid equilibrium between
tight and loose ion-pairs (PR-CMa-40). A detailed
account of this work is being prepared for publication,

(b) Mixed Solvent Systems

A survey of mixed homogenous solvent systems has
been made(6). These systems have the advantage that a
continuous variation of solution properties can be
obtained. In turn this helps to elucidate the inter-
relation between solvated electron properties such as
solvation energy,solvation yield, spur escape probability
and reactivity. In non-interacting solutions the
properties in general are intermediate in nature between
the two solvents.

For EA-NH3 solutions eg is preferentially solvated
by NH3. The ion-pair (M+, eg) although more solvent
dependent, has less specificity for NH3 in the
solvation shell (i.e., the solvation shell is more
representative of the bulk composition). The species M~
is affected least by solvent composition. In solutions
with high NH3 concentrations a second type of_spin-paired
species appears to be formed in addition to M~. The
overall reactivity of the electron species is similar
at all EA-NH3 concentrations. This can be related to
the stable nature of eg in all EA-NH3 alkali metal solutions.

Other studies in non-polar, aqueous or alcohol
solutions have indicated aggregate formation which
complicates any comparison with EA-NH3 solutions. We
have therefore chosen hydrazine (N2H1J, intermediate in
polarity between NH3 and the alcohols, as a co-solvent
for EA to systematically increase the polarity of the
medium. It would be expected that the greater polarity
of N2H1, would lead to more preferential solvation of
e^ by N2H4. The opposite has been observed in recent
experiments - possibly due to the larger size of the
hydrazine molecule. The greater polarity of N2H4 does
however lead to more preferential solvation of the ion-pair
than in the EA-NH3 system.

The eguilibrium between the visible (M~) and infrared
spin-paired species appears to be shifted towards the
anion M" more in EA-N2H4 than in EA-NH3.
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Work is continuing with the EA-N2H4 system in order
to make more detailed comparisons with EA-NH3.

(1) J.W. Fletcher and W.A. Seddon, J. Phys. Chem. 79_,
3055 (1975).

(2) W.A. Seddon, J.W. Fletcher and R. Catterall, Can.
J. Chem. 55 (in press 1977).

(3) K. Hofelmann, J. Jagur-Grodzinski and M. Szwarc,
J. Am. Chem. S o c , 9JL, 4645 (1969).

(4) T Catterall and P.P. Edwards, J. Phys. Chem. 79,
3010 (1975).

(5) J.L. Dye, Electrons in Fluids, ed. J. Jortner and
N.R. Kestner, Springer-Verlag, Berlin, 1973, p. 77.

(6) J.W. Fletcher and W.A. Seddon, Discussions,
Faraday Society 6_3_ (in press 1977) .

3.2.3 Photochemical Isotope Separation
- R.D. McAlpine, D.K. Evans and F.K. McClusky

(a) Laser Induced Decomposition of Methanol

The studies on isotopic mixtures of methanol
reported in PR-CMa-40 have continued. Separation
factors, defined as the protium to deuterium atom ratio
of product hydrogen divided by that of reactant methanol,
a H or a D [ocH = (H/D)HYD * (H/D)REACT and a D = an"1]
have now been obtained for selective excitation of both
species from eguimolar mixtures of CH3OH/CH3OD and
CD3OH/CD3OD. These results are summarized in Figure
3.2.3.1

For the mixture CH3OH/CH3OD irradiation of the OH
species gives hydrogen as a product which is enriched
in H at low pressures, but which is not enriched in H
or D (aH % 1) at higher pressures. At low pressures,
an is found to vary as inversely as the pressure.
This pressure dependence is thought to arise from the
competition between a non-collisional mechanism which
predominates at low pressures and is isotopically
specific and a non-specific collisional mechanism
which predominates at high pressures. Irradiation in
the OD species for the CH3OH/CH3OD mixture does not
produce a product enriched in D for pressures between
1 and 8 kPa.

The mixture CD3OH/CD3OD has also been studied over
a similar pressure range. At low pressures, irradiation
of CD3OD gave a product which was enriched in D, while
irradiation in CD3OH results in H enrichment. At the
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Figure 3.2.3.1 - The dependence of separation factor on
total pressure for the selective excitation
of various components in an equimolar mixture
of isotopically substituted methanols.
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lowest pressures used (1.37 kPa) aD = 1.5 ± 0.3 for CD3OD
which is 3 times that for CD3OH irradiation, showing
that selective decomposition of the irradiated species
is occurring at low pressures.

Preliminary experiments have shown that a varies
with focal length. For example, using a 20 cm lens and
irradiating with HF, Pi (6) (in the -OH species) for a
CH3OH/CH3OD mixture at 2.7 kPa, ajj = 1.9. For a 10 cm
lens under the same conditions, ccH = 4.2. Presumably
the higher average power density over the effective
irradiation volume for the shorter focal length lens
favours non-collisional decomposition in the competition
between collisional and non-collisional routes. This
observation is possibly important since this effect may
be used to augment the a-value at the higher pressures
that will be necessary for any practical application
of this work.

(b) Laser Induced Decomposition of Formic Acid

Irradiation studies of formic acid using the
focussed beam of a pulsed HF laser have continued.
Separation factors, OH, have now been obtained for
selective excitation of the OH species in eguimolar
mixtures of HCOOH/HCOOD. These results are summarized
in Figure 3.2.3.2.

The pressure dependence of an is, qualitatively,
similar to that observed for the CH3OH/CH3OD mixture
discussed in section 3.2.3 (a). The degree of isctopic
enrichment in the product is high at low pressures, and
decreases with increasing pressure, indicating that a
competition between collisional and non-collisional
decay routes is also important in this system. Yields,
(with the present experimental configuration) are
insufficient using the DF laser to undertake a study
of the selective excitation of the OD species.

In another series of measurements, the dependence
of the number of product molecules per pulse on
relative beam intensity was measured. The latter was
changed by inserting interference filters in the beam.
The results in Figure 3.2.3.3 show that the number of
molecules per pulse has a complex dependence on the
energy per pulse. Behaviour of this sort has been
predicted by Speiser and Jortner(l) to arise from a
conical focussed beam geometry in which a significant
degree of saturation is occurring at higher pulse energies.
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Figure 3.2.3.3 - log [number of product molecules] versus
log [energy per pulse] for the stimulated
decomposition of formic acid using the
focussed beam of an HF laser.
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The slope of the steeper part of the curve indicates
that at least 6-7 HF photons (̂  280 kJ/mol) are being
used to decompose formic acid.

(1) S. Speiser and J. Jortner, Chem. Phys. Letters
4±, 399 (1976).

3.2.4 Laser Magnetic Resonance
- D.R. Smith, J.D. Bonnett and E.B. Selkirk

The CW CO2 laser has been operated successfully,
using an unstabilized power supply. The stabilized power
supply has not yet been delivered. When KC1 brewster
windows (22 nun wide) are used, the laser performance
generally meets expectations, e.g., 2 watts output
when tuned to 9R44 line and 6.5 watts with the 9R4
line. However severe humidity has prevented use of these
windows for much of the period. When ZnSe windows
(16 mm wide) are used to avoid humidity problems, the
laser performance is inadequate. There is severe
wavelength instability and it is only possible to tune
out to the 9R38 and 9R6 lines at about 0.5 watt power.
Larger ZnSe windows have been ordered.

The far infrared (FIR) laser, after an initial
assembly, required several modifications. It is now
being reassembled including the intracavity glass reaction
tube. The CO2 laser beam has been coupled into the FIR
laser successfully and a Harshaw PY4 pyroelectric detector
has monitored the CO2 laser beam inside the FIR laser.
This is a low sensitivity detector mounted in a
retractable side arm, used to optimize CO2 laser beam
alignment.

It has been decided to monitor free radical
formation in gases during irradiation with intense
focussed CO2 laser pulses (1 J, 0.15 11s, 25 Hz).
The formation and reaction kinetics, and hydrogen
isotopic composition of the radicals will be studied
as a function of experimental parameters such as pulsed
laser wavelength, gas pressure and composition. A
tunable pulsed CO2 laser has been ordered for this
program.



- 56 -

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen
and Water
- J.P. Butler, J. den Hartog and F.W. Molson
- J.H. Rolston and D.E. Clegg

The results of this research are given in an internal
CRNL report.

3.3.2 Surface Studies by X-ray and UV Photoelectron Spectroscopy
(XPS and UPS)
- P.R. Norton and J.W. Goodale

(a) ASTM Committee E-42 on Surface Analysis; ESCA
Roundrobxn

Standard samples of nickel, copper and gold were
analyzed by X-ray photoelectron spectroscopy (XPS)
using both AlKa and MgKa X-rays as part of an NBS program to
assess the precision and accuracy of XPS in analysing
standard metal samples. All participants have been
requested to measure the binding energies, line widths
and intensities of core and valence levels in an attempt
to foimulate a set of standard energies and intensities
for easy-to-measure materials. This should allow a
spectrometer user to calibrate his particular machine.
The results have been sent to Drs. C.J. Powell and
N.E. Erickson of the NBS who will analyze the data and
submit a report to the Journal of Electron Spectroscopy
for publication.

(b) ESCA Probe Development

A new probe has been developed that resistively
heats single crystals with a chosen temperature-time
schedule. E.B. Selkirk has developed a programmable
voltage generator that drives a high current slave
power supply. The temperature of suitable single
crysttils can be varied linearly with time over the range
90 < T < 1000 K with heating rates of a few degrees
per second which are ideal for thermal desorption
spectroscopy. Work function measuring techniques
are being developed.
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3.4 ISOTOPE CHEMISTRY

3.4.1 Isotope Exchange Between Molecular Hydrogen and
Cyclohexylamine
- E.A. Symons and M.F. Powell

The rehabilitation of an old CEC 21-614 mass
spectrometer has been completed and calibration
procedures are being carried out with H2, HD, D2
and their mixtures, to permit analysis of exchange reaction j-
samples. f

The first series of isotope exchange runs between
cyclohexylamine (CHA) and D2 will be done with the cesium
salt (CsCHA) as catalyst. Some preliminary observations
on CsCHA solution chemistry have been made. Cesium
reacts readily at 50°C with CHA to produce a clear yellow-
green solution of the salt. However, there is never a
blue colour present, even at the surface of the molten
metal where the H2 gas bubbles form. This is in contrast
to the methylamine system where lithium or potassium
first dissolves to yield a dark blue solution of solvated
electrons and alkali metal species. The ultraviolet-visible
spectrum of CsCHA solution is similar to that for potassium
methylamide in methylamine, being a featureless shoulder
located between 450 nm and the CHA solvent cutoff at
about 250 nm.

Some initial tests have been made on the thermal
stability of CsCHA solution. When a 15 ml sample
was heated in a Pyrex flask to 60°C for 70 h, the
yellow colour became more intense and white crystals
were deposited on the walls. A spectral scan (at 25°C)
showed a new, distinct peak at 274 nm; further reaction
at 60°C led to a decrease in its absorbance.

The various alkali metal cyclohexylamide salts
are required to permit a comparison of their relative
catalytic abilities in the D2-CHA exchange reaction.
Surprisingly, Li, Na, and K do not react with CHA at
ambient temperature, but tests are being conducted to
determine if they will react at temperatures up to the
boiling point of CHA, 135°C. So far, only Li shows some
reactivity at 65°C.

3.4.2 NMR Investigations of Potassium Methylamide (PMA)/
Methylamine (AM) Solutions
- J.D. Halliday and P.E. Bindner

The spectral data showing the effect of temperature
and PMA concentration on the methylamine amino proton
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line width (PR-CMa-37) have been analyzed. Extraction
of the second order rate constants, Jc2, for the
amine-amide proton exchange

[1] CH3NH2 + CH3NHK \ • • * CH3NHK + CH3NH2

required a knowledge of the JI*N spin-lifetimes, T ( S ) ,
in pure anhydrous CH3llfNH2 as a function of temperature.
This evaluation of T requires that an allowance be made
for unresolved broadening introduced into the amino
line by the methyl proton coupling. This complication
was removed by computer simulation of the spectra using
the measured value of the coupling constant, J H N C H = 7.04 H Z .
The corrected amino proton lineshape was shown to obey
the equation proposed by Pop led) for a proton attached
to a spin 1 nucleus. No self-exchange reaction in CH3NH2
was required to fit the data (PR-CMa-40). The values of
T measured as a function of temperature are shown in
Figure 3.4.3..1.. These values are from 4 to 8 times shorter
than those observed(2) with 11+NH3. The substitution of
a methyl group onto ammonia allows the quadrupole
relaxation to be much more efficient.

Using the equations developed in reference 2 and the
llfN spin-lifetimes measured above, the pseudo first
order rate constants (1/T 1) for the amine-amide amino
proton exchange were calculated. The collapse of the
methyl triplet in CH3NH2 was also measured as a
function of PMA concentration [PMAJ and temperature and
the 1/T' values were calculated from the data using
the equations in reference (3) for exchange broadened
multiplets. The values of 1/T1 appear consistent with
those derived from the amino proton spectra. The
pseudo first order rate constants were converted to
second order rate constants k2 by the equation [2]

-+
[2] 1/T1 = k2[CH3NHK]

and are shown in Figure 3.4.3.2 as functions of [PMA]
and absolute temperature.

- +
Unlike the NH3/NH2K system where no change in k2

was observed as a function of potassium amide concentra-
tion [KNH2](2), quite marked changes for k2 are seen
as the [PMA] changed from 2 x 10~d mol/a to 1 x 10"6 mol/£.
This suggests that the exchange rate in solutions is
sensitive to the rela' ive amounts of free amide ion and
ion-paired species present in the methylamine system.
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(1) J.A. Pople, Mol. Phys. 1., 168 (1958).
(2) T.J. Swift, S.B. Marks, and W.G. Sayre, J. Chem.

Phys. 44, 2797 (1966).
(3) Tables of Exchange Broadened NMR Multiplets,

Technical Note #2, Contract No. AF61(052)-03,
Weizmann Institute of Science, Israel.

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Photoemission Studies of the Adsorption and Reaction of
Hydrogen and Oxygen on Platinum and Platinum-Gold
Alloys
- P.R. Norton, R.L. Tapping and J.W. Goodale, Proceedings

of 23rd National Vacuum Symposium of the American
Vacuum Society, J. Vac. Sci. Technol. Vol. 14, No. 1,
(1977), AECL-5598.

The Effect of Coordination on the Optical Spectra of
Alkali Metal Cation-Electron Pairs in Ethers
- W.A. Seddon, J.W. Fletcher, R. Catterall (University

of Salford, Salford, England), Chem. Phys. Letters
(in press).

3.5.2 Lectures

Radiation Chemistry
- A.W. Boyd, Canadian Conference on Gas Phase Chemistry

of Ions, Trent University, Peterborough, 3-5 June, 1977.

Electrons and Alkali Metal Species in Amines and Ethers
- J.W. Fletcher and W.A. Seddon, Seminar at Cookridge

Hospital, Leeds, England, 5 April, 1977.

The Nature of Transient Intermediates in the Chemistry
of Alkali Metal Solutions
- J.W. Fletcher and W.A. Seddon, Seminar at University

of Salford, Salford, England, 6 April, 1977.

The Effect of Coordination on the Optical Spectra of
Alkali Metal Cation-Electron Pairs in Ethers
- J.W. Fletcher and W.A. Seddon, Miller Conference

on Radiation Chemistry, Portmeirion, Wales, 28 March -
2 April, 1977.

The Stimulated Decomposition of Methanol Using a Focussed
Beam from a Pulsed HF or DF Laser
- R.D. McAlpine, D.K. Evans and F.K. McClusky, International

Conference on Multiphoton Processes, University of
Rochester, Rochester, N.Y., 6-9 June, 1977.



- 62 -

Photoemission and Ion Scattering Studies of Metal
Surfaces
- P.R. Norton, Seminar at the National Bureau of

Standards, Washington, D.C., 2-4 May, 1977, and
at the Bell Laboratories, Murray Hill, N.J.,
5 May, 1977.

Photoemission Studies on the Condensation, Physisorption
and Chemisorption of Ar, N2 and CO on Copper
- P.R. Norton, R.L. Tapping and J.W. Goodale, 6th
Canadian Seminar on Surfaces, Queen's University
Kingston, 6-7 Jw>e, 1977.

Papers contributed to the Joint Conference of the
Chemical Institute of Canada and the American Chemical
Society, Montreal, 29 May - 2 June, 1977.

The Mechanisms of the Exchange Yield in the Radiolysis
of 2 8N 2-

3 0N 2 Mixtures
- A.W. Boyd, O.A. Miller and C. Willis (NRC, Ottawa).

The Radiation Chemistry of Nitric Oxide
" A.W. Boyd and O.A. Miller.

Novel Catalysts for Isotopic Exchange Between Hydrogen
and Liquid Water
- J.P. Butler, J.H. Rolston and W.H. Stevens.

A Combined Electrolysis Catalytic Exchange (CECE)
Process for Hydrogen Isotope Separation
- M. Hammerli, W.H. Stevens, J.P. Butler.

The Decomposition of Formic Acid Induced by the
Focussed Beam from a Pulsed HF Laser
- D.K. Evans, R.D. McAlpine, F.K. McClusky and P.J. Mason.
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4.2. SURFACE CHEMISTRY

4.2.1 Environmentally Induced Cracking of Zircaloys

- B. Cox

A large fraction of the CRNL experimental work
on stress corrosion cracking (SCC) of the Zircaloys,
in a number of environments, has been performed on
one batch of fuel-clad tubing, designated ML1-788
(B. Cox, Revs, in Coatings and Corrosion, Vol.1, No.4,
p.366, 1974; B. Cox and J.C. Wood, Proc. of Symp. on
Corr. Problems in Energy Conversion and Generation,
ECS, N.Y., 1974, p.275). This arose because, from
among a number of batches tested,this one proved to
be the most sensitive to SCC in many environments,
thus permitting chemical factors affecting the SCC
process to be studied on one batch of material.

Previous scanning electron microscope (SEM)
studies showed that the sequence of events leading to
an SCC failure in iodine vapour at 573 K (300°C)
comprised

(i) Pitting following cracking of the surface
oxide

(ii) A small amount of intergranular (IG) attack,
the area being dependent on test method and
strain rate

(iii) Transgranular (TG) crack propagation at a
velocity some ten times that of the IG process.

The samples examined had been exposed for
some time after failure, and often showed a small
area of indeterminate fracture surface immediately
below the initiating pit. This small area appeared
to have been heavily attacked chemically and could
not be characterized. The recent availability of
some specimens (from J.C. Wood, Fuel Engineering
Branch) removed from the iodine environment during
the crack initiation stage (i.e. before TG propaga-
tion and failure) led to a further SEM study of crack
initiation.

The specimens were broken open and the initi-
ation sites examined on the Cwicscan SEM. The areas
below the initiation pits proved not to have been
chemically attacked in this instance, and the



- 66 -

previously indeterminate areas of fracture surface
were recognized, by comparison with other delayed
hydride fractures in Zircaloy-2, as being small areas
of fractured zirconium hydride up to ^ 6 ym deep.

Two questions then arose. Firstly, were
these hydrides present in the as-received tube, as
they had not previously been seen by optical
microscopy; and secondly/ were any hydrides in the
as-received tubing already broken?

After breaking as-received pieces of tubing
by reverse-bending, SEM revealed many broken radial
hydrides of about the same dimensions as those seen
in the SCC test specimens, Further optical micros-
copy showed them also (with great difficulty), but
did not demonstrate whether they were already cracked.
Examined of the polished sections in the SEM also
failed to establish conclusively their initial state.
The high hoop tensile residual stresses observed at
the inner wall of this batch of tubing (J.C. Wood,
J. Nucl. Mat., 1972/73, 45_, 105, and Nuclear Tech.,
1974, 22» *>3), and the long time since manufacture,
when compared with incubation times in delayed hydride
cracking tests, make it most probable that at least
some of the hydrides were already cracked in the as-
received tube. The times from stressing to failure
of specimens in most SCC tests were very much smaller
than the incubation times in delayed hydride cracking
tests.

Thus, we conclude that tubing batch MLl-788 by
virtue of its high residual stress and long time
since manufacture contained cracked radial hydrides
at the inner wall prior to the start of any SCC
tests. These cracked hydrides acted as the initiation
sites for SCC by iodine vapour. The deep pits at the
sites of these cracked hydrides were probably formed
at the start of the SCC test, as the SEM investiga-
tion did not show such deep pits at the sites of
cracked hydrides in the as-received tube.

Similar examinations have been made of other
batches of fuel-clad tubing used in the SCC programme
and are summarized in Table 4.2.1.1, together with
their respective susceptibilities to SCC in iodine
vapour and methanol/iodine solutions. Examination
of SCC initiation sites in MLl-788 samples exposed
to methanol/iodine and methanol/hydrochloric acid
solutions showed no examples of cracked hydride at
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Table 4.2.1.1

Correlation of SCC Susceptibility with Presence of
Cracked Hydride Precipitates

Batch

ML1-787
ML1-788
ML1-789
ML1-790
ML1-791
ML1-801
ML1-3034
ML1-7141

Frequency of ID
radial hydride

High
High
High
Low

Medium
None
None
None

Susceptibility to SCC

Time to fail (min.)
in MeOH/0.1% I2

6.3 ± 1.5
7.5 ± 1.0

18.5 ± 0.5
17.2 ± 0.8
8.8 ± 3.0

30 ± 2.5
44 ± 6

108 ± 24

Time to fail
inl 2 at 573 K *

6 of 6 in 24-264 hours
100% in < 1 hour
6-NF (1000 hours)

lof 6 in 264 hours
7 of 9 in < 1 hour
7-NF (100 hours)

-
—

*Data from J.C. Wood, Fuel Engineering Branch
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the points at which the initial IG attack took place
in these solutions. By contrast, a number of
examples of cracked hydrides appeared at sites in
the fracture divorced from any evidence of IG attack
when specimens with incipient cracks (formed in these
two environments) were broken open in the same way
as the as-received tubing. Thus, where an active IG
chemical dissolution process is available for crack
initiation, the presence of the broken hydrides in
batch MLl-788 tubing is ignored as far as site selec-
tion for crack initiation is concerned. In iodine
vapour at 573 K, where the initial chemical attack
is much slower, the presence of the cracked hydrides
at the tubing ID is sufficient to determine the sites
of crack nucleation. However, in this instance the
SEM examination showed that not all "cracked hydride
sites" act as "initiation sites" for the subsequent
iodine cracking. This may indicate that only a few
of the hydrides are already cracked in the as-received
tubing and that many of them have not reached that
state, but are broken when the sample it bent prior
to examination.

In addition to the radial cracked hydrides at
the tubing inner wall, the propagating ductile crack,
in as-received tubing, intersects and fractures a
number of hydrides in the bulk of the specimen. These
show subtle, but reproducible differences in fracto-
graphy from the radial hydrides at the inner wall.
It was thought at first that these differences might
give clues to which hydrides were already fractured
in the as-received tubing, and which ones fractured
under the high strain rate applied in breaking open
the specimens (e.g. because of surface oxidation of
those already cracked). However, the differences in
the planarity of the two types of fractured hydride
has led to the conclusion that the fractographic
differences arose because the hydride within the speci-
men bulk was at or near grain boundaries, whereas
the flatter, more platelike fractures of the hydride
at the inner wall suggested that it might be TG
hydride, probably the result of a stress-induced reori-
entation process.

4.2.2 Fused Salt Electrochemistry of Zirconium and
Zircaloy-2 Oxidation at 573 Kft
- N. Ramasubramanian

i l l î3ê9§ÈiYë_5ë§i,
Two batches of Zircaloy-2 samples were oxidized
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at 573 K for 50 h in the binary potassium-sodium
nitrates eutectic and in sodium nitrite. The samples
were examined in the SEM. The oxide growth on the
second phase precipitates was distinctly different
in the case of samples oxidized in the nitrite melt;
though the zirconia films were thin showing inter-
ference colors,the oxide at the location of the
intermetallics was fluffy and pustular. X-ray energy
spectrometry of the oxide grown in the binary eutectic
and nitrite showed the presence of Fe, Cr and Ni in
addition to Zr and Sn at these locations of second-
phase intermetallics. Zircaloy-2 samples have to be
not only oxidized but also polarized in a nitrite-
containing melt for the negative resistance peak to
appear. Therefore, the negative resistance phenomenon
seems to be associated with a specific electrochemical
reaction of the second-phase intermetallics with the
nitrite or an impurity in the nitrite; this reaction
gives rise to the pustular growth of oxide at these
locations. One possibility is the formation of the
hyponitrite of the transition metal followed by its
decomposition to give the fluffy oxide.

E 2 È i i D i § _ § g _ _
f û s ë d ~ s â î t ~

The analysis of the results obtained in the
binary nitrates/ternary nitrate-nitrite and nitrite
indicates that the fused salt is not merely an
oxidizing and electrically conducting medium; the
salt decomposition reactions occurring at the inter-
metallics influence the oxidation of zirconium and
Zircaloy-2. For example, samples in the nitrite-
containing melts acquire less negative corrosion
potentials and oxidize faster than samples in the
binary nitrates during the initial stages. The rest
potentials (all potentials are converted to a Ag/Ag+

standard for comparison because of differences in the
platinum potentials in the three melts) and oxidation
currents are different when samples oxidized in one
melt are polarized in each of the three melts. The
salt decomposition reaction, i.e. the reduction of
nitrate and/or nitrite, occurring on the intermetallics
becomes the cathodic half of the oxidation process
of zirconium and zircaloy-2. The decomposition of
the nitrite is faster than the nitrate as evidenced
by the results obtained on platinum, stainless steel
and iron electrodes; therefore, the rest potential
moves towards less negative values giving higher
oxidation rates in the nitrite than in the nitrate.
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4.2.3 Anodic Oxides on Zirconium

- R.A. Ploc and M.A. Miller

Anodic oxides were grown on crystal-bar
zirconium at 1.0, 2.0 and 3.0 mA/cm2 current density
to 25 volts. These oxides were removed from their
substrates and examined in the transmission electron
microscope.

The oxides were a-ZrOa (monoclinic), the
crystallites were relatively thin (compared to those
grown on Zircaloy-2) and grain boundary effects were
clearly visible. The oxide seems to have developed
elongated surface pores though this possibility
is still to be verified by further investigation

4.2.4 aixconium/Zirconia Epitaxy

- R.A. Ploc

With the aid of a computer program developed
by R. Bonnet (Laboratoire de Thermodynamique et
Physicochimie Métallurgiques, C.N.R.S., Saint Martin
d'Hères) coincidence site lattices were determined
for Zr/ZrO2 (cubic), Zr/ZrO2 (monoclinic), ZrO2
(cubic)/ZrO2 (monoclinic); 2, 7 and 3 relationships
respectively were found. Some difficulty in inter-
pretation has been experienced since the data have
been blended with the lattice strains required to
achieve perfect coincidence. The zirconium atomic
positions have been plotted using the program XTALVU
(PR-CMa-40, section 4.2.7).

4.2.5 Computer Analysis

- R.A. Ploc and M.A. Miller

The program XTALVU (PR-CMa-40) was rewritten
to decrease core-memory requirements. The old
version required 320000e words, while the new requires
150000s• Increased central processing times, however,
have been experienced.

llSÏ
The program STEREO was modified (PR-CMa-37,

section 4.2.4) to produce K-line (Kossel, channelling
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and Kikuchi) patterns; however a 3light difficulty
was experienced whenever the central region of the
stereogram was enlarged. Many of the K-lines were
incomplete within the 'window' due to surrounding
points being outside the borders. This problem has
been rectified allowing the enlargement of any (not
only the central) portion of a stereographic pole,
direction or K-line projection pattern. Further,
K-lines were plotted in two separate sections giving
rise to offsets in the lines due to backlash in the
plotters. This problem has also been corrected.

4.2.6 Corrosion of ZraAl-Base Alloys

- E.M. Schulson and T.P. Trottier

(i) After 550 days, Zr3Al (8.9% Al) continues to
show interference colors, implying that the oxide
film is still relatively thin. The overall weight
gain is 22 mg/dm2, compared to 48 mg/dm2 for Zircaloy-2
(Bh-grade). The oxidation rate is now so low that
the weight gain over the past 90 days was negligible.

(ii) The Zr-8.6% Al alloy (PR-CMa-40; 4.2.9)
continues to oxidize at a rate which is approximately
an order of magnitude greater than that for the
Zr-8.9% Al alloy (i.e. 0.28 versus 0.02 mg/(dnt2«day)
after 168 days). This difference is attributed to the
higher a-Zr(Al) content (6 to 10% by vol. versus
£ 1 % ) , in keeping with localized oxidation at otZr
particles (which reside at Zr3Al grain boundaries)
and with preferential grain boundary oxidation, both
of which are observed metallographically.

Further to PR-CMa-40 (4.2.9b), after 285 days
hot-rolled strip (Zr-8.9% Al rolled at 1375 K and
transformed to Zr3Al at 1160 K for 24 h) continues to
oxidize at a rate which decreases with increasing
time. This is further evidence that the break-away
observed in transformed (but not rolled) strip
(PR-CMa-39) is not an inherent characteristic of Zr3Al
but is a result of the residual ct-Zr distribution.
The finer the distribution, the more resistant is
the alloy to a break-away in the oxidation kinetics.
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4.2.7 Determination of K I H for Zr-2.5% Nb

- E.M. Schulson and T.P. Trottier

Further to PR-CMa-20 (4.2.5), hydrogen-charged
wedge-force loaded, double cantilever beams of
Zr-2.5 wt% Nb pressure tubing have continued to
crack. After 290 days, the crack length in both the
highly charged (= 100 ppm H) and the light charged
(* 40 ppm H) material is about the same, i.e. 13 and
12 mm, respectively. These new results, when compared
to those given earlier, suggest that the rate of crack
growth is about the same for both levels of hydrogen.
The incubation period, however, appears to be longer
for the more lightly charged material, as noted earlier
(PR-CMa-40).

4.2.8 Oxidation of Nitinol (NiTi) in Pressurized Water
(8.2 MPa; 575 K)

- E.M. Schulson and T.P. Trottier

In view of the remarkable characteristics of
shape memory alloys for use as connectors (electrical
and mechanical), experiments are in progress to
assess the compatibility of the commercial alloy
Nitinol (NiTi intermetallic compound) with the
environment of the CANDU*reactor. To this end, a
series of short-term corrosion experiments has been
carried out, using material supplied by Raychem
Corp., Calif. The results may be summarized as follows:
(i) After 170 days, the material increased in weight
by 2(mg/dm2)at a rate of approximately 0.01 mg/(dm2-day)
For comparison, Zircaloy-2 over the same period
gained 25 (mg/dm2) av. a rate (computed at 170 d) of
= 0.1 mg/(dnr • day). (ii) The oxide film is brownish
in color and uniform in appearance, with no evidence
of localized corrosion.

It is thus concluded that the oxidation
resistance of Nitinol in the present environment is
acceptable over the short term. The experiment is
continuing.

4.3 METAL PHYSICS

4.3.1 Calculations of End Loads in Calandria Tubes

- S.R. MacEwen and A.R. Causey (Metallurgical Engineering
Branch)

A mathematical model and a numerical method

*Canada Deuterium Uranium
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have been derived to describe and evaluate the
stresses which build up in Pickering reactor
calandria tubes as a result of differential creep and
growth. The end shield displacement is also calcu-
lated. Details of the analysis are given in an
internal report.

4.3.2 Mechanical Testing

- E. Ho, F. Santone and S.R. MacEwen

Further to PR-CMa-40 (4.3.2), we have found
that a considerable temperature gradient exists in
the specimen gauge length when a single small
furnace is used. This arises because a large quantity
of heat is conducted away by the upper and lower
specimen grips and pull rods. We have solved this
problem by designing two small heaters for the upper
and lower grips, and by placing ceramic inserts
between the grips and the pull rods. With a three
furnace arrangement we have been able to obtain a
uniform temperature profile in the specimen gauge
length for temperatures up to about 673 K. At
the higher temperatures tested (673-923 K ) , the
temperature profiles departed from uniformity by
a maximum of about 20 K over the gauge length (at
923 K). This departure may be attributed to the
high heat losses to the air and the limitations of
the temperature controllers presently employed.
By using better temperature controllers and heating
in vacuum, it is reasonable to expect that we will
be able to get uniform temperature profiles in the
specimens in the temperature range 873-1073 K.

An extensometer amenable to use with the
above specimen heating arrangement has been designed
and is presently being machined. A vacuum chamber
has also been obtained, and currently is being
modified for use with the computerized Instron.

Il2l ï§§£s_on_Welded_Inçonel;600_Tubin2
- S.R. MacEwen and F. Santone (for P. Janzen,
Mechanical Equipment Development Branch)

Specimens have been cut in the circumferential
direction from longitudinally welded tubes of Inconel-600.
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Specimens were 5 cm long,with a gauge length 2.5 cm
long, 0.75 cm wide, and 0.02 cm thick. The bead of
the weld was in the center of the gauge length, normal
to the tensile axis; control specimens were fabricated
with no weld in the gauge section. All specimens were
deformed at room temperature, at a strain rate of
either 5 x 10-* s"1 (fast) or 5 x 10"s s"1 (slow) to
determine the influence of the weld on mechanical
properties. Table 4.3.2.1 and Figure 4.3.2.1 summa-
rize the test results.

With the exception of two specimens which
failed within the shoulder, all specimens fractured
across the gauge length. None broke at the weld.
Figure 4.3.2.1 shows that within the error resulting
from minor specimen misalignment and variations in
specimen thickness there is no effect of either the
weld or the strain rate on the stress-strain behaviour
of the samples tested.

4.3.3 Analysis of Steady State Creep

- S. MacEwen and E. Ho

It was reported in PR-CMa-39, 4.3.3, that,
if the Bailey-Orowan model was used for the
structure in a "constitutive equation" approach to
steady state creep, the calculated values of n and
Q (the stress exponent and activation energy respec-
tively) at high stresses were incompatible with
general experimental observation. The problem has
been traced to two sources: first, the previous
assumption that the activation area was constant
gives an error at low stresses and second, at high
stresses for low values of the back stress, the
Bailey-Orowan equation predicts unrealistically
low values of the back stress. When a small, constant
back stress, such as might arise from a grain size
effect, is added to that predicted by the Bailey-
Orowan equation, and when a reasonable stress depen-
dence for the activation area is employed, the
calculated values of n and Q are in general agreement
with experiment.

4.3.4 Irradiation Creep

- S.R. MacEwen

It has been suggested by Schulson (PR-CMa-40,
4.3.5) that the reduced vacancy mobility in ordered
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TABLE 4.3.2.1

Summary of Mechanical Properties for Inconel-600.

Specimen

Control

Control

Welded

Welded

Control

Control

Welded

Welded

Strain
Rate (s"1)

5 x 10"s

5 x lO"5

5 x 10-5

5 x 10-5

5 x 10""

5 x 10""

5 x 10""

5 x 10~"

0.2% Yield
(MPa)

203

239

221

248

253

247

251

249

UTS
(MPa)

486

595

551

591

584

600

598

568

Total Strain
to Failure {%)

24.8

30.8

33.3

33.1

31.0

34.8

31.7

23.8

Comments

Broke at the shoulder
radius

possibly misaligned in grips

Broke at the shoulder
. radius
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Figure 4.3.2.1 Stress versus nominal strain for Inconel-600.
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alloys should lead to increased recombination, and
thereby reduce irradiation creep and growth. Calcu-
lations have been done (using the computer programme
ZEUS) to evaluate point defect annealing kinetics in
ordered alloys. It is found that for alloys with an
ordered fee structure the net flux of interstitials
to dislocations (to which the creep rate is assumed
proportional) is reduced by about 30% or 70%, depending
on the choice of model for dislocations in an ordered
lattice.

4.3.5 Fracture of Ordered Zr^Al: Analysis

- E.M. Schulson

Further to PR-CMa-40 (4.3.8), Fig. 4.3.5.1
summarizes the fracture mechanisms in Zr3Al. The
description may be viewed as a fracture map for
tensile failure. Within one region of the map, a
particular mechanism dominates. Near a boundary,
two mechanisms are equally favourable.

Concerning ductile fracture (via microvoid
coalescence, Fig.4.3.5.1), three processes are
important - the nucleation, the growth and the
coalescence of microvoids. The first process occurs
during the early work-hardening stages of deformation
(apparently, once a critical strain has been exceeded),
and results both from the cleavage of second phase
ZraAl particles and from the rupture of the particle
matrix interface. With increasing deformation, more
cracks form, possibly through mechanisms additional
to those mentioned, while tha existing ones grow into
cavities via the concentration of plastic strain near
the crack tips. Eventually, void coalescence occurs
and the ligaments of metal separating the holes fail
by necking. Thus viewed, the ductile fracture of Zr3Al
is similar to the fracture of a large number of other
metals containing hard particles.

Further analysis of crack formation suggests
that both elastic separation and dislocation pile-up
models are plausible. However, when cognizance is
taken of the fact that the cracks continue to form
during plastic flow of the matrix and are connected
by intense slip bands, the latter model appears more
credible. Perhaps, the two work together, plastic
flow and the attendant dislocation interactions at
the particle/matrix interface causing microcracks to
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Figure 4.3.5.1 A fracture map for ordered Zr3Al-based alloys deformed
in tension. Tp is the equilibrium peritectoid trans-
formation temperature. The broken lines denote some
uncertainty in the exact positions of the boundaries.
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nucleate and the local tensile stress causing them
to propagate.

Finally, it is argued that coarse slip and
microcracking occur together and reinforce each other:
coarse slip impinges on particles and helps cracks to
form, while microcracks cause the plastic strain to
concentrate in bands. Either process may occur fi/.st
and start the sequence of events leading to the
accumulation of the "deformation damage" which causes
ductile failure.

This work has been prepared for publication.

4.3.6 The Notch-Sensitivity of Ordered Zr?Al

- E.M. Schulson and J.A. Roy

Further to PR-CMa-34 (4.4.6), experiments
using . .otched tensile specimens have established the
following:

(i) Ordered Zr3Al is notch-sensitive, at least
at temperatures from 295 to 725 K.

(ii) The notch-sensitivity ratio, NSR, of Zr3Al
increases from = 0.7 at temperatures ? 435 K
to = 0.9 at temperatures 5 575 K, indicating
that the severity of the phenomenon is lower
at proposed service temperatures than it is
at room temperature.

(iii) Grain size (3.5 to 41 urn), and trace alloying
with boron ( £ 3 6 + 7 ppm) have negligible effects
on the notch sensitivity.

(iv) Irradiation by fast neutrons (1.4 x 102lt n/m2)
suppresses the notch-sensitivity and causes
notch strengthening, at least at 295 K, table
4.3.6.1.

(v) Triaxial constraint in unirradiated Zr3Al promotes
grain boundary fracture at temperatures ? 435 K,
thus accounting for the increase in notch-
sensitivity at these temperatures and for the
pronounced embrittling effect of fresh, lathe-
turned surfaces on the room-temperature plasti-
city.
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TABLE 4.3.6.1

Notched and unnotched tensile strength at 295 K for irradiated
(E > 1 MeV; 1.4 x 102" n/m2) and unirradiated Zr3Al (Zr 8.9% Al) .
Note that irradiation suppresses notch sensitivity for each grain
size.

Grain Size
(ym)

3.5

8.3

19

Unirradiated

UTS
(MPa)

1158

1137
1082

965
1130

UTSN
(MPa)

951
779

765
806

751
827

NSR

0.75 ± 0.07

0.71 ± 0.04

0.77 ± 0.09

Irradiated

UTS
(MPa)

1086
1117

1085

1031
1047

UTSN

(MPa)

1153

1128

1150

NSR

1.05 ± 0.02

1.04

1.11 ± 0.01
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(vi) Irradiation by fast neutrons suppresses grain
boundary fracture induced by triaxiality at
room temperature, Figure 4.3.6.1.

The origins of notch-sensitivity and of the
irradiation-induced suppression of the phenomenon
are probably complex and, without further study,
cannot be attributed unambiguously to any of the more
fundamental aspects of the deformation of Zr3Al. Many
factors are probably important. One which must
exacerbate the situation, however, is the planarity
of slip in this material. It may be that the reduction ]
in the degree of long-range order accompanying the f
irradiation damage is sufficient to increase the
propensity for cross-slip of screw dislocations, thereby
easing stress relaxation.

That notch sensitivity is suppressed by fast
neutron irradiation is interesting, but perhaps of
little significance from the point of view of
engineering design. The maximum permissible hoop
stress in a pressure tube is 1/3 of the unirradiated
tensile strength.

This work has been prepared for publication.

4.3.7 The Disordering of Zr3Al by 1 MeV Electron Irradiation

- G.J.C. Carpenter and E.M. Schulson

The effects of 1 MeV electron irradiation on
ZraAl have been studied in a high voltage electron
microscope, over the temperature range 130-775 K.
The following features were established.

(i) An electron dose corresponding to approximately
one displacement per atom (dpa) completely
disorders Zr3Al upon irradiation at low tempera-
tures (130 to 375 K ) , Fig. 4.3.7.1.

(ii) At these temperatures, an increase of an order
of magnitude in the atomic displacement rate
has a negligible effect on the rate of electron-
induced disordering, at least over the range
5 x 10-" to 5 K 10-3 dpa.s"1.

(iii) After irradiation to a few dpa at higher
temperatures (575 to 775 K ) , a 'steady-state'
is established which is characterised, in part,
by an intermediate degree of long-range order
which increases with temperature.
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(a) Unirradiated

(b)
Irradiated

Figure 4.3.6.1 Scanning electron micrographs illustrating the
suppression of grain boundary fracture at 295 K in
Zr3Al by fast neutron irradiation (1000X): (a) unirra-
diated; (b) irradiated (at 570 K to 1.4 x 10s"* n/m 2).
The material contained 8.9% Al and was notched prior
to tensile testing (and irradiating); it was prepared
from high purity Zr and Al and had a grain size of
8.3 v>m.
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(iv) When compared with the results of Howe and
Rainville (to be published in J. Nucl. Mater.)
on the behaviour of ion-irradiated Zr3Al, the
present data suggest that the number of
atomic displacements to cause complete disordering
at the lower temperatures is independent of the
size of the damage zone.

i

(v) Appreciable annealing begins within the tempera-
ture range 675 to 775 K.

(vi) Electron irradiation at low temperatures, to
dcses in excess of about one dpa, produces
damaged regions in which the crystalline perfec-
tion is greatly reduced.

(vii) Zr3Al is resistance to void formation.

The work is being prepared for publication.

4.3.8 Point Defect Annihilation Kinetics in Ordered Alloys

- E.M. Schulson and M.L. Swanson (Solid State Science
Branch)

Following the hypothesis (Schulson, PR-CMa-40),
that long-range ordering is a possible method for
increasing the probability for vacancy-interstitial
recombination, and then for reducing the rate of any
irradiation process that depends upon the preferential
absorption of one kind of point defect at a particular
sink, an analyis has been initiated on point defect
annihilation kinetics in ordered alloys. To date, the
differential equations describing the process have
been written. These arc based on the usual chemical
rate theory approach and incorporate (in terms of
occupational probabilities) the intermediate degree of
long-range order wHch is probable at steady state at
intermediate temperatures. In the simplest case (a
B2 superlattice with a high degree of order) the
analyses reduces to an equation which gives an
increase in vacancy content at steady state, upon
ordering, and a reduction in the irradiation creep
rate (see S.R. MacEwen, Section 4.3.4).
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4.3.9 Defect Properties of Zr and Zr Alloys

- G.M. Hood and R.J. Schultz

iil 22SitE2ïi_è2Siîîiiâ£i2S_î?êâSlîE§î!!ëQ£§_iEèî?i_Y
çôm§ôsïtïôn~-~7ïn~cô-ôpërâtïôn~wïth j7F7~wâtters)
PAM have been made on a series of well-annealed

specimens of Zr, both nominally pure and doped with
0.28 at% Fe.

The results show an enhanced defect signal for
the Zr-Fe alloy compared to pure "Marz-grade" Zr.

iiii îEi£ë£_5iïïlîSi2Q_iS_2E_iS§_2£_dïi2Y2 ~ *n colla-
bôritïôn"wïth~j7~Pëïïêg

•Samples of nominally pure Zr and Zr doped with
0.28 at% Fe have been prepared for tracer diffusion
studies. Elingle crystal specimens of nominally pure
Zr and polycrystalline specimens of the Zr-Fe alloy
have been+ implanted with 59Fe at 40 keV in the mass
separator. Annealing equipment for the diffusion work
is currently being prepared.

4.3.10 Positron-Defect Interactions in Pure Metals

- G.M. Hood and R.J. Schultz

iii
As part of a program to study basic features

of positron defect interactions in metals, PAM will
be done on very pure Au as a function of the equilibrium
temperature.

Initial measurements are being done to study
effects of different annealing treatments on PAM at
293 K. Samples for these measurements have been
prepared and PAM for the 'as-received' state determined.

*The Zr samples for this work were kindly supplied
Iby J.F. Watters
••The ion implantations were performed with the expert
help of Mr. 0. Westcott (Solid State Science Branch)
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Data from PAM on Zn and Cd are being analyzed
in terms of the trapping model to determine the
associated best values of the vacancy formation
energies, hf. Initial results suggest a value of
hf * 0.48 eV for vacancy formation in Zn.

4.4 PUBLICATIONS, REPORTS AND LECTURES

4.4.1 Publications

Published in:
Conference Proceedings of the
4th Annual Meeting of the
Microscopical Society of Canada

Published in:
Conference Proceedings of the
4th Annual Meeting of the
Microscopical Society of Canada

Submitted to:
Metallurgical Transactions A

Submitted to:
Conference Proceedings of the
Metals Society
(Mechanisms of Environment
Sensitive Cracking of Metals)

Submitted to:
Journal of Nuclear Materials

Applications of High
Voltage Electron Micros-
copy to the Study of
Nuclear Materials

- G.J.C. Carpenter

Computers and Electron
Diffraction Patterns

- R.A. Ploc

The Fracture of Ordered
Zr3Al-Based Alloys

- E.M. Schulson

The Mechanisms of SCC of
Zirconium Alloys in
Halogens

- B. Cox and J.C. Wood

The Notch Sensitivity of
Ordered Zr3Al

- E.M. Schulson and J.A. Roy

*Queen's University, Kingston, Ontario ^
"•"Summer student with Neutron and Solid State Physics Branch
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Submitted to:
Metallurgical Transactions A

The Partitioning of Iron
to ZrîAl during the Peri-
tectoid Transformation
Zr + Zr2Al -»• Zr3Al

- E.M. Schulson and
R.D. Davidson

4.4.2 Reports

ERP/TSD-76-KTR)

AECL-5831

Report on Machinability
on Zirconium-8.6% Al
Alloys

- D.M. Norman and
E.M. Schulson

Acoustic Emission During
the Tensile Testing of
Zirconium Alloys

- B. Cox and C.E. Coleman

4.4.3 Lectures

Metals Society/CEGB
Mechanisms of Environment
Sensitive Cracking of Metals
University of Surrey
Guildford, U.K.
April 3-7/77

General Electric Research Labs.
Schenectady, N.Y.
April 19/77 (invited lecture)

The Electrochemical Society
(Spring Meeting)
Philadelphia
May 8-13, 1977

Department of Metallurgical
Engineering
Queen's University
Kingston, Ontario
May 20, 1977 (invitod lecture)

The Mechanism of SCC of
Zirconium in Halogens

- B. Cox and J.C. Wood

The Metallurgy of Ordered
Zr3Al-Based Alloys

- E.M. Schulson

Anodic Sulphidation of
Platinum

- N. Ramasubramanian

An Example of the Role of
Materials Science in
Engineering: The Ordered
Zr3Al Program

- E.M. Schulson
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27th Canadian Metal Physics
Conference
Royal Military College
Kingston, Ontario
June 8-10, 1977

ibid

ibid
(invited review)

ibid

4th Microscopical Society of
Canada Annual Meeting
London, Ontario
June 13-15, 1977
(invited review)

ibid
(invited review)

Characteristics of the
S -*• a Phase Transformation
in Palladium-Hydrogen

- E. Ho, G.C. Weatherly,
and F.D. Manchester

Electron Radiation Damage
in Zirconium in a High
Voltage Microscope

- G.J.C. Carpenter

A Review of the Physical
Metallurgy of Ordered Zr3Al:
Science and Engineering

- E.M. Schulson

Steady-State Creep of aZr
- Diffusion or Glide
Control

- S.R. MacEwen

Computers and Electron
Diffraction Patterns

- R.A. Ploc

Applications of High
Voltage Electron Microscopy
to the Study of Nuclear
Materials

- G.J.C. Carpenter
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

5.1 Isotope Separation by Vibrational Enhancement of Reaction
Rates

(a) Experimental Studies

Construction of the CDMS (Chemiluminescence Depletion
with Mass Spectrometry) apparatus is now complete.

The apparatus has been successfully operated in trial
runs with a variety of "pre-reagents" forming HFt in
vibrational levels v=0 to v=6 (as determined by infrared
chemiluminescence) and with mass spectrometric detection
of the reaction products, using the new UTI mass-spectrometer.
With normal flows of pre-reagents (approximately 20 nmol-s"1

of CF^ passing through a microwave-induced discharge to
form the F atoms, and approximately 50 iimol'S"1 of the
second reagent H2, HBr, or HI) a signal-to-noise of 50:1
or better was observed for the HF+ parent ion. This
ensures that reactions involving vibrationally excited
HF and DF can be studied by CDMS. Data on k(v) (rate
of reaction as a function of vibrational quantum number)
obtained by this procedure will be reported in the coming
quarter. This work is being performed by Dr. Dennis Manos
in conjunction with Mr. Frank Bartoszek.

(b) Theoretical Studies

The present quarter has seen a significant advance in
our theoretical studies relating to k(v) for endothermic
reactions. These studies comprise 3D Monte Carlo classical
trajectory investigations which make use of potential-
energy hypersurfaces constructed to illustrate the effects
of characteristic changes in the "force field" operating
between the reacting particles.

In the work performed during the last quarter we
obtained and examined hypersurfaces modelled on actual
endothermic reactions (see PR-CMa-40) but differing
as to (i) barrier location and (ii) barrier height. These
two attributes were altered separately. Shift in barrier
location appeared to be of greater importance than change
in barrier height. Barrier location was particularly
important for the situation (commonly met within reacting
systems) where the collision energy was in the region of
threshold for reaction. The 'later' barrier-crest exhibited
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a steeper increase of reaction rate with enhancement in
reagent vibrational energy — the desired attribute for
isotope separation by yibrational enhancement of reaction
rates.

In the present quarter we have fabricated a potential-
energy hypersurface with diatomic parameters, barrier-
height, and barrier location, virtually identical to our
earlier 'surface 2' (endothermic barrier; E c *> 79.5 kJ'mol**

1)
but with what we now recognise as being an important change
made in the region of close-approach where the bond under
attack is slackening, i.e. in the 'corner' of the potential-
energy surface. This new surface, termed surface 4, differs
from surface 2 in having a 'gradual' curvature of the minimum
energy path. More-important (but related) is the fact that
the repulsive wall which deflects the incoming trajectories
from the reagent into the product valley is a relatively
acute angle on surface 2 and at a more obtuse angle on
the new surface, 4.

The effect is to be seen in the dependence of reactive
cross section on vibration S r (V) and on translation,
Sr(T). With a late-barrier and an acute angle (Surface 2)
the reaction cross section rises steeply with reagent
vibration; see Figure 5.1.1. Reagent translation is
ineffective in producing reaction since the acute corner
on the surface reflects trajectories back out of the
entry valley. The same late barrier when combined with
an obtuse angle at the repulsive wall shows a substantially
diminished dependence of reactive cross section on reagent
vibrational excitation (Figure 5.1.1; surface 4).
Presumably in this case translational motion does result
in barrier-crossing, i.e. in reaction, since the trajectory
is steered smoothly around the corner of the energy-surface.

Examination of our previous surface 2 as well as
other endothermic surfaces used in earlier trajectory
studies in this laboratory shows that they belong to the
category which we call 'acute'.

It should be noted that the so-called 'acuteness' of
the angle between the repulsive wall and the entry valley
must be measured in each case on the skewed and scaled
potential surface appropriate to the particular masses
involved in the reaction.

We have here an additional theoretical criterion which
must be met if (as desired for the application in view)
k(v) is to be a steep function of v.
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5.1.1 - Reactive cross section as a function of reagent
vibrational excitation on two potential-energy surfaces
( 2 and 4) differing as to the 'acuteness1 of the
angle formed by the repulsive wall with the entry valley.
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It is noteworthy that the best ab_ initio data
available for the endothermic reaction Li + FH •*• LiF + H
predict, as one would hope, a late barrier-crest and
an acute angle for the repulsive wall; hence k(v) should
be a sensitive function of v d ) .

(1) R.N. Yardley and G.G. Balint-Kurti, Faraday Disc.
Chem. S o c , £2, in press (1976).
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