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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Electron microscope studies show that when ordered Zr3Al
is disordered by ion bombardment, the spacing between crystal
planes increases. Likewise if the alloy is rendered amorphous
by ion bombardment it increases in volume.

Transport numbers for metal and oxygen have been measured
for anodic oxidation of niobium. About four fifths of the oxide
is formed by inward movement of oxygen and the remainder by
outward movement of niobium.

A collaborative program has been initiated to study the
role of surface conditions on the scattering of low energy hydrogen
and helium ions from surfaces. In addition to its scientific
interest this study will also contribute to the understanding of
processes occurring at the first wall of controlled thermonuclear
fusion reactors. The predictions of the computer simulations
made at CRNL for silicon and silicon oxide surfaces have been
confirmed by experiments carried out at McMaster University.

Radiation Chemistry

The concentrations of products formed when water is
irradiated with gamma-rays can be calculated using the program
FORSIM and agree with experimental measurements over a wide range
of doses and dose rates. Both time dependent and stationary
state concentrations can be predicted and no constraints need be
applied in the calculations.

Laser Photochemistry

In high intensity pulsed laser irradiations it has been
found that a pure compound, which by itself is stable to the laser
radiation, may decompose when mixed with a compound that undergoes
decomposition. Presumably the normally stable molecules are
excited by vibrational transfer to excited states where they
absorb the laser photons.
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The laser magnetic resonance spectra of rotational
transitions of the OD radical have been measured, thus providing
a means of identifying this radical and more information about
its transition energies.

Hydrogen Isotope Exchange

The forward and reverse rates of isotopic transfer of
deuterium and tritium between water vapour and molecular hydrogen
have been measured- The results are in qualitative agreement
with those obtained from the two parameter model of a trickle bed
reactor.

Analytical Chemistry

Nitrogen dioxide has been found in the air in an empty
NRX calandria tube.. It is produced by the radiolysis of air in
the tube and contributes to the corrosion of the tube walls by
reacting with water, introduced in the moist air, to form acids.
The presence of a corrosive environment in the tube is confirmed
by observations of acid attack on the aluminum sampling device.
The results suggest low air flow through the tube, although this
is not in accord with the calculated dependence of NO2 on air flow
rate. The investigation is continuing.

As part of an investigation into the fate of helium-3
formed from tritium decay in reactor moderator systems, a method
for purifying and mass analysing the helium in the moderator cover
gas and dissolved in the moderator has been developed. Most of the
helium-3 in NRU and Pickering samples analysed so far results from
the decay of tritium in the samples after removal from the reactors,
and rapid processing to remove tritium immediately after sampling
will be required if significant results are to be obtained.

A new analytical technique called Ion Chromatography which
uses an anion and a cation exchange column in sequence is being
examined for the analysis of anions in low concentrations in water.
It promises to be both sensitive and simple and should find several
applications at heavy water plants and power reactor stations as
well as in our own laboratories.

The determination of the absolute deuterium content of
samples with very low deuterium concentrations has been undertaken.
A distillation column has been designed with a high hydrogen isotope
separation factor and our micro sampling technique has been adapted
for the measurement of the deuterium concentrations at top and
bottom sample points on the column. This technique determines
the zero setting and Ha+ contribution to the mass-3 peak of the
mass spectrometer, indicates the difference between "zero" and low
deuterium water and then verifies the calibration slope of the
mass spectrometer and the separation factor of the still.
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Materials Science

A comparison of the iodine-induced stress corrosion cracking
behaviour of different batches of Zircaloy tubing has shown that
for batches containing radial hydrides at the inner surface,
cracking of a large hydride platelet is an important first step in
stress corrosion fracture process.

Preliminary results of accurate measurements of radiation
growth of zirconium single crystals indicate that after small
transient strains, the growth rates are very low, suggesting that
grain boundaries play an important role in the growth mechanism
for polycrystals.

A quantitative analysis has been derived for irradiation-
induced swelling of Zr3Al, based on the following components:
(a) a volume change accompanying disordering, which has been
measured from electron irradiation experiments, and (b) the
crystalline to amorphous transition, believed to originate from
the formation of energetic displacement cascades and measured
from ion irradiation experiments.

The ordered alloy ZraAl is an unusual material. In its
response to irradiation by energetic particles it resembles a
semi-conductor, but on the other hand it is ductile at room
temperature and resembles metals in other ways. Measurements of
its electrical resistivity completed during the quarter show it to
be metallic. It is a poor conductor relative to copper, but is
comparable with zirconium.

The occurrence of discontinuities and rogue points in the
output data from in-reactor creep tests has been related quantita-
tively to discontinuities in the pressure outputs. The quality
of the data can be greatly improved by avoiding manual readings.
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1.2 ION PENETRATION

1.2.1 Charge State Dependence of Heavy Ion-Induced K X-ray
Cross Sections Using Gas Targets

- W.N. Lennard, I.V. Mitchell, J.S. Porster (Nuclear
Physics Branch) and D. Phillips

Recently we completed a systematic study of K X-ray
production in heavy ion-atom single collisions (PR-CMa-43,
section 1.2.1; AECL-6090). For these measurements pro-
jectile charge states Zi^* were selected that ensured the
projectile atomic 2p-shell was full.

We have now examined the effect of deliberately
opening the 2p-shell. Beams of 63Cu and 79Br ions in high
charge states were selected by a magnet downstream of a
post acceleration carbon stripper foil and directed into
a Kr gas target cell. Scattered particle yields were used
to produce accurate normalizations of X-ray yields.
Absolute cross sections were generated through the use of
1H -*• Kr particle and X-ray yields. The results of these
measurements are presented below for the two regimes, 2p-
shell full (case A) and 2p-shell open (case B).

Case A. For the case of full 2p-shells for Z2 and i
i.e. Z] - q >_ 10, there are no 2pir vacancies which can
lead to K X-ray emission via rotational coupling to the
2pa MO. The results of a detailed investigation for
78.5 MeV Br^+ collisions with Kr, 7 <_ q <_ 20, i.e. with
projectile electron number Z\ - q ranging between 28 and
15, are shown in Figure 1.2.1.1. The ordinate is the
relative total K X-ray cross section which changes by less
than 2% per charge state increment over this region
(Acx/Aq < 0.02). A similar constancy has been observed
by Warczak et aUl> for 88.2 MeV Cu<3+ -*- Kr (16 < q £ 19) .

Since the neutral atom fluorescence yields (OR exceed
0.4 for these heavy ions and atoms our results confirm
that the degree of ionization of the projectile does not
significantly affect the total K-ionization cross section,
so long as the 2p shell is full, i.e. Z\ - q >. 10. In
turn this implies that dynamic opening of the 3dir MO (or
the 2pir MO) was insensitive to the degree of ionization of
projectile outer shells (M-, N-, etc.).

For low-Z collision pairs, Z <_ 18 and «>K £ 0.1,
significant increases in K-shell fluorescence yields can
be expected as the electron number is depleted. Indeed,
the monotonic increases in X-ray cross sections with charge
state q are more pronounced, as evidenced in the results
of Winters et alS2* fox 18 MeV C1<J+ •* Ar and
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CD

Figure 1.2.1.1

Relative K X-ray cross sections for 78.5 MeV Br^+ + Kr as
a function of the projectile charge state, g. The dashed
line is. the best linear fit to the data. Note the
suppressed, zero on the ordinate scale.



H2S (Aax/Aq -v- 0.1) and of Schiebel and Doyle^
3' for 66 MeV

Cu3+ > Ar collisions.

Case B. For the case of 2p vacancies in the projectile,
Zj - q < 10, the situation changes dramatically. This
represents an open exit channel for K-vacancy production
and for each 2p vacancy, a corresponding increase in the
total K X-ray cross section is observed. For Cu •* Kr and
Br -> Kr the projectile 2p vacancy correlates to the 3dir
MO and is radially coupled 'k' to the 2pir MO with a coupling
probability

where XL is a function of the atomic 2p binding energies
of projectile and target atoms. A straightforward cal-
culation using orot, the 2pir-2pcr rotational coupling cross
section, then leads to a K-ionization cross-section con-
tribution &oi. If we assume that Aaj <* n, where n is the
number of projectile 2p vacancies, then

Aax = nWL orot/3 (2)

Our measured cross sections are shown as a function
of projectile charge state in Figures 1.2.1.2 and 1.2.1.3
for 88.2 MeV Cu*2+ -»• Kr and 108 MeV Br*I+ •+ Kr, respectively.
The uncertainties shown are relative only. The uncertain-
ties in the absolute K-ionization cross sections are
estimated to be 20%. Our calculated values aj = 7j +
are shown by solid lines where we_have added Ac?i t o t n e

experimental mean cross sections 5i obtained from the
closed 2p-shell data.

In view of the assumption contained in the calcula-
tion, viz. that orot is independent of q and also that no
allowance has been made for any dependence of WR upon q,
we consider that agreement between calculated and experi-
mental values is good. However, both our relative X-ray
cross sections and our absolute values for the Cug •*• Kr
system are in disagreement with the results of Warczak
et alS1). We are currently seeking the source of this
discrepancy.

A question arises in the choices for the 2p binding
energy values required when calculating the WL. In the
foregoing treatment neutral atom values were used. When
the projectile is highly stripped and Zj < Z2, the 2p
binding energy can increase to values above the 2p binding
energy for the target atom 30 that level swapping occurs
in the separated atom diagram. Use of these pre-collision
binding energies would result in larger theoretical aT
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4x10 -

23

Figure 1.2.1.2

K-ionisation cross section for 88.2 MeV Cu<I+ •+ Kr as a
function of projectile charge state, q. The 2p-shell is
opened for Z2 - q < 10, i.e. q > 19. The solid line is
constructed by assuming OR is a constant for q <_ 19 and,
for q > 19, by adding the 2pn-2po rotational coupling
contribution Aoj « (q - 19) Wj, arot/3«
1 barn » 10"28 m2
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5xicr—

108 MeV Br* - * Kr

8 9 10 ir'20 21 22 23 24 25 26 27 28

Figure 1.2.1.3

K-ionization cross section for 108 MeV Br9+ + Kr as a
function of projectile charge state, q. The 2p-shell is
opened for Zi - q < 10, i.e. q > 25. The solid line is
constructed as for Figure 1.2.1.2 except here

« (g - 25) WL orot/3.
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values, thus increasing the discrepancies apparent in
Figures 1.2.1.2 and 1.2.1.3. In this regard, it is
interesting to note that the formally asymmetric
collision system N e n + •+• Ne exhibits K X-ray cross sections
which are best understood by treating the collision pairs
as if they were symmetric'" . At the present time it is
premature to regard these two sets of data as evidence
for fast electron re-arrangement in the entrance channel.

(J) A. Warczak, D. Liesen, J.R. Macdonald and P. Mokler,
Zeit. fOr Physik A 28_5, 235 (1978) .

(2) L. Winters, M.D. Brown, L.D. Ellsworth, T. Chiao,
E.W. Pettus and J.R. Macdonald, Phys. Rev. A 11, 174
(1975). —

(3) U. Schiebel and B. Doyle, Zeit. fur Physik A 285,
241 (1978) .

(lt) W. Lennard, i.v. Mitchell, J.S. Forster and D. Phillips,
J. Phys. B 10, 2199 (1977).

*5' Th.P. Hoogkamer, P.H. Woerlee, R.J. Fortner and
F.W. Saris, J. Phys. B 1£, 3245 (1977).

1.2.2 Z2-Dependence of Zi-Oscillations in Heavy Ion
Stopping Powers

- D. Ward, H.R. Andrews (Nuclear Physics Branch),
I.V. Mitchell and W.N. Lennard

See the Physics Division Progress Report PR^P-118
section 2.7; AECL-6216.

Stopping Power Measurements

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

The necessity of knowing the exact thickness of
films used in our determinations of stopping powers for
heavy ions in solids has led to an ancillary program
involving energy loss measurements for a particles from
radioactive sources (see PR-CMa-43, section 1.2.3,
AECL-6090). By using these results it is possible to
extend the 2 MeV upper limit of our studies to higher
energies and overlap the energy region covered by previous
measurements at CRNL by Ward, Graham and Geiger*1'. The
results plotted in Figure 1.2.3.1 indicate good agreement
between the two sets of measurements, slightly better than
the agreement with the recommended values given by Ward
et all2*.
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Stopping power values for a particles of energies
3.183 and 5.486 MeV were also measured for self-supporting
films of Be, C and Si.

O ) D. Ward, R.L. Graham and J.S. Geiger,
Can. J. Phys. 50, 2302 (1972).

( z ) D. Ward, J.S. Forster, H.R. Andrews, I.V. Mitchell,
G.C. Ball, W.G. Davies and G.J. Costa, Atomic Energy
of Canada Limited, report AECL-4914 (1975).
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1.2.A Stopping Power Measurements in Solidified Gases

- J.h. Davies and K. Matsunami in collaboration with
J. L'Ecuyer (Univ. de Montreal) and R. Ollerhead (Univ.
of Guelph)

Our stopping power measurements in solidified gases
(sej PR-CMa-42, section 1.2.6; AECL-5971) have now been
extended to H2O ice in order to provide a direct inter-
comparison with measurements by Matteson et alS1' using
a different experimental technique. Stopping cross
sections for "*He particles have been measured over the
energy region 0.4 - 2.0 MeV with an estimated accuracy of
+ 3%. The results are a few percent higher than those
given by Matteson et at. over the entire energy region, but
the agreement is well within the combined experimental
uncertainties of + 5%.

Again, as in our earlier work in frozen layers of Ar,
O2 or C0 2, we observe an anomalously large sputtering of
the H2O ice by the incident He beam. Measurements are
under way to study the dependence of this sputtering on
the energy and atomic number of the incident particle in
an attempt to understand the sputtering mechanism involved.
For ^He beams, the observed sputtering increases strongly
with decreasing energy, from a value of 4.1 H2O molecules
(per incident He ion) at 2.0 MeV to approximately 18 H2O
molecules at 0.4 MeV. Similar measurements are also being
made in frozen xenon where radiation chemistry effects
should not be present.

(*) S. Matteson, D. Powers and E.K.L. Chau, Phys. Rev.
A 15, 856 (1977) .

1.2.5 Surface Structure Analysis by Rutherford Backscattering
and Channeling"

- P.R Norton and J.W. Goodale (Physical Chemistry Branch)
in collaboration with J.A. Davies, D.P. Jackson,
N. Matsunami, C.W. Sitter and J. Lori

See PR-CMa-4 5, section 3.3.3; AECL-6327.
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1.2.G Energy Calibration of the High Voltage Mass Separator

- D.C. Santry and R.D. Werner

Normally the 27Al(p,Y) reaction at 0.992 MeV and the
7Li(p,n) reaction at 1.881 MeV are used to provide energy
calibration for the analyzing magnet of the 2 MV
accelerator. Absolute energy values for He and all heavy
ion beams are obtained from calculations based on these
proton energy calibrations.

We have examined an alternate method for energy cal-
ibration in which a surface barrier particle detector was
used to compare the energy of 3.183 MeV a particles from
a radioactive 1£f8Gd source, with identical energy He ions
from the accelerator. The calibration is obtained by
measuring the magnetic field value when a He + + beam
scattered from a thin source of Au (2 vg/cm2) matched the
energy of the lit8Gd a's. The incident He + + energy from
the accelerator equals 3.183 * K, or 3.315 MeV (accelerator
energy 1.6 57 MeV), where K is the kinetic factor for He
ions backscattered at 90° from Au. This method of calibra-
tion is simple and requires no window absorption or pulse
height defect corrections for the surface barrier detector.
The overall error in the method is 2 keV. A calculated
energy value from proton energy calibrations agreed to
3 keV with that determined with llt8Gd. This is within
experimental errors of the combined measurements.

A precision pulser (Berkeley Nucleonics, model PB-4)
was used to show that the electronics of the a spectrometer
system were linear to 0.05% over the energy range 980 to
5580 keV. The energy linearity of the surface barrier
detectors was found to be not as good. A comparison of
the a energies from llt8Gd (3.1828 MeV) and Zh ̂ (5.4857 MeV)
when corrected for detector window absorption, showed a
25 keV nonlinearity over the 2.3 MeV range.

We conclude that although a-sources can be used to
calibrate accelerators in limited energy ranges, extra-
polation to other energy regions will lead to errors.

1.2.7 2.5 MV Positive Ion Van de Graaff

- J. Lori

The accelerator operation was satisfactory during the
past three months. A beam was successfully passed through
the new differentially pumped beam line onto a target in
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the new LEED-Auger ultra high vacuum chamber. The
accelerator operating schedule was as follows.

Month

March

April

May

Operating Time
(hours)

92
82

136

1.2.8 High Voltage Mass Separator

- G.A. Sims

The only major fault associated with the accelerator
was the operation of the ion source. Poor source output
and beam optics were constantly presenting problems. The
cause was finally located amongst the wiring bundles on
the terminal. The insulation on some of the wires had
deteriorated and was contributing to intermittent shorts.

Minor problems were the repairing of the T.V. camera
used for observing the source control parameters and the
replacement of the source bias (pre-acceleration) power
supply.

The total "beam-on" time during the past three months
was 260 hours.

1.3 ELECTRON MICROSCOPY

1.3.1 Ion-Simulation of In-Reactor Creep

- J.R. Parsons, C.W. Hoelke and R.W. Gilbert
(Metallurgical Engineering Branch)

Electron microscope specimens of Zr or Zr 2.5% Nb are
typically 50 - 100 nm thick and have a 6 - 8 nm amorphous
or fine grained oxide layer on both surfaces. Room temp-
erature, 100 keV neon or oxygen ion irradiation results
in the appearance of visible displacement damage and a two-
dimensional epitaxial growth of the oxide (PR-CMa-42,
section 1.3.2; AECL-5971, PR-CMa-43, section 1.3.1;
AECL-6090). The epitaxial oxide is f.c.c. and bears a (022)/
(ll20) or (lll)/(0002) relationship with the underlying



hep metal grains- Epitaxial strains are significant,
being 11% and 14% respectively. These strains are relieved
by a pronounced bending of the normal microscope specimens.

The micro-tensile specimens, described in PR-CMa-44,
section 1.3.1; AECL-6179, cannot relieve these epitaxial
strains in the same way, i.e. by bending, as they have a
different geometry and are under stress during ion irradia-
tion. There is ample reason to believe that the minimum
energy state of the epitaxial oxide is attained, in this
case, when the 11% or 14% natural misfit is accommodated
partly by uniform elastic strain and partly by misfit dis-
locations at the oxide metal interface.

During the last quarter, micro-tensile specimens,
prepared from both Zr sheet and Zr 2.5% Nb pressure tube
material, have been ion-irradiated at room temperature
while under stress in the straining stage of the Philips
electron microscope. No images were taken before irradia-
tion. The following observations were made:

(1) 1.5 run and 2.1 nm Moire fringes respectively
characteristic of the (022)/(1120) and (11-1)/(0002)
epitaxy were observed.

(2) An unusually large number of small dislocation loops
were found in some grains.

(3) Proof that observed dislocation networks are misfit
dislocations will require a before and after imaging
of [1120] and [0002] oriented grains..

This latter experiment is in progress as is one to examine
structural changes produced by stressing a micro-tensile
specimen after it has been ion irradiated to an epitaxed
condition.

1.3.2 The Irradiation Behaviour of

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

Experiments have been performed to ascertain to what
extent the lattice parameter of initially ordered Zr3Al
changes during irradiation. Five different Zr3Al specimens
were irradiated at temperatures of 40, 285 and 753 K with
fluences ranging from 1 X 1011* - 1 X 10 1 6 Ar + ions/cm2.
Electron diffraction patterns were obtained with major zone
axes centered and with the vertical position of the specimen
in the electron microscope being carefully adjusted in
order to obtain a focussed image at the same objective lens



current in all cases. Measurements were made of the (200),
(220) , (111) and (113) interplanar spacings of the f.c.c.
Zr3Al lattice using a travelling microscope.

In all of the measurements on the irradiated specimens
an increase in the interplanar spacings was noted over the
values in the highly ordered reference material. The
average increase in all of the interplanar spacings was
0.35, 0.56, 0.67, 0.92 and 1.02% for the five different
irradiated specimens, thus yielding an overall average
increase of 0.70 + 0.4%. For related work on electron-
bombarded Zr3Al, see PR-CMa-45, section 4.3.3; AECL-6327
by G.J.C. Carpenter and E.M. Schulson. In all of the
irradiated specimens a high density of irradiation-produced
defects was observed and the structure was essentially
disordered (i.e. that long-range order parameter S was in
the range 0 - 0.15). Also, the diffraction patterns
either showed no diffuse amorphous rings or just rather
faint ones, thus indicating that the specimens still had a
fairly high degree of crystallinity. The observed lattice
parameter change should therefore arise due to changes
introduced by the production of point defects, defect
clusters and some amorphous zones as well as the change
associated with the order-to-disorder transition. Since
Zr3Al cannot be disordered by quenching, it is not possible
to determine the magnitude of the latter contribution
independently. In other Ll2-ordered alloys, such as CU3AU
and Ni3Fe, the lattice parameter increases by * 0.1 to
* 0.2% in going from the ordered to the disordered state.

Previously (see PR-CMa-33, section 4.4.11; AECL-5230
- work performed by E.M. Schulson and J.A. Roy in
collaboration with L.M. Howe and M.H. Rainville), in Zr3Al
rendered completely amorphous by bombardment with 1 X 10 1 6

Ar+ ions/cm2 at 40 K, the irradiated area was observed to
be approximately 50.0 nm higher than the unirradiated
portion of the sample. Since most of the energy of the
incident Ar+ ions is deposited within approximately 1.2 ym
from the surface, the volume increase associated with the
transition from the ordered to the amorphous state is
approximately 4%.

1.3.3 Collision Cascades in Si and Ge

- L.M. Howe, H. Haugen, M.H. Rainville, J.A. Davies and
D.A. Thompson (McMaster University)

Electron microscope investigations have been performed
on Si specimens bombarded with 20 keV Sb, 40 keV Sb2 and
60 keV Bi2 to a fluence of 3 X 1 0

u ions/cm2 at 45 K at



- 16 -

McMaster University. The individual damage regions are
clearly resolvable in all cases. The number of observable
damage regions/cm2 was determined to be 1.85 X 10 1 1,
2.19 X 1 0 n and 2.46 X 10 1 1 for the Sb, Sb2 and Bi2
implants respectively. Hence there is not a direct
relationship between the concentration of damaged regions
and the incident ion fluence, although this relationship
is approached with increasing energy density in the
collision cascade (i.e. in going from Sb •* Sb2 •*• Bi2) -
Experiments are currently under way to investigate this
behaviour over a wider range of collision cascade energy
densities. Size distributions for the above damage dist-
ributions are being obtained at present.

Preliminary results at McMaster, using channeling
experiments, have indicated that the annealing behaviour
of ion implanted Si specimens is very complex. This is
now being examined in more detail at CRNL. The disorder
induced by 15 JceV Bi and 30 keV Bi2 implants was observed
to anneal out in one continuous stage but over the range
275 - 535 K in the former case and 475 - 635 K in the
latter case. On the other hand, Si damaged with 30 keV
Sb2 exhibits two separate annealing stages at 425 - 475 K
and 525 - 625 K. Further annealing studies are planned
using other implanted ions and it is also proposed to
supplement the channeling studies with electron microscope
investigations.

1.4 RADIATION DAMAGE AND METAL PHYSICS

The Determination of Solute Atom Displacements in Mixed
Dumbbell interstitials for the Face-Centered-Cubic LaCtice

- L.M. Howe and N., Matsunami

The displacement of solute atoms from lattice sites
in the mixed dumbbell configuration was determined pre-
viously^1' by comparing the experimentally observed
normalized yields from solute atoms and from host atoms as
obtained in channeling experiments with the yields cal-
culated analytically using the continuum approximation.
For these calculations it was assumed that the trapping of
self interstitials by small solute atoms created a <100>
mixed dumbbell, consisting of a host atom and a solute atom
straddling a lattice site in the f.c.c. lattice. The <100>
configuration for self-interstitials as well as for the
mixed dumbbell was the one that appeared most consistent
with theoretical calculations of interstitial configurations
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and with the results of channeling, Mflssbauer and diffuse
X-ray scattering investigations. The average values for
the displacement of solute atoms from lattice sites along
<100> directions in Al-Mn, Al-Cu, Al-Ag and Cu-Be mixed
dumbbell interstitials were determined to be 0.143, 0.148,
0.127 and 0.132 nm respectively.

Recently, Rehn, Robrock and Jacques(2) have investi-
gated the trapping of Fe solute atoms at interstitials in
electron irradiated Al-0.042 at% Fe alloys using internal
friction techniques. The observed orientation dependence
of the major peaks was not consistent with mixed dumbbell
interstitials having <100> tetragonal symmetry but was
consistent with trigonal defects having a <111> symmetry
axis. Calculations similar to those described above have
now been performed of the solute atom yield expected for
displacements along <111> directions and these results
were then compared with the channeling data obtained
previously. The following relations were employed for
this analysis:

<110>. <100> _ , - .<110> - . )<100> _Y(s) /Y(s) ~ (Xi V * (Xi V " Rl

<110>, <111> _ ,, v . <110>, .(x _x .Y{s) /Y(s) " 3 ( Xi"V / 4(Xi V 2

where YI J?n> is the calculated yield from atoms displaced

a distance s along <111> from the string of atoms for a

<lmn> channel, xf l m n > and X*lmn> are the normalized

minimum yields from the solute atoms and host atoms,
respectively, for a <lmn> channel. The factor of 3/4
appearing in the second equation accounts for the fact that
only 3/4 of the <111> displacements are projected into a
<111> channel. The results indicate that, in order for
the channeling results to be consistent with <111> solute
displacements in Al-Mn, Al-Cu, Al-Ag and Cu-Be alloys, the
solute atoms must undergo very large displacements (0.25 -
0.29 nm) from the normal lattice sites (see Table 1.4.1.1_.
Hence for a mixed <111> dumbbell interstitial the separation
between the host atom and the solute atom straddling the
lattice site would be approximately 0.5 to 0.6 nm. For
such a large separation it is rather unlikely that the <111>
mixed dumbbell would be a stable defect. Hence the
channeling results still appear to be more consistent with
the formation of <100> mixed dumbbells.

(*) N. Matsunami, M.L. Swar.son and L.M. Howe, submitted to
Can. J. Phys. (also, see PR-CMa-41, section 1.6.2;
AECL-5851).

^2' L.E. Rehn, K.H. Robrock and H. Jacques, submitted to
J. of Physics F; Metal Physics.
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(1)

(2)

(3)

Calculated

Al-0

Al-0

Al-0

Al-0

Al-0

.09

.09

.09

.13

.08

Table 1..4.1,1

Displacements of

Along

at%

at%

at%

at%

at%

Mn

Mn

Mn

Cu

Ag

Solute

<111> Directions

Ri

3.15

5.88

6.84

2.43

Si

0

0

0

0

(nm)

.287

.290

.293

.267

Atoms

R2

1.99

1.85

2.35

S 2

0

0

0

(run)

.288

.286

.291

0.98 0.260

2.39 0.267

6
5
.84
.91

0.

0.

266

263

2.
1.

61
91

0.

0.

265
259

(4) Cu-0.25 at% Be

Sj and S 2 are the calculated solute atom displacements
obtained using the Ri and R2 relations, respectively. All
measurements were obtained at 30-40 K.

1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 The Use of Implanted Inert Gases as Markers for Anodic
Oxidation Studies

- W.D. Mackintosh, F. Brown and H. Plattner

In reference 1 we described the use of Xe and Kr as
markers for determining the transport numbers of Al and 0
during the anodic oxidation of Al using Rutherford back-
scattering to obtain depth profiles. Marker atoms were
implanted into both pre-formed anodic oxide films and into
the metal under the natural air-formed oxide. We found no
differences in the results, except that after anodizing
there was some broadening of the implant distribution in
the latter case. In order to minimize any possible effect
of the markers on the oxidation process we had kept the
implant dose as low as possible, i.e. 2 X 1011* atoms/cm2

of Xe and double that for Kr.



Since publication, two outside laboratories, at the
Universities of Aarhus and Lyon, have advised us that when
s. larger number of ions are implanted into metal samples
anomalous results are obtained. In many cases the distri-
bution of the marker atoms is split in two after anodizing -
one part is located at the metal/oxide interface, the other
near, but not exactly, where expected.

We have now investigated this phenomenon and found
that the division of the implant distribution into two
parts is dose dependent. When 2 X 101£* atoms/cm2 of Xe or
Kr are implanted into metal under the air-formed oxide, no
splitting of the distribution takes place on anodizing and
the transport number for Al movement is the same as that
obtained on implanting into pre-formed oxide (0.4). At a
dose of 5 X 10*1* atoms/cm2, a small fraction is found at,
or close to, the interface and the other fraction at a
position that gives a slightly higher transport number for
Al (0.5). At 1 X 10 1 5 atoms/cm2 the distribution is split
into two equal fractions, one at the interface, the other
at a position also indicating a high transport number, but
with poorer accuracy. At 5 X 10 1 5 the distribution is not
split; rather it is very broad and asymmetric. The transport
number calculated from the curve is again abnormally high
but has poor accuracy.

We have also established that, in split distributions,
the Xe close to the interface is in the oxide, not the
metal. Also, the voltage - time curves, for the anodization
at constant current, appear normal.

In an attempt to understand this phenomenon we have
carried out some additional experiments. Three samples
were implanted at 40 keV with 1 X 10 1 5 atoms/cm2 of Xe.
Two were annealed in vacuum for 1-1/2 hours at 773 K while
the third was held overnight at the same temperature. In
this way we hoped to eliminate any radiation damage due to
implanting. After anodizing we found the usual split
distribution for this number of implanted atoms.

Two further samples were bombarded with 1 X 10 15 Xe
atoms/cm2 at 1 MeV. They were then implanted with
2 X 10llf Xe atoms/cm2 at 40 keV. The intent here was to
pre-damage the neighbourhood in which the subsequent 40 keV
implant would be, whilst placing the higher dose of Xe at
a depth such that it should not be involved in the
anodizing process. However the low energy implants did not
exhibit splitting.

We conclude from the two experiments that the dose
dependence of implant behaviour is probably not related to
damage sustained ouring implantation.
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In the next series of experiments we implanted
1 X 10 1 5 X« atoms/cm2 at 40 keV into samples with
increasing amounts of pre-formed anodic oxide on the
surface. The thicknesses were 1, 2, 4, 8, 10, 12 pg/cm .
At 40 keV the median depth of implant is considered to be
5 (ig/cm2 so that in the first three samples the greater
part of the implant distribution is in the metal. When
these were anodized splitting was found in two of the
1 ug/cm samples, but not in the third sample. The twc
samples with 2 ng/cm of oxide showed only a very small
fraction split away from the main part of the distribution.
No other samples of the series showed any splitting and
transport numbers were normal. It thus appears that the
dose dependent splitting effect might be related to the
nature of the surface at the start of anodization.

f1) F. Brown and W.D. Mackintosh, J. Electrochemical
Society 1^£, 1096 (1973).

1.5.2 Transport Numbers in Niobium Oxide

- D. Phillips and J.P.S. Pringle

Transport numbers for metal and oxygen have been
measured during the anodic oxidation of niobium, by means
of a sectioning method very similar to that used previously
for tantalum. Saturated NH4HP2 was used to dissolve the
niobium oxide. Xenon-125 markers were implanted at 5 keV
into anodic niobium oxide, with a modal range of 3.9 nm
and a standard deviation of 1.8 nm; these figures are
respectively somewhat greater and somewhat less than the
3.0 nm and 2.0 nm observed in tantalum oxide under the
same conditions, as expected from theory. On implanting a
thin oxide, and then thickening by reanodization, the final
position of the marker gives the desired transport numbers;
Table 1.5.2.1 gives preliminary results obtained at various
current densities and temperatures in 0.1 M H2SO4 electrolyte.
It will be seen that the results are virtually identical
to those obtained in anodic tantalum oxide.
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Table 1.5.2.1

Transport numbers for oxygen during the anodization of
niobium (comparable figures during the anodization of
tantalum given in parentheses).

Temperature °C

Current
Density 0 25 50 95
mA/cm

0.1 0.797(0.767)

1.0 0.761(0.744) 0.790(0.763) 0.833(0.803)

10.0 0.731(0.719) 0.737(0.728)

1.6 NUCLEAR CHEMISTRY

1.6.1 Fast Neutron Cross Sections

- D.C. Santry and R.D. Werner

Several measurements of the 127I(n,2n)126I cross
section were made using a Texas Nuclear Neutron Generator
in the Health Physics Branch. Samples of C$16 and S
irradiated under these conditions have negligible correc-
tions for background neutron production. From the amounts
of 126I and 32P produced was calculated an average cross-
section value of 1780 + 106 mb at 14.50 MeV
(a 32S(n,p) = 226 mb)."

Published values for this energy region differ by 40%
from one another. The most recent measurements by
Barrall et aE-t1) and Lu et alSz) , when corrected for the
126I decay scheme now accepted'3), are in agreement with
our work.

(J) R.C. Barrall, M. Silbergeld and D.G. Gardner,
Nuclear Physics A138, 387 (1969).

t2' W.D. Lu, N. RanaKumar and R.W. Fink, Physical
Review Cl, 350 (1970).

(3) M.J. Martin, ORNL Report #5114 (1976).
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1.6.2 Cross Sections for the 63Cu(d,p) 61*Cu and
6 5cu(d,p 2n)6'»Cu Reactions

- D.C. Santry and Mirko Diksi6 (McGill University)

Cross sections for the production of 12.9 hour 51fCu
activity from deuteron irradiated copper foils were
measured at 2 MeV intervals from 6 to 24 MeV. These
measurements are part of a feasibility study of using the
deuterons on copper reactions as a standard for measuring
integrated deuteron fluxes.

Further measurements are being performed at higher
energies with the McGill Synchrocyclotron.

1.6.3 High Velocity DSAM Lifetime Measurements of the 1.982 MeV
2+ Level in iBQ by Means of the H{^O,H') Jt)0 Reaction

- J.S. Forster, T.K. Alexander, G.C. Ball, W.G. Davies
(Nuclear Physics Branch) and I.V. Mitchell

See the Physics Division Progress Report PR-P-118,
section 2.5; AECL-6216.

1.6.4 Corrections to DSAM Measurements of Short Lifetimes in 22Ne

- T.K. Alexander, J.S. Forster, G.C. Ball, W.G. Davies
(Nuclear Physics Branch) and I.V. Mitchell

See the Physics Division Progress Report PR-P-118,
section 2.6; AECL-6216.

1.7 COMPUTATIONS

1.7.1 Scattering of keV Hydrogen and Helium Ions from OxygenICovered Silicon Surfaces

- D.P. Jackson and J.E. Robinson (McMaster University)

A collaborative program of experimental work (McMaster)
and theory (CRNL) has been initiated to study the role of
surface effects on ion scattering phenomena in the keV
energy region. The calculations employ the programs dis-
cussed in previous progress reports (PR-CMa-41; AECL-5851,
PR-CMa-42; AECL-5971 and PR-CMa-43; AECL-6090) where the
relevance of this problem to the first wall problem in con-
trolled thermonuclear fusion reactors (CTR's) has been
pointed out.
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The experiments were done using a time-of-flight
technique I1' which measured the energy distributions of
hydrogen and helium particles backscattered from well-
characterized silicon targets. The choice of silicon,
certainly not a likely CTR first wall material, was as a
result of its convenience as a target material which is
ideally suited for comparing theory and experiment. In
these experiments the silicon was oxidized to selected
depths and then analyzed using Auger depth profiling and
MeV He channeling. The energy spectra of the backscattered
ions were then taken for targets having known oxide depths.

The features observed in the backscattered spectra
were in good agreement with the predictions of the computer
simulation. The oxide layer reduced the reflection
coefficient by a maximum of approximately 25% for He ions
and less than half of this amount for H ions, in conformity
with the expectations of the theory. These preliminary
results were presented at the Culham Plasma Surface Inter-
actions Conference (April 1978) and ire now in press
(J. Nuclear Materials).

(') J.E. Robinson and S.A. Agamy Nucl. Instr. Meth.
(in press).

1.7.2 A Formal Solution of the Diff' sion Equation for Energetic
Ion Dechanneling in Crystals

- N. Matsunami, L.M. Howe and W.N. Selander (Math and
Computation Branch)

It has been shown that the diffusion calculation is
useful for determining the dechanneling behaviour of
energetic ions in crystals (PR-CMa-42, section 1.5.3;
AECL-5971) . Because of non-cor.stant coefficients in the
diffusion equation, it is difficult to solve the equation
analytically. However, by making certain simplifying
assumptions, a formal solution can be found.

The method used to obtain a formal solution of the
diffusion equation is presented below. The diffusion
equation is

" J & / Y * flv\ ° , g ( X , t J x ( _ 8 —Ixr 4-\ / i \

where g(X,t) is the distribution function of energetic ions
in the reduced transverse energy X at a normalized depth t.
A(x) and f(X) are the accessible area and the diffusion
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function. By making use of the transformation:

p(X) = W(X) - W(X ) , W(X) = fX dX
''o

g(p,t) = q(X) exp(-ct) U(p,t) and

= f"1/4(X) e x p | - y X dX{f(X)-Y(X)} / 2f(X)J (2)

V7e obtain

Upp(p,t) + [h(X) + c] U(p,t) = Ufc(p,t) (3)

Here

Y(X) = [A(X) f(X)]'/A(X) and

h(X) = (f )2/16f - f"/4 + (f" - Y')/2

- (f - Y)2/4f

and the subscripts p and t mean the partial differentiation
with respect to p and t.

When h(X) is assumed to be weakly dependent on X or
small, the source solution of equation (3) for a source
at Xo is given by a gaussian, i.e.,

g{X,t) - [q(X)/2a/^t] [exp(-pj/4t) + expt-p^t) J (4)

x (exp[h(X)t])

p 2 = W(X) - W(X Q), p 2 = W(X) + W(XO).

Here a is the normalization factor.

According to preliminary calculations, it appears that
a formal solution of equation (4) agrees reasonably well
with the numerically evaluated g(x,t). A detailed
comparison between the formal and numerical solutions of
the diffusion equation is under way in order to better
define the limitations of the formal solutions.
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1.8 PUBLICATIONS, LECTURES AND REPORTS

1.8.1 Publications

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
Radiation Effects 3£, 227 (1978) .

Production of Very Thin, Crystal-Oriented Films of Germanium
- C.W. Hoelke
Proc. 4th Annual Microscopical Society of Canada Meeting,
London, Ontario, June 13-15, 1977

Scattering of keV Hydrogen and Helium Ions and Neutrals
from Oxygen Covered Surfaces
- J.E. Robinson and D.P. Jackson
J. Nuclear Materials (in press)

A Study of Interstitial Trapping Configurations in f.c.c.
Metals by Ion Channeling
- M.L. Swanson, L.M. Howe and A.F. Quenneville
J. Nuclear Materials 69 & 70, 372 (1978); AECL-5921

Evidence for KK-vacancy Sharing in Atomic Collisions
- W.N. Lennard, I.V. Mitchell and D. Phillips
J. Phys. B 11, 1283 (1978); AECL-6075

An Introduction to Crystal Lattice Imaging with the
Electron Microscope
- J.R. Parsons, Materials Research Bulletin 13_, 399 (1978)

Techniques in High Resolution Transmission Electron
Microscopy
- J.R. parsons, C.W. Hoelke, Bulletin of the Microscopical
Society of Canada (in press)

1.8.2 Lectures

Atomic Migrations in Growing Oxide Films
- J.P.S. Pringle
Electrochemical Society 1978 Spring Meeting, Seattle,
Washington, May 21-26, 1978

The Migration of Tantalum Atoms During the Anodic Oxidation
of Tantalum
- J.P.S. Pringle
Electrochemical Society 1978 Spring Meeting, Seattle,
Washington, May 21-26, 1978
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The Use of Mev Ion Channeling in Studying Crystal Surfaces
- J.A. Davies, D.P. Jackson, N. Matsunami, P.R. Norton

61st Canadian Chemical Conference and Exhibition, Chemical
Institute of Canada, Winnipeg, Manitoba, June 4-7, 1978

The Reaction 127I(n,2n)126I as a Fast-Neutron Flux Monitor
- D.C. Santry

1978 Congress of the Canadian Association of Physicists,
University of Western Ontario, London, June 12-15, 1978

The Determination of Solute Atom Displacements in Mixed
Dumbbell Interstitials for the Face-Centered-Cubic Lattice
- L.M. Howe. N. Matsunami and M.L. Swanson
Canadian Metal Physics Conference, Kingston, Ontario,
June 14-16, 1978

Scattering of keV Hydrogen and Helium Ions and Neutrals
from Oxygen Covered Surfaces
- J.E. Robinson (McMaster University) and D.P. Jackson
Proc. Plasma Surface Interactions Conference, Culham,
England, April 1978.

Studies of the Ti: W-Au Metallization on Si and Al
- R.S. Nowicki, J.E. Baker, C.A. Evans, J.M. Harris,
M.-A. Nicolet and I.v. Mitchell, 3rd Int. Conf. on
Metallurgical Coatings, San Francisco, California,
April 3-7, 1978

The Use of MeV Ion Channeling for Surface Structure
Anal.; sis
- J.A. Davies
University of Catania, Sicily, April 13, 1978

Non Linear Damage and Sputtering Effects in Heavy Ion
Bombardment
- J.A. Davies
University of Rome, April 17, 1978

A series of four lectures at the University of Lyon, France
on April 24-28, 1978, J.A. Davies
a) Basic Notions of Ion Implantation and Bombardment
b) MeV Ion Channeling and Rutherford Backscattering
c) Application of the MeV Channeling Technique in Solid-

State and Surface Analysis
d) Non-linear Damage and Sputtering Effects in Heavy-Ion

Bombardment

The lectures listed above may not be available in print.
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

2.2.1.1 High-Voltage/Spark-in-Oxygen Excitation of Solution
Residues

Even with low total sample loading, not exceeding 10
micrograms, guantitation with existing calibration curves
is unsatisfactory where there is a predominance of any one
element in an unknown. Increasing the amount of internal
standard so that it can also serve as a buffer is being
investigated. Ideally, the internal standard/buffer
combination in sufficient quantity should render it
possible to have calibration curves applicable to any
sample matrix. Actual analytical experience with real-
life samples has necessitated a preliminary survey of the
unknown sample followed by evaluation against standards
which have been specially prepared to match the sample
composition.

Further tests with waterproofed rod electrodes show
that they do not have the same impermeability, and hence
sensitivity, as pyrolitic graphite plates. As pyrolitic
graphite coated rod electrodes are not commercially
available consideration is being given to attempting the
process here.

Further work on the D.C. arc in oxygen-argon has
indicated the usefulness of recording spectra in the
second order. As the buffer/sample weight ratio is very
high this approach to the analysis of solution residues
may overcome the interfering effect of any one predominant
element in the unknown sample as presently experienced
in the spark technique mentioned above. Comparison of
normal calibration curves with those deliberately spiked
with a predominance of one element will be undertaken.

2.2.1.2 Carrier Distillation Method for Zirconium Alloys

Standards for the analysis of an alloy, designated XL,
by the carrier distillation technique are being prepared.

A specimen of this material is also being analysed by
other techniques (atomic absorption, colorimetric, etc.)
and oxidized turnings from this analysed specimen used as
an additional standard for the spectrographic analysis.
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2.2.2 Analytical Support for Heavy Water Production Plants*

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

2.2.3 Atomic Absorption Spectrometry

- M. Hurteau, D. Bellavance

2.2.3.1 Automated Electrothermal Atomic Absorption

Work has resumed on the evaluation of an automated
analyser consisting of commercial equipment (HP 7671A
GC Sampler, Model 9810 Calculator, HP 3352B Laboratory
Data System, Techtron AA 5) and custom made components
(integrator and HP 9810 calculator interface). Pt/Rh
needles, chosen primarily for their inertness, have been
found to be sufficiently robust to withstand repeated use
in sampling through a septum from a sealed vial. Cross
contamination effects are currently being studied with
various cations.

2.2.3.2 Analysis of Pt/C Catalyst (Powder) for Pt

Catalyst studies being conducted in the Physical
Chemistry Branch to develop efficient (optimum Pt
utilization) and reliable H2/H2O exchange catalyst are
being supported by flame/atomic absorption service analyses.
However, a disparity has been discovered between calculated
Pt loadings and AA service analysis results. In addition,
analysis results for certain catalyst preparations are
dependent on the sample pretreatment procedure. The
following table compares Pt results for samples treated in
two ways: ignition in air at 800°C for 1 h to remove
carbon followed by dissolution in HC1/HNO3 and leaching of
Pt from the powder substrate with HC1/HNO3, followed by
filtration.

Pt/C - Catalyst Analysis Results

Sample

C16-I
C16-II
C16-III
C16-IV
C15-I
13B
R-68
R-69

Pt Content (wt%)

Ignition

12.6
6.7
4.0
0.9
9.4
18.1
8.4
9.2

Leaching

12.5
7.3
1.3
1.5
5.5

43.3
9.9
9.0
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The generally poor agreement of Pt data as shown
in the table has prompted a search for a reliable sample
pretreatment procedure. Wet oxidation of carbon substrate
with a mixture of HNO3 and HClOi, was not successful.

2.2.4 Chromatography

- R.M. Cassidy, S. Elchuk/ R. Harpur

2.2.4.1 High-Performance Liquid Chromatographic Separation
of the Lanthanides

Glass-lined stainless steel columns (10 cm x 4 mm)
have been packed with a spherical 5 \im cation exchanger
and these columns have been compared with commercially
packed 10 vim cation-exchange columns. Figure 2.2.4.1
shows the excellent resolution and sensitivity obtained
with the columns with the smaller packing. A
comparison between these results and those obtained with
a 25 cm x 4 mm column, loaded with 10 vim cation exchanger
(Figure 2.2.4.1, PR-CMa-44, AECL-6179) clearly illustrates
the advantages of the 5 ym ion exchanger.

Investigations of the effect of pH on the lanthanide
separation showed that lower pH (<4.5) values gave slightly
improved separations. This was true both for pH gradients
at constant concentration of hydroxyisobutyric acid (HIBA)
and HIBA gradients at constant pH. Unfortunately,
interference peaks, due to slow dissolution of pump and
tubing components, appear with low pH values, so the best
compromise appears to be a concentration gradient at pH
4.5 or 4.6.

Acetonitrile was used to study the effect of organic
solvents on the separation. At concentrations (v/v) of 1,
5, 10, 20 and 40% there was no appreciable change in the
separation, which is in contrast to the often significant
effect of organic solvents on separations with
conventional polystyrene-divinylbenzene resins.

Additional investigations of the potential of this
method for quantitative analysis of metal ions have shown
that very small concentrations of metal ions can be
determined quantitatively if a large sample is pre-
concentrated on the top of the column (see Table 2.2.4.1).
Larger peak areas were obtained for the 0.100 pg/mL
standard and it is assumed that this was due to an error
made in the preparation of this standard. One disadvantage
with this preconcentration technique is that for large
samples, impurities in the solvents are also preconcentrated
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and these impurities can interfere with the analysis of
small concentrations of the first six lanthanides.
However, this technique still looks very promising and
its application to other metal ions will be investigated.

TABLE 2.2.4.1

Determination of Small Concentrations of Rare Earths
by Preconcentration on Chromatographic Column

Cation

Lu

Er

Tb

Sample
Volume
Injected

(mL)

100.0
10.0
1.00
0.100
0.0100

100.0
10.0
1.00
0.100
0.0100

100.0
10.0
1.00
0.100
0.0100

Weight of
Cation
Injected

(ng)

100
••
it

it

"

100
II

II

II

II

100
II

II

II

II

Concentration
of Standard

(yg/mL)

0.00100
0.0100
0.100
1.00

10.0

0.00100
0.0100
0.100
1.00

10.0

0.00100
0.0100
0.100
1.00

10.0

Peak Area
(counts)

18,327
19,869
21,508
18,272
18,753

22,053
20,632
24,784
20,561
20,302

35,192
34,160
40,194
34,299
34,626

Total
Time of
Injection

(min)

131
13
2
-.
-

131
13
2
-
-

131
13
2
-
-

2.2.4.2 Ion Chromatography

Ion Chromatography has recently emerged as a sensitive
and simple method for the analysis of small concentrations
of inorganic anions and some cations. In this dual-
column technique, the ions are first separated on a
"separator" ion-exchange column and then, prior to



- 36 -

conductometric detection, the electrolyte used to elute
the ions is changed to a non-conducting form by passage
through a "stripper" ion-exchange column. With Ion
Chromatography the determination of small concentrations
(yg/mL and ng/mL) of anions such as Cl~, P~, SOi*" POif,
NO3-, NO2~ etc. which has traditionally been quite
difficult, should be, in many instances, routine. Such
analytical methods would be of obvious use for nuclear
power station and heavy water plant laboratories, as well
as here at CRNL.

A preliminary examination of Ion Chromatography has
been made with a pellicular anion exchanger (AE Pellionex
SAX, a polyester exchanger) in the separator column and a
conventional cation resin (Dowex AG 50W-X8) in the stripper
column. Although the efficiency of the anion exchanger was
very poor (<100 theoretical plates/metre) the system did
work and it was possible to separate the three test anions
used {F", Cl~ and SOiT). The calibration curves were
linear and detection limits of <<1 yg/itiL can be obtained.

A pellicular polystyrene-divinylbenzene packing is on
order and this investigation will continue when this packing
is received. This packing is more efficient than the
polyester resin described above and its use should result
in improved resolution and decreased analysis times.

2.2.5 Mass Spectrometric Analysis of Gas Mixtures

- J.P. Mislan, J. Munch, L. Junop

2.2.5.1 Commissioning of Micromass 601 Mass Spectrometer

Application of the Micromass 601 mass spectrometer to
gas analysis during this quarter was limited to 3He in "He
measurements of gas dissolved in the moderator and cover
gas samples from Pickering-A. Attempts to interface the
Micromass 601 to the Hewlett Packard 3352B Lab Data System
have been suspended pending completion of a staff change.

2.2.5.2 Total H in Siloxane-treated Zircaloy

Four samples of siloxane-treated Zircaloy fuel-sheath
were analyzed by the isotope dilution/mass spectrometry
method. Agreement between two sets of four san^ies
(23 ppm, 20 ppm, and 167 ppm, 147 ppm) was poor, suggesting
poor coating consistency between the two sample sets,
removal of the siloxane coating during cutting or a
deficiency of the method.



- 37 -

A Zircaloy fuel sheath has been carefully prepared
at Canadian General Electric, Peterborough and divided
into two sample sets, one of which will be analysed at
Peterborough by a vacuum heating/vacuum extraction/gas
chromatographic method and the other at CRNL.

2.2.5.3 3He in "He Studies

Detection of 3He in "He Associated with D20 Moderator

Preliminary mass spectrometric measurements of 3He in
helium cover gas and dissolved gas samples from Pickering
GS - Unit 1 moderator system have been completed. However,
the results are inconclusive because of high 3He
'background) readings resulting from tritium decay
(tritium in DTO and DT) during sample storage (78 days).
The production rate of 3He in Pickering GS - Unit 1
moderator is 225 ppm* per day.

(\He production rate in ppm/day

= QT x 24 x 22.4 X 103
 x 1 Q 6

S x 6.02 x 1023

where Q = 1.332 x 10 ̂ Ci" 1^" 1

T = ^ 17 Ci-IT1

S = solubility of helium in D2O
= ^ 9 cm 3^" 1 D2O.)

Unless dissolved gas samples are isolated, dried and treated
to remove DT in a short time interval, the 3He from tritium
decay will swamp attempts to obtain 'equilibrium' values
of 3He in D2O. Similarly ccver gas samples should be
dried and treated to remove DT, shortly after they are
taken. A minimum delay time of six hours was encountered
with NRU samples used for the method development program.
Even in this short time interval 3He from tritium decay
could have accounted for most of the 40 ppm of 3He in
helium dissolved gas.

Care must also be taken to ensure that no appreciable
'head space1 exists when sampling D2O for dissolved gas
(largely "He). Otherwise this will lead to incorrectly
high levels of dissolved gas and hence low calculated
corrections for 3He-in-1|He resulting from tritium decay, in
the interval between sampling and tritium (DTO and DT)
removal.

ppm = SS x 10'
3He + "He



- 38 -

No additional measurements of 3He in "He will be made
until 3He from tritium decay can be reduced to the
detection limit of the method, namely 1 0 + 3 ppm.

2.2.6 Thermal Analysis/Quadrupole Mass Spectrometry

- T. Longhurst, R. Cassidy

2.2.6.1 Examination of Iodine Species Escaping from the
Exhaust Filters of the Mo Process

Gas chromatographic-mass spectrometric analysis of
samples condensed at -196°C (liquid N2) from 400 to 800
litres of exhaust air drawn from between the first and
second activated charcoal filters on the 99Mo exhaust
ducts have confirmed the presence of CH3

127I and CH3CH2
127I.

Many compounds containing no iodine were also observed.
Those which have been confirmed by comparison of their
gas chromatographic retention times and their spectral
patterns are: formaldehyde, acetaldehyde and/or ethylene
oxide, methyl formate, d, hydrocarbons, formic acid,
methylene chloride, acetic acid, chloroform and/or
trichloroacetic acid, ethanol, carbon tetrachloride, and
trichloroethylene. Those which are suspected as being
present are, glycolic acid, and vinyl and/or methyl
methacrylate.

If some of the above organic components are present
in the air entering the filters they will be adsorbed by
the charcoal filters and could decrease filter lifetime.
These components could also be responsible for complicating
species identification for low concentrations of iodine
compounds. When these iodine-free organics were eluted
from the GC column small quantities of iodine components
were observed. At present it appears that this effect is
due to desorption of iodine species which had been
adsorbed onto the GC column or other surfaces but
instrumental artifacts have not been ruled out.

2.2.6.2 Examination of Platinum Catalysts

In an attempt to identify contaminants poisoning the
catalyst used in the CECE (Combined Electrolysis Catalytic
Exchange) test facility for upgrading of ZED-2 heavy water,
a methylene chloride extract of condensate, obtained when
some of the catalyst-bed packing had been vacuum extracted
at 100°C, was analyzed. This extract was diluted to 3 PL
and 2 yL were injected into the gas chromatography-mass
spectrometer. The gas chromatographic separation was done
on a Superpak 20 M column with a temperature program from
60°C to 220°C at 8cC/min.
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Twenty peaks were resolved and mass scans from M/e
10 to 300 were taken at the apex for seventeen of these
peaks. The five major constituents were identified as
benzaldehyde, 2-(2-methoxyethoxy)-ethanol, 2-(2-ethoxy)-
ethoxyethanol, dihydroxybenzaldehyde, and methoxytrigly-
cerol acetate. Benzaldehyde and 2-(2-methoxyethoxy)-
ethanol were confirmed by comparison with standards. The
twelve unidentified peaks contained either the combined
spectra of two or more unresolved compounds or an
insufficient quantity of the compound to yield enough
mass spectrum for identification.

These data were derived from a single injection from
one sample. The true source of these compounds could not
be definitely established as neither a blank or more
sample was available at the time.

2.2.7 Analytical Support for NRX Calandria (Corrosion)
Working Party

- J.P. Mislan, M.T. Hurteau

Internal corrosion of NRX calandria tubes is caused
by attack of acidic species resulting from interaction of
water (condensed) or water vapor with oxides of nitrogen
(NO, NO2, NOx) produced by radiolysis of air in the
reactor core. Efforts are under way to monitor these
species with the object of finding an effective means of
reducing the concentration of NO2 or H2O (or both) thus
prolonging the operational life of calandria #3.

Initial measurements of NO2 content of air from
calandria tube E-ll indicate that during the major
portion of the monitoring interval the NO2 content was
less than 5 yL/L and that removal of successive Ln*.
litre sample volumes resulted in a decline in N02
concentration. This depletion effect appears to indicate
a condition of low air-flow. A.W. Boyd (Physical Chemistry
Branch) has calculated that the NO2 concentration should
be 5.2 yL/L at an air-flow-rate of 3 m-s"1 and that the
NO2 concentration should increase in almost a linear
fashion as the air-flow-rate declines (i.e. as the
residence time of 02 and N2 in the reactor core increases).
The observed and calculated values of N02 appear to be
in disagreement.

The following observations were made during the past
quarter:
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(1) For a one-week period in April, N0 2 was not
detected in calandria tube E-ll air samples above the
detection limit of 0.1 uL/L during full power operation
of the reactor. Previously NO2 was detected in S-ll air
samples during full power operation and at shut-down.
Inability to detect N0 2 suggests a sampling problem, a
problem with the colorimetric method (Greiss-Saltzman
procedure*) or a significant flow-rate enhancement.
Careful scrutiny of the sampling apparatus and reagents
revealed no deficiency. Thus we suspect that an increase
in flow rate of air has occurred.

(2) Removal of the shielded aluminum air-sampling plug
from the reactor, to check for possible blockage, revealed
aluminum nitrate corrosion product on the longer of the
two 6 mm O.D. tubes attached to the plug. This is an
important observation because it reveals that corrosion can
be detected over a short time interval (90 days) at a time
of year when the moisture content of air is not at its
maximum. The aluminum nitrate corrosion product can be
readily dissolved in distilled water, without removal of
the 6 mm O.D. aluminum sampling tubes from the air-
sampling plug. Plans have been initiated to remove the
air-sampling plug, during each scheduled shut-down, so that
corrosion product aluminum nitrate can be correlated with
such factors as: humidity of calandria-tube air, flow rate
of calandria-tube air, NO2 content of the air in the
calandria tube and differential temperature measurements
in the region of the sample tubes.

(3) The Greiss-Saltzman method used for detection of NO 2
has been found, on occasion, to give an orange coloration
that may be indicative of the presence of an interfering
species such as ozone. This observation has an important
implication on the choice of monitoring instrumentation
for NO 2, if a monitoring program is initiated.

(4) Differential pressure measurements made across
calandria tube E-ll, have shown that while AP = 0 for
most of the measurements, a reading AP = 20 mm has been
observed from time to time. No correlation of AP with NO2
concentration has been made. A correlation of this type
would be highly desirable.

A Dupont Model 303 electrolytic moisture analyzer is
being tested in the laboratory to determine whether
differential moisture measurements can be made between the
two positions of the sampling tube in calandria tube E-ll.

B.E. Saltzman, Anal. Chem. 26, 1949 (1954)



2.2.8 Analysis Requests

Received
from

System
Materials

Metallurgical
Engineering

Physical
Chemistry

Type of Sample

NRU crud deposit

Reverse osmosis precipitates

Steam drum sludge
Bruce pump seal
Douglas Point scale

Reverse osmosis loop retentate
Decontamination solution from
reverse osmosis unit

Solutions from reverse osmosis
unit

Carbon steel weld material
Crud solutions
Supernatant from electrode
slurry

Zr-alloy
Circuit board deposits

Bruce pump seal specimen

Pickering pressure tube specimens
Stainless steel weld metal
Zr-alloy
Crud

Pt catalysts
Test rig deposits

Process water

NO. Of
Samples

1

2

1
1
1

1

1

92
4
6

1

248
4

NO. of
Determinations

6

24

2
2

11

5

7

92
24
24

31

248
124

2
1
12
1

18
4

31

4
3

12
31

48
124

Type of Analysis Done

Fe, Ni, Cu, Mn, Si,
leachable Cl
Na, K, Ca, Mg, Fe,
Ni, Cu, Cr, Si, P0«,
Cl, SO.,
Fe, Cu
leachable Cl, F
Na, Ca, Mg, Fe, Ni,
Cu, Cr, Mn, Al, P, S
Fe, Ni, Cu, Cr, Co

Na, K, Ca, Mg, Fe, Cu,
Si

Na
Fe, Ni, Cr
Ni, Cu, Cr, Co

Qualitative
spectrographic

H&D content
Qualitative
spectrographic

Qualitative
spectrographic

Fe, Nb
Mn, S i , Mo
H
Qualitative

spectrographic

Pt, Na
Quali tat ive

spec trographi c
If a, K

I



Received
from

Fuel
Engineering

General
Chemistry

Chemical
Engineering

Reactor
Physics

Fuel
Materials

Process
Systems
Design

Type of Sample

Zr-alloy
Fission gas

NRX rod scrapings

Silicone treated fuel sheath
Uranium extract solutions
Dissolved UO2(HNO3)
Perch Lake sand
Test solution
Dissolved UO2(HNO3)

Reactor coolant water

Reactor crud

Zirconium standard

GS Pilot Plant process water
GS Pilot Plant process gas (H2S)

Reactor moderator
Test solution

UO2 pellets and powders
Test specimen deposits

AIN3

A1N3

No. of
Samples

17
21

1

12
9
5
2
2
2

4

3

3

60
3

16
4

4
3

1

1

No. of
Determinations

17
201

31

12
9
5
8
2
50

4

93

5

60
12

16
8

8
93

8

31

Type of Analysis Done

H&D content
Quantitative mass
spectrometry
Qualitative
spectrographic

H
U
Cd
Fe, Mn
Fe
Quantitative
spec trographic

Quantitative
spectrographic

Qualitative
spectrographic

Qualitative
spec trographic

UV25u
Quantitative mass
spectrometry

B
pH, Na

Fe, Ni
Qualitative
spectrographic

Al, Na, K, Ni, Co, Mn,
Fe, Si
Qualitative
spectrographic



Received
from

Chemical
Operations

Mechanical
Equipment
Development

workshops.
Estimating &
Planning

Radiation 6
Industrial
Safety

NRX
Heactor

Type of Sample

Argon purge gas

H2-in-N2 standard

Cover gas from 99Mo production
facility

Crud from 99Mo production facility

Hg metal and reference material

Loop water
Water from O-ring test cells
Defective pipe section

Uranium slug
Welding rod

Aluminum stock (reactor grade)

Decontamination swipes

Grinding wheel components
Grinding wheel components

Test component

NO. of
Samples

3

2

6

1

2

1
10
1

1
1

30

20

2
2

No. of
De termina tions

3

4

35

31

2

2
10

• 5

1
31

300

20

4
62

62

Type of Analysis Done

Quantitative mass
spectrometry

Quantitative mass
spectrometry

Quantitative mass
spec trometry

Qualitative
spec trographic
Pb

Mg, si
Cl
Quantitative
spectrographic

U
Qualitative
spec trographic
Quantitative
spectrographic

Be

Na, K
Qualitative
spectrographic

Qualitative
spectrographic

I

TOTAL 660 2099
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Fission Product Deposition - Laboratory Studies

- W.J. Edwards

A shielded separation apparatus to separate 1 "* °Ba from
irradiated z 3 5U has been set up and a simple dual-column
separation procedure tested. The llf0Ba is required to
provide a higher specific activity tracer for barium
adsorption on magnetite than the Ba (from BaCO3
activation) used previously. A higher specific activity
tracer is required by the very limited capacity of magnetite
observed earlier (PR-CMa-44, AECL-6179).

Further studies are also being made to improve the
floatation-type separation procedure used to produce a
narrow particle size range of magnetite. Current
separations contain a larger proportion of fines than
anticipated.

2.3.2 Neutron Activation Analyses of Zirconium and Zircaloy

- W.J. Edwards

A considerable backlog exists of Zircaloy power-
reactor pressure tube samples, which require analyses to
test for compliance with specifications for impurity content.
It is proposed to employ neutron activation techniques as an
alternative to emission spectroscopy for metallic impurities
and vacuum or inert gas fusion for oxygen. Reactor
irradiation tests with National Bureau of Standards
zirconium standards indicate that the elements Ni, Mn, W,
Hf, Cr and Co may be easily measured in the presence of
the matrix activation at the levels of a few tens of ppm that
are required. The activation products of Al, Cu, Ti and V
impurities are much shorter lived and measurements are
currently being made to see if practical transit times with
available irradiation equipment will permit adequate
sensitivity for these elements. All activity measurements
are done using a high resolution Ge(Li) spectrometer.

The analysis for oxygen requires fast neutrons and
arrangements have been made to use the 14.3 MeV neutron-
generator in the Health Physics Branch. Portable counters
will be required to measure the very short lived * 6N activity,
but much of this equipment should be available at CRNL. A
suitable pneumatic system is required however for feeding
samples to the neutron-generator and back to the counting
equipment. The possibility of obtaining such equipment
commercially is being investigated.
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2.3.3 Fission Product Deposits on Zircaloy Fuel Sheath

- W.J. Edwards, J.P. Mislan (in collaboration with
J.C. Wood, Fuel Engineering Branch, CRNL)

There is some interest in whether the siloxane coating
employed to inhibit iodine diffusion from fuel to sheath
could have a similarly beneficial effect for fission product
cesium. As a simple test to see if this is possible an
experiment was performed on an archive sample (#5907) of
siloxane treated fuel sheath. The fission products on a
piece of this material were measured in the 'as cut1
condition, after ultrasonic cleaning to remove the surface
coating, and then again after heating at 900°C in vacuum
for % 1 h.

Table 2.3.3 shows the results of the measurements for
131*Cs, 137Cs and other fission products.

TABLE 2.3.3

Activity of Zircaloy Sample (#5907) - (0.103 g)

Nuclide dps after Relative activity Relative activity
Ultrasonic prior to cleaning after heating at
cleaning 900°C

95Zr 6 x 103 1.1 vL
9SNb 5 x 103 1.3 1.1

12SSb 2.1 x 10" 1.3 0.9
'""Ce 2.1 x 105 1.3 1
60Co 3.5 x 103 1.2 1

106Ru 4 x 1 0 * 1 0.8
13"Cs 7 x 103 3.3 0.22
137CS 2.9 x 10s 2.3 0.27

The results indicate that the ultrasonic cleaning removes
^ 10-30% of most fission products and that strong heating
after cleaning is not very effective in reducing this level
further. In the case of the cesium isotopes, however, cleaning
removes 70-80% of the activity and the strong heating reduces
the remainder by another large factor.

Although the experiment shows that the cesium is
easily removed it does not prove that it is held at the
Zircaloy surface by the siloxane coating. It is consistent
with this possibility, however, and control experiments using
uncoated Zircaloy are required.
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2.3.4 Y-Spectromtetry Laboratory

- P.A. Robinson

A total of 174 samples was received during the
period March 9 - June 9, 1978. These were analyzed as
follows:

Na(I) spectra 8
Ge(Li) spectra 119

127

decay curves beta 1
gross beta 90

91

DISTRIBUTION OF BETA ANALYSIS

Loop

Decay

Gross

X-1

-

6

X-2

-

2

X-3

-

14

X-4

-

12

X-5

-

14

X-6

-

12

U-1

-

6

U-2

-

12

U-5

-

12

DISTRIBUTION OF GAMMA ANALYSIS

Analyses
for

X-3

2

X-4

7

X-5

6

X-6

3

U-1

1

U-2

4

U-5

2

NRU

11

Special
Analysis

91
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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 12 - June 6, 1978.

No. of Samples

8,818

1,000

Branch

General Chemistry

General Chemistry

Program

Electrolysis Catalyst
Exchange

Absolute D/H
Determinations

28

8

,289

,000

63

13

Physical

Chemical

Chemical

Chemistry

Engineering

Engineering

BHWP, GBHWP and PHHWP

H2-H2O Exchange

CECE Rig

L/G Tests

Interlaboratory
Comparisons

46,183

2.4.2 The Absolute Determination of the Deuterium Content of H2O

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

At the suggestion of the Isotope Hydrology Section of
the International Atomic Energy Agency we are undertaking
to determine the absolute deuterium content of samples very
low in deuterium. Initially we are using a distillation
technique similar to that used by Hagemann, Nief, and Roth
at Saclay (IAEA Contract #499/RB) and (Tellus XXII (1970)6,
p. 712-715) coupled to the on-line mass spectrometer system
developed at CRNL.

The distillation column is a smooth wall unpacked
column 500 mm x 4 mm operating essentially in total reflux
with vapour sample points at the top and bottom of the column.
Sample draw off rates are about 0.05 mg H20/min from a still
charge of 15 mL.
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Continuous analysis of either the top or bottom of the
still permits constant monitoring of the approach to a steady
state.

Initial tests have been run on 144 ppm water (natural),
200 ppm, and "\» 3.4 ppm water. Based on these runs the
still has been redesigned and quantitative determinations
are beginning. The still was loaded with very low deuterium
water and refluxed to a steady state with a high separation
factor (100-300 or better). The still pot was then spiked
with D2O to a higher concentration to verify the separation
factor across the still. We have adapted our micro
sampling technique to calibrate the top and bottom sample
points directly and verify that there is no discrepancy
between the two points.

The first experiment determines the zero setting and
H3+ contribution of the mass spectrometer, indicates the
difference between zero and the low deuterium water and
fixes the calibration slope of the mass spectrometer. The
second determines the separation factor of the still.

Work is continuing on these determinations.

2.5 ELECTROCHEMISTRY

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

- M. Hammerli, W.J. Olmstead

2.5.2 Evaluation of Titanium-Nickel Alloy Electrodes*

- M. Hammerli, A.S. Denovan

2.5.3 H2S-in-Water Monitors*

- J. Gulens (in collaboration with M. Cooke, Glace Bay
Heavy Water Plant)
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2.5.4 Redox Processes in Ground Water

- J. Gulens (in collaboration with D.R. Champ,
Environmental Research Branch, CRNL, and R.E. Jackson,
Attached Staff from Environment Canada)

The effect of the redox environment on the mobility
of arsenic in ground water is being studied. Field
experiments, where ground water from the Perch Lake Basin
is used to elute the arsenic from sand columns, show that
there is a marked difference between solutions of As(V)
and As(III) not only in the time of initial break-through
but also in the amount of arsenic eluted. Arsenic is
retained on the sand column because of its adsorption by
the hydrated ferric oxide in the sand. Other factors
such as sand grain size, arsenic concentration and the
geochemical parameters of the ground water were observed
to also influence the relative elution behaviour. The
mobility of both arsenic species increases as the ground
water becomes more reducing.

Laboratory studies have focussed on the reactions in
solution between As(V), As(III) and Fe(IIl), using
polarography to identify the solution species. Arsenic (V)
can be determined polarographically in a 2 mol'L'1

perchloric acid - 0.5 mol'L"1 pyrogallol electrolyte.
As(III) in a 2 mol-L"1 sodium hydroxide - 0.2 mol-L"1

sodium tartrate electrolyte and Fe(II) and Fe(III) in a
0.2 mol«L~x sodium oxalate electrolyte. These studies
show that Pe(III) removes As(V) from solution more
effectively than As(III), in agreement with the results
from the column elution experiments.

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Spectrometry

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

2.6.1.1 Analysis of Powder Sample AS-32115 from Russian
Satellite COSMOS 954 (in cooperation with Whiteshell
Nuclear Research Establishment and Atomic Energy
Control Board)*
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2.6.1.2 Analysis of Enriched 90Zr Oxide Used in Neutron
Capture Cross Section Measurements for the Possible
Laser Isotope Separation of "°Zr (in cooperation with
the staff of Neutron and Solid State Physics)

Spark source mass spectrometer and thermal ionization
source mass spectrometer analyses (see also sect. 2.6.2
this report) were done on samples of enriched
zirconium oxide to determine both the neutron absorbing
impurity element concentrations and the relative
isotopic abundances of the Zr isotopes. It was shown
that not more than 1 x 10"5 atoms per atom of Zr of the
following neutron absorbing elements were present: Gd,
Ho, Er, Tin, Sin, and Hf. An isotopic analysis, not
usually done with the spark source because the thermal
ionization source is better for that purpose, gave the
following results:

90Zr 97.5 atom %
91Zr 1.1
92Zr 0.8
9ltZr 0.6
96Zr 0.1

This may be compared with the results obtained by thermal
ionization source mass spectrometry:

3UZr
91Zr
92zr9*Zr
96Zr

97.29 ±
1.07 +
0.78 +
0.61 ±
0.25 ±

0.08 atom % ±
0.04
0.04 "
0.03
0.03

2 sigma

The thermal ionization source results are, of course, the
more accurate. This has been reported as an example of
the quality of isotope abundance results obtainable with
the spark source.

2.6.1.3 Trace Impurtiy Analysis in Support of Cadmium
Telluride Detector Development (in cooperation with
Counter Development Section Staff, Neutron and Solid
State Physics and D.S. Russell, Division of Applied
Chemistry, National Research Council)

Work continued on Cd and Te analyses (cf. PR-CMa-42,
AECL-5971, p. 39, et seg.). Advice from D.S. Russell's
laboratory has enabled us to reduce the limit of detection
in these analyses to ^ 3 x 10~8 atoms per matrix atom.
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2.6.1.4 Analysis of Reactor Grade Aluminum for
Scandium Impurity

Four samples of reactor grade aluminum were analyzed
by spark source mass spectrometry in order to determine
their scandium content. Scandium-46 is present in the
water discharged from the process sewer at CRNL and it
is postulated that it arises from corrosion of the
aluminum components of the NRX reactor.

The first two samples of aluminum were fairly new
material (about one year old) of the type used for
fabrication of reactor components. The next two samples
represent older stock material, i.e. eighteen years old
for the third and ten years old for the fourth
(Table 2.6.1.4).

TABLE 2.6.1.4

Scandium Concentrations in Aluminum
Alloys Used in NRX

No. Sample Scandium Concentration
(atom percent)

1

2

3

4

Aluminum

Aluminum
Aluminum

Aluminum

(PTR

(3D)

56)

1.0

1.0

2.0

5.0

X

X

X

X

10"

10"

10"

10"

•

*
5

5

The detection limit was 1.0 x 10~5. It can be assumed
that the results are accurate to within a factor of three.

2.6.1.5 Analysis of Gadolinium Reactor Poison Material for
Other Rare Earth Contaminants (in cooperation with
Bruce Generating Station Staff)

During the determination of isotopic abundances by
thermal ionization mass spectrometry of Gd nitrate needed
for reactivity control at BNGS"A", it became obvious that
an unknown impurity was causing considerable interference
at several Gd mass numbers. We were unable to identify
this impurity by spark source mass spectrometry, but we
did observe that ^ 0.05% europium impurity was present
in the Gd. This would produce significant radioactivity
upon neutron irradiation. The unknown interference was
found to be volatile at temperatures below that of Gd
oxide, and was eliminated by selective heating of the Gd
sample.
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2.6.2 Reactor Materials Isotopic Analyses

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

Isotopic analyses of forty-nine samples of uranium
fuel (irradiated and unirradiated) and miscellaneous other
elements including gadolinium and zirconium were completed
for Fuel Engineering, Fuel Materials, Nuclear Materials
Control, Neutron and Solid State Physics, Chemical
Operations, and Ontario Hydro.

Twenty-eight irradiated fuel pellets were dissolved
and the uranium contents purified for mass spectrometric
analyses.

2.6.3 The Anion Exchange Separation of Uranium,
Plutonium, Rare Earths and Americium

- S.R. Bokwa, B.J.F. Palmer

Investigation of the feasibility of separating
uranium, plutonium, rare earths and americium on a single
anion exchange column last reported in PR-CMa-40, AECL-5808,
has been resumed. Elution parameters of these elements
are being determined using synthetic mixtures, and
separations of irradiated fuel solutions will begin soon.

2.6.4 Process Development Support for the 99Mo Facility

- I.H. Crocker, F.C. Miller, S.R. Bokwa, B.W. Hildebrandt,
C.H. Knight, J.A. Schruder (in cooperation with
Chemical Operations Branch Staff)

2.6.4.1 Concentrating Irradiated Enriched 2 3 SU Solutions
Using Cation Exchange Resin*

2.6.4.2 Fissile Material Measurement in the 99Mo Facility

Development of an analytical procedure using stable
isotope dilution analysis with mass spectrometry for
2 3 5U accounting in the 99Mo line is continuing. Results
so far have been erratic, which implies that either the
recovery of the irradiated 2 3 5U is poor or else the 2 3 3u
spike is not being mixed quantitatively with a
representative sample of the dissolver solution for one
or more possible reasons.
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Samples of five different dissolver batches were
diluted by a factor of one thousand, and aliguots were
spiked with weighed quantities of 2 3 3u standard solution.
These were thoroughly mixed and isotopic equilibration
procedures were done. Uranium was isolated from fission
products by reversed-phase chromatography on a TBP-
Fluoropak 80 column, and isotopic abundances were
determined on a thermal ionization mass spectrometer.
Four synthetic dissolver batch samples were also treated
in this way, but with excellent results. A comparison of
the two sets of results is given in Table 2.6.4.2

TABLE 2.6.4.2

Isotope Dilution Analysis of Actual and
Synthetic Dissolver Solution from 99Mo Process

Sample Nominal U Content

6.0

6.0

6.0

6.0

8.0

6.0

22.91

23.89

23.57

23.02

Reasons suggested for the erratic dissolver batch results
are:

1) Incomplete mixing of dissolver solution with water
which is added for process pH adjustment before the
sample is taken.

2) A non-representative sampling of dissolver solution
from the only available sampling point.

3) Inaccurate thousand-fold dilution and mixing in the
shielded 99Mo cell due to design and handling constraints.

Dissolver
Batch TD

ii

••

II

li

•f

TD

TD

TD

TD

TD

Synthetic
Mix

n

il

tl

155-1

155-2

154A

156

157A

158

#1

#2

#3

#4

U Found

1

4

4

6

4

7

22

23

23

23

.63

.06

.32

.30

.11

.01

.91

.79

.65

.06
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A direct spiking of the dissolver acid in situ
with a 2 3 3U spike of several milligrams prior to
dissolution of a n 5U-A1 pellet is being contemplated to
circumvent the above deficiencies in the procedure. This
could not be done on a routine basis, of course, but would
provide an accurate analysis of one dissolver batch by
eliminating the introduction of error by imperfect
sampling or incomplete mixing.

Other uranium samples are now being analyzed by
controlled potential coulometry on an apparatus set up
and commissioned by Mass Spectrometry and Fuel Analyses
group personnel in a building 220 fume-hood. The analyses
are being done by a Chemical Operations staff member
trained by the former group.

2.6.5 Analytical Support - Plutonium Fuel Fabrication Line*

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

2.6.6 Analytical Support for Other Sections

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

The Analytical Chemistry Section of General Chemistry
Branch had been providing hydrogen in cladding (e.g.
Zr-2.5% Nb) analyses for several other branches using an
isotope equilibration method. The large number of samples,
coupled with manpower and equipment constraints, had
caused the accumulation of some 170 samples-for-analysis.
To relieve this situation, the Leco hydrogen analyzer in
the Pu fuel fabrication line was pressed into service.
With the help of an Analytical Chemistry Section
technician who became qualified on the Leco equipment,
80 samples to date have been analyzed for the Metallurgical
Engineering, Systems Materials, and Materials Science
branches. The work is continuing, with several hundred
samples predicted for the remainder of 1978.

The Leco carbon analyzer was also used for a few
carbon analyses on other cladding samples.
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2.7 REPORTS, PUBLICATIONS, LECTURES

2.7.1 Publications

Effects of Surface Heterogeneity on the Sensitivity of
Sulfide Ion-Selective Electrodes
J. Gulens and B. Ikeda
Analytical Chemistry, Vol. 50, No. 6, 782-787, (1978)

A Polymer Coated Silica Gel for High-Performance Liquid
Chromatography
R.H. Cassidy
J. of Liq. Chromatog. 1(2), 241-257, (1978).

2.7.2 Lectures

Influence of Redox Environments on the Mobility of
Arsenic in Ground Water
J. Gulens, D.R. Champ and R.E. Jackson
Presented by J. Gulens at the Perch Lake Study Symposium/
Workshop, 1978 April 25-26, Chalk River Nuclear Laboratories
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

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

(a) Yield of Excited N Atoms in Nitrogen Radiolysis

Estimates of the yield of excited N atoms in the
2D state from the dissociative excitation of N2 based on
the yields of 02 in N2-N2O mixtures were reported in
PR-CMa-44, AECL-6179. To obtain more precise values of
G(N(2D)), measurements of the N02 yield in mixtures of N2
and N2O have been undertaken. The NO2 is determined
from its optical absorption at "\» 415 nm. To check
on the O2 yields previously obtained by mass spectrometry
excess NO was added and the NO2 redetermined.

Preliminary values for the yield of N02 range from
G(NO2) = 1.4 in 5 mol percent N20 to G(NO2) = 5 in
80 mol percent N2O. These are consistent with a yield
of G(N(^D)) > 3.5 from the dissociative excitation of
N2. The preliminary O2 yields from the NO2 measurements
are in reasonable agreement with those previously
reported.

(b) Calculation of Product Concentrations from Primary
Yields
- with M.B. Carver (Mathematics and Computations
Branch)

Further calculations of concentrations of products
in irradiated water using FORSIM (see PR-CMa-44,
AECL-6179) have been made. The divergence at long
times was found to be due to an imbalance in the primary
yields. With the correction of this imbalance the same
concentrations are obtained with or without constraints
on the mass and charge balance. The comparison with
experimental values has been extended using data
obtained by Hochanadel^) where good agreement is
obtained with both time dependent and steady state
concentrations.

(1) C.J. Hochanadel, J. Phys. Chem. 5£, 587 (1952).

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

(a) Stability of Alkali Metal Solutions

Mixed alkali metal ethylamine solutions are being
used to obtain estimates of the relative redox potentials
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of the metal species as these are related to their
stabilities. Preliminary equilibrium data indicate
the relative stability should be in the order
Na" > K" > Rb" > Cs~ > Li species > Ca species. This
is in the same order as the energy of their respective
optical absorption maxima and consistent with their
relative chemical stability.

The anion equilibria are affected by the relative
stability of the ion pair. Indications are that the
ion pair stabilities are reversed from that of the
anions. We are looking into this aspect further in
collaborative esr experiments with Dr. J.K.S. Wan
(Queen's University) in which the various alkali metal
ion pairs can be identified by esr.

(b) Flash Photolysis of Alkali Metals in Ethers and
Amines

Flash photolysis of pure and mixed metal solutions
as a function of temperature has been investigated
principally in tetrahydrofuran (THF) and dimethoxyethane
(DME). In potassium or cesium solutions the results
are consistent with previous pulse radiolysis studies
and reactions [1] and [2] (PR-CMa-43, AECL-6090).

[1]

[2]

However, in mixed metal solutions containing Na/K or
Na/Cs the kinetics are much more complex. Using
previously measured extinction coefficients and . _
optical spectra for the intermediate species (Na ,e ~ ) ,
(K+,es~), (Cs+,es~), Na", K" and Cs", it has been
possible, by computer calculation, to simulate the
experimental observations and deduce an overall reaction
mechanism. This involves the primary photolysis of
the principal species Na~ which is subsequently
regenerated by a fast (»JS) and slow (ms) process. The
fast process occurs as a result of reaction [2],
including mixed metal reactions such as [3], whereas
the slow step arises through the intermediate formation
of K~ or Cs", respectively, and subsequent regeneration
ot la" via [4].

M"

(M+

hv^

'es"
> +

' e s

(M+

")

' e s

+ e s "
M+,

- } M"

(M + , e s

+ M+
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, e ) + (Na+,e
9 S

(Na+,e

The intermediate species, detected in collaborative
esr experiments with Dr. J.K.S. Wan, are consistent
with the overall mechanism in mixed metal solutions.

3.2.3 Photochemical Isotope Separation
- R.D McAlpme, D.K. Evans, P.K. McClusky, E.B. Selkirk
and S.L. Chin

(a) Laser Induced Decomposition of Methanol

The effects of various additives on Y H + , Y C O and
Y C H for multiphoton decomposition of 2.7 kPa of CH3OH
were discussed in PR-CMa-44, AECL-6179.

For the additives propane, 1,3 butadiene, and
CH3OD, YQH decreases with additive pressure. This
effect was''interpreted in terms of V-V transfer from
excited methanol (CH3OH*) to the additive competing
with the collisional process leading to decomposition.
However for propane, YcHi» does not decrease as quickly
as with the other additives leading to the suggestion
that C3H8* (the result of V-V transfer from CH3OH*) might
itself undergo laser decomposition giving CHi, as a
product.

The hypothesis of laser induced decomposition of
C3H8*, to give CHi,, was tested by irradiating mixtures
of 0.7, 1.35 and 2.8 kPa of C3D6 each with 2.8 kPa of
CH3OH. Methane (CD3H and CD.,) attributable to laser
induced decomposition of C3Da* (no decomposition of
C3D8 was observed in the absence of CH3OH) was observed
as well as methane (CHi, and CH3D) from CH3OH in
approximately equal quantities. The methane yields from
C3De* are about the same magnitude as the observed
difference in methane yield between C3H8 and the other
additives (see Fig. 3.2.3.1 of PR-CMa-44, AECL-6179),
thus supporting the hypothesis of decomposition of
C3H8* to give CKU.

+YX = (number of product molecules x per pulse) * (methanol
pressure)
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The results of laser decomposition studies on
CH3OH and mixtures of CH3OH/CH3OD have now been
submitted for publication.

(b) Laser Induced Decomposition of Formaldehyde

Studies on the laser induced multiphoton
decomposition of formaldehyde, first reported in
PR-CMa-44, AECL-6179, have continued.

The results of DF (all lines) laser irradiations
for various pressures of H2CO are given in Table 3.2.3.1.
We have fitted the values above 0.2 kPa to straight
lines giving a linear increase in yield with pressure.
As shown in Figure 3.2.3.1 we suggest that there is
some curvature below 0.1 kPa. At a pressure of 0.1 kPa,
each formaldehyde molecule undergoes ^ 2.4 collisions
during the laser pulse and for the lowest pressure
studied (0.0309 kPa) ^0.8 collisions. It is possible
that collisionless unimolecular multiphoton processes
are becoming important for these low pressures and are
responsible for the apparent deviations from linearity.

The dependence of separation factor on pressure
observed for selective decomposition of isotopic mixtures
of methanol and formic acid (see PR-CMa-41, AECL-5851,
and earlier reports in this series) provides indirect
evidence for a pressure dependent competition between
unimolecular and collisionally assisted decomposition
channels. However the low pressure yields with these
compounds were too small to provide direct evidence for
a collisionless unimolecular process in methanol or
formic acid. The suggested behaviour for formaldehyde
(which gives larger yields than either methanol or formic
acid) is consistent with our view of a pressure dependent
unimolecular/collisional competition for such compounds
as methanol, formic acid and formaldehyde.

(c) Multiphoton Absorption Studies

In PR-CMa-42, AECL-5971 we first reported studies
of multiphoton absorption of HF or DF photons. Such
studies are useful in estimating the energy efficiency
of the decomposition process and in providing fundamental
information about the excitation process. During this
quarter we have constructed and commissioned a
spectrophone cell which uses a microphone to detect
very small quantities of absorbed photon energy. This
should increase the sensitivity by orders of magnitude
and allow these studies to be extended to lower pressures
where isotopically selective channels dominate.
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Table 3.2.3.1

The Effect of Initial Formaldehyde Pressure on
Yields for Irradiation of H2CO by all Lines

of a DF Laser (175 + 40 mJ)

H2CO

kPa
0.0309
0.0360
0.0693
0.102
0.145
0.175
0.201
0.244
0.291
0.338
0.412
0.680
0.964
1.361
2.324
2.714

Pulses

8000
5000
4000
4000
2000
2000
1500
2000
400

1000
1000
300
200
200
100
100

v (a)
H2

4.3xlO12

8.4x1012

1.8X1013

3.6xlO13

6.6x1013

5.8x1013

1.2X101"
8.5x1013

2.9X1011*
1.6X101"
2.6X101"
5.6X1011*
6.3xlOllf

7.1X101*
1.7xlO15

1.9xlO15

(a)

6.1x1012

2.9xlO13

4.0x1013

7.9xlO13

l.lxlO1"
8.9xlO13

1.7X101"
2.1X101"
3.1X101"
2.4xlOlu

4.3xlO1If

7.4xlOllf

9.5X101"
1.2xlOls

2.2xlO15

2.3xlOls

(a) (number of product molecules x per pulse)
PH2CO

3.2.4 Laser Magnetic Resonance (L.M.R.)
- D.R. Smith and J.D. Bonnett, with J.S. Geiger (Nuclear
Physics Branch)

(a) Spectrum of OP X(2II)

We have measured the LMR spectra of three rotational
transitions in the ground state multiplet of the OD
radical (X2ni/2,3/2» v = 0) . The OD radicals were
produced by reacting atomic deuterium, produced in a
microwave water vapor (D2O) discharge/ with N02 in the
laser cavity. In addition to providing the spectral
information necessary for our planned studies on infrared
multiphoton molecular decomposition the measurements
yield more accurate values for the rotational transition
energies than have been available heretofore. The term
values for the 2ITi/2 and 2Il3/2 rotational band members
in OD obtained from optical spectra by Clyne, et aZ. CD
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and quoted to a precision of ^ 0.01 cm 1 provided
the necessary background information.

The three OD transitions studied, and OH transitions
observed by others, are shown in Fig. 3.2.4.1 (A doubling
suppressed). The Zeeman spectral data obtained are
limited to magnetic field strengths £ 1.4 tesla by our
magnet. Magnetic g factor information, inferred from
Radford(2) and from Rashid, et al.d), have been used
in making the transition assignments and hyperfine
splittings, which are unresolved in these studies, have
been ignored. The data and transition assignments for
all three transitions are summarized in Table 3.2.4.1.
The symbols a and II describe the experimental condition
EujHz and E u |[ H z for which AMj = ± 1 and AMj = 0 electric
dipole transitions are allowed, respectively. Only
one predicted Zeeman component (0 < H < 1.4T) was unobserved,
the -3/2 =-> -5/2 component of the 2Il3/2(7/2) ==t 2ni/2(5/2)
transition. Failure to observe this component is entirely
consistent with its low predicted relative intensity and
the low experimental intensity of the other components of
this electric dipole forbidden transition. The magnetic
field values are believed to be accurate to ± 0.3 mT in
all cases.

Transition energies have been determined from
these Zeeman spectral data in the following manner.
The molecular g factors for the states in question were
evaluated from expressions 8 of Radford(2) using wave
function amplitudes determined from his expressions 4
with 16OD molecular constants taken from Beaudet and
Poynter<4) and using a mixing parameter A of -14.11
chosen to obtain agreement with the measured g factors
of the two components of the v = 0, 2^^/2' J = ^/2
stated,3) . <phe second order contribution to the
transition energies arising from field induced mixing
was calculated using the wave function amplitudes
referred to above and the matrix elements as given by
Lin and Mizushima^'. The zero-field transition energies
determined in this way are given in Table 3.2.4.2
together with the predicted zero-field energies given
by Beaudet and PoynterM) , based on a least squares
fitting of the molecular constants to previously
available OD spectral data. Significant discrepancies
exist between measurement and prediction. The present
results should lead to improved values of the spin-orbit
coupling constant A, the rotational constant B, the
centrifugal distortion constant D, and differences in
X-doublet splittings. Consideration is being given to
extending these studies to higher vibra'-.ional states,
v = 1, 2, 3, etc. produced by reacting a'-.omic deuterium
with ozone.
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Table 3.2.4.1

L.M.R. Transitions in OD

Magnetic Field
Strength (T)

(a) at 215.4 \im{1>

Polarization Zeeraan Component

(b)

(c)

0
0
0
0
0

0

0
0
0
0
0

at

1.
1.

at

0.
0.
0.
0.
0.
0.
0.
0.
1.

.0302

.0503

.0508

.0868

.1441

.1455 x.

.1506

.1565

.4198

.4270

.4391

118.8 urn

.0632

.2596

96.5 um(

3432
4454
4956
6433
7397
8350
8875
9270
3822

(2)

a*
IT*
a*

fa*

n*
a*
a+

a*

n*

n*
n+
a*
a+
nt

Assignment

M,

l3/2
M,

(3/2 =>5/2)

lower

-3/2
-3/2
-1/2
-3/2
-1/2
-3/2
-1/2
-1/2
+1/2
-3/2
-1/2
+1/2

Assignment

-7/2
-5^2

Assignment

'3/2

upper

-1/2
-3/2
+1/2
-1/2
-1/2
-5/2
+1/2
-1/2
+3/2
-5/2
-1/2
+3/2

(7/2

it [2n
-7/2
-5/2
-5/2
-7/2
-3/2
-5/2
-3/2
-5/2
-3/2

3/2

-5/2
-3/2

(7/2

-5/2
-5/2
-3/2
-5/2
-3/2
-5/2
-1/2
-3/2
-3/2

9/2)

2n1/2(5/2)J

* Higher energy transition component (+==>-)
T Lower energy transition component (-=>+)
(1) Lasing medium CH3OD:v = 46.431185 cm"1(6)
(2) Lasing medium CH3OH:v = 84.15092 cm"

1(7)
(3) Lasing medium CH3OH:v = 103.60290 cm"1(7)



Table 3.2.4.2

Transition Energies in the v = 0 Ground State
Band of OD

Transition*
Lower State Upper State

I *n 3 / 2 3/2-

"3/2 7 / 2 + n3/2

7/2+ :

7/2- ;

Laser Line

cm"1

46.431185(6)

46.431185(6)

84.15092(7)

103.60290

5/2+ 103.60290

(7)

(7)

Zeeman Shift in
Transition Energy

cm"1

0.0158±0.0001

Zero-Field
Transition

Energy
cm~T

46.4154±0.0001

0.0452±0.0001 46.3860+0.0001

0.2333±0.0002 83.9176±0.0002

0.2010+0.0002 103.4019±0.0002

0.3776±0.0003 103.2253+0.0003

Predictions of...
Beaudet & Poynter

cm
46.4012

46.3719

83.8844

103.2271

103.0504

00

* + and - indicate the parity of the molecular wavefunction
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(b) Spectrometer Development

- with E.B. Selkirk

The spectrometer worked well during the quarter
and few changes were required. O-ring seated mounts,
with screw-on covers containing silica-gel were
fabricated and installed for the KC1 Brewster windows
of the CO2 (CW) laser. The design for these was obtained
from the Laser Physics Branch of the Naval Research
Laboratory1/ Washington, D.C. An internal chopper
(<\> 220 Hz) was installed in the CO2 (CW) laser. This
enables much higher instantaneous pump power, at lower
average power, for optical pumping of the F.I.R. laser.
The response of the Golay cell detector is too slow
to notice the 220 Hz chopping frequency. This technique
was used to obtain the 215.4 line, which lased only
marginally at 5 W pump power, without the internal
chopper.

(1) M.A.A. Clyne, J.A. Coxon and A.R. Woon Pat, J.
Mol. Spectroscopy 4j6_, 146 (1973).

(2) H.E. Radford, Phys. Rev. 122^ 114 (1961).
(3) M.H. Rashid, K.P. Lee and K.V.L.N. Sastry, J.

Mol. Spectroscopy 6_8_, 299 (1977) .
(4) R.A. Beaudet and R.L. Poynter, J. Phys. Chem.

Ref. Data 1_, 314 (1978).
(5) C.C. Lin and M. Mizushima, Phys. Rev. 100, 1726

(1955).
(6) D.J.E. Knight, National Physical Laboratory

report QU45, revision 4 (1978).
(7) H.E. Radford, F.R. Peterson, D.A. Jennings and

J.A. Mucha, IEEE J. Quantum Electronics 13^,
92 (1977).

3.3 HYDROGEN-WATER EXCHANGE

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

and D.E. Clegg

The results of this research are given in an
internal CRNL report.
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3.3.2 Surface Studies by X-Ray and UV Photoelectron
Spectroscopy (XPS and UPS)
- P.R. Norton and J.W. Goodale

(a) Adsorption of CO on Pt(lll)

The study of chemisorption of CO on Pt(lll) by
XPS, GPS and work function techniques is essentially
complete and a report will be submitted to Surface
Science. The temperature dependence of the ratio
of coverages of the two adsorbed states (see PR-CMa-44,
AECL-6179) indicates that thermodynamic equilibrium
between the states and between the gas and adsorbed
phases is not established at temperatures $ 400 K.
This contrasts strongly with recent hypotheses(D and
invalidates a detailed model formulated to explain the
work function vs temperature dependence for this system.

(b) Adsorption of Hydrogen on Pt(lll)

The adsorption on and desorption of hydrogen from
Pt(lll) has been studied by dynamic measurements of
the work function (A<J>) . The results have confirmed the
logarithmic dependence of A<{> upon coverage (2). They
also indicate that equilibrium between the gas and
adsorbed phases is established during desorption and
that only a single adsorbed state is present at all
coverages and temperatures (100 < T < 300 K ) . The
dipole moment of this state varies logarithmically
with coverage, presumably because of lateral interactions,

(c) Reactivity of Linear and Bridged CO on Pt(lll)

The ratio of linear and bridged CO-species on
Pt(lll) can be measured by XPS. Accordingly experiments
have been started to measure the difference in reactivity
(if any) between the two species towards oxidation by
gaseous and adsorbed oxygen.

(d) Single Crystal Preparation

New platinum single crystal slices oriented 6-10°
from the < 111 > axis have been cut and polished.
These surfaces were cut towards the < 100 > or < 110 >
axes and the surface structure consists of terraces
of (111) orientation, separated by monatomic steps of
(100) or (110) orientation. The terraces are 6-10 atoms
wide and the usual nomenclature for a stepped (111)
surface with, for example, (100) type steps and terraces
6 atoms wide is: 6(111) x (100).
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The surfaces are designed as models for polycrystalline
surfaces and will be studied by our currently available
techniques. They are expected to exhibit interesting
catalytic properties. The dynamic work function
technique is particularly suited to studying these
surfaces since the dipole moment of molecules adsorbed
on the terraces is very different from those on the
steps, permitting easy resolution of the two (or more)
adsorbed states.

These crystals will also be studied by MeV channeling
techniques to determine whether the step-atoms occupy
the ideal (bulk) sites in the lattice.

(1) G. Ertl, M. Neumann and K.M. Streit, Surface Sci.
6±, 393 (1977).

(2) K. Christmann, G. Ertl and T. Pignet, Surface Sci.
54, 365 (1976).

3.3.3 Surface Structure Analysis by Rutherford Backscattering
and Channeling
- with J.A. Davies, D.P. Jackson, N. Matsunami, C. Sitter
and J. Lori (Solid State Science Branch)

Work has continued on development of the additional
techniques necessary to carry out surface structure studies
by backscattering and low energy electron diffraction
(LEED). A movable and coolable solid state detector
assembly has been added to the LEED-Auger chamber. This
will permit in situ variation of the take-off angle
and hence variation of the depth resolution of the
technique.

Preliminary tests on the twin-axis goniometer
involving the use of Rutherford backscattering and
channeling of a 2 MeV He + beam on Si(111) have
indicated that it possesses the necessary angular
precision (better than 0.1°). Further tests are in hand.
The Faraday cup assembly for beam current measurements
is almost complete.

3.4 ISOTOPE CHEMISTRY

?.4.1 Isotope Exchange Between Molecular Hydrogen and
Cyclohexylamine (CHA)/Cyclopentylamine (CPA)

roge
Tel

- E.A. Symons, M. Clermont and J. Schriittker

(a) Chemistry of the Catalyst Solutions

Attempts to make the alkali metal cycloamide
salts directly from the cycloamines via metal hydrides
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(NaH), cation complexing agents (2.2.2 cryptate),
and dispersion of K in liquid ammonia proved unsuccessful.
LiCPA and KCPA solutions were prepared through the
methylamide salt intermediates without difficulty.

The initial observations reported in PR-CMa-44,
AECL-6179 for solutions of potassium methoxide and
hydroxide with complexing agent in CHA could not be
duplicated when fresh solutions were made up for
spectral measurements. The new solutions showed very
low catalytic reactivity for D 2 isotope exchange.

(b) D2 - CHA/CPA Isotope Exchange

The Arrhenius activation energy, E a , for D2
exchange has been measured for the NaCPA and LiCPA
solutions at stirring rates 8,000-10,000 min" 1 (the
pseudo-first order exchange rate constant (vapour),
kobs» is independent of stirring rate above 5000 min )
over the temperature range 203 to 253 K. The values
found were 33.5 and 31.4 kJ-mol" 1 respectively, based
on the k obs data (cf. 25.5 kJ-mol" 1 for LiCHA from
261 to 298 K ) . The solubilities of D 2 and H z in CHA
and CPA as a function of temperature are now being
measured; these data will permit calculation of the
true "in-solution" rate constants.

For KCPA solution, k o b s was found to be dependent
on stirring rate even at 203 K as for CsCPA. Modifica-
tions to the stirrer design are being considered to
improve gas-liguid contact, so that chemical rate
constants independent of mass transfer can be obtained.

The kinetic isotope effect 2kjjD/kD2 for the reaction
sequence D 2 -»• HD -»• H 2 has been determined by measuring
k£)2 directly for each kinetic run and calculating k^D
via a computer program that gives the best fit to the
experimental mol percent D 2, HD, and H 2 data. Values
in the range 1.7 to 2.8, comparable to literature
results for base-catalyzed D 2 exchange in other solvent
systems(1-3), have been obtained.

(1) G.G. Strathdee, D.M. Garner, and R.M. Given, Can.
J. Chem. 55, 3515 (1977).

(2) E. Buncel, E.A. Symons, and R.A. More O'Ferrall,
J. Am. Chem. Soc. 100, 1084 (1978).

(3) K. Bar-Eli and F.S. Klein, J. Chem. Soc. 1378, 3083
(1962).
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3.4.2 Isotopic Exchange Reactions in Protic Solvents by
NMR Spectroscopy
- J.D. Halliday and P.E. Bindner

(a) Cyclohexylamine-N-d 2

The rate of the catalyzed transfer of deuterium
from the amino group into the ring positions of
cyclohexylamine-N-d2 (CHA-Nd2) has been measured as
a function of the cesium cyclohexylamide (CsCHA)
catalyst concentration at 80°C. Studies to determine
the activation parameters of the exchange reaction
for comparison with potassium methylamide (PMA) in
me thy lainine (MA) are in progress.

Tiie CHA/CsCHA solutions are completely polymerized
in 24 hours at 141°C. However, unlike the PMA/MA
reaction which stops after all of the amide is
converted to potassium N,N'-dimethylfcrmamidided),
all of the CHA solvent can be polymerized. This may
be accounted for by a series of reactions analogous
to those for PMA decomposition, with the exception of
[4].

[1] CH-NH Cs

CS+ NH

[3] CH-NH-C f CH-M=C + CsNH2

[4] CH-N=C + n CH-NH Cs" ^ CH-NH-C HM=Cv

n

+ nCsH

The successive eliminations of cesium hydride in [4]
always occur from the carbon on the terminal
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cyclohexyl ring of the growing polymer since elimination
from the carbon of the adjacent ring is prevented by
the absence of a suitable hydrogen atom.

(1) J.D. Halliday, E.A. Symons, J.D. Bonnett, Can.
J. Chem. (in press)(1978).

(b) Concentration of Hydroxylic Deuterium in Methanol
By Deuteron Magnetic Resonance
- J.D. Halliday and J.H. Rolston

Deuteron nuclear magnetic resonance was used to
determine the deuterium concentration of the hydroxyl
group in samples of the isotopically substituted
methanols CH3OH and CD3OH. Standards containing
deuterium atom ratios between 0.01 and 0.08 were
prepared by weight dilution of 99.74 weight % D2O
with CH3OH of natural deuterium abundance. Adequate
intensity of the -0D signal was obtained by digitally
integrating from 32 to 256 repetitive scans in a
signal averager. The results for unknown CH3OH
agreed to within 1% with both calculated concentrations
and those obtained from calibrated infrared measurements.

Integration of the deuterium signal from CD3OH
samples was complicated by the proximity of the hydroxyl
signal to the CD3 resonance. However the results have
confirmed the presence of a significant hydroxyl
deuterium concentration (atom ratio D/H = 0.02) in
some samples of commercial CD3OH.

3.4.3 Separation Factor for Deuterium Exchange Between
Methanol and Hydrogen
- J . H . Rolston and D.E. Clegg

Both infrared and nuclear magnetic resonance
spectroscopy have been used to analyze the deuterium
concentration of the hydroxyl group of liquid samples
of CH3OD and CD3OD. The separation factor, a, defined
as the deuterium to protium atom ratio for the hydroxyl
group to that of molecular hydrogen has been measured
for the two methanols at temperatures between -40 and
+60°C as shown in Figure 3.4.3.1. A weighted non-linear
least squares fitting of the data against absolute
temperature T gave

-0.7055 +125,2
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Figure 3.4.3.1 - Temperature Dependence of Deuterium-Protium
Separation Factor for Transfer Between CH3OD
(upper curve) and CDjOD (lower curve) with
Molecular Hydrogen
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for the CH3OD

* . -

for CD3OD.

The values for the deuterated methanol are about
5% lower than those of the protiated analogue. The
reason for this difference is not understood; however,
a similar effect has been noted for formic acid-l-d
(DCO2H)(!) where the dissociation constant is 9% less
than that of ordinary formic acid at 25°C.

(1) R.P. Bell and J.E. Crooks, Trans. Faraday Soc.
5_8, 1409 (1962).

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Surface Structure Analysis of Pt(lll) and Pt(lOO)
Surfaces by MeV Ion Backscattering and Channelling
(SAIBAC) (Abstract)
- P.R. Norton, J.A. Davies, D.P. Jackson, N. Matsunami
and J.U. Andersen
J. Vac. Sci. Technol. 15 (2), 650 (1978).

Pulse Radiolysis: Evidence for the Reaction of H02
with NO2 in Aqueous Solution
- H.C. Sutton (Institute of Nuclear Sciences, DSIR
Lower Hutt, New Zealand), W.A. Seddon and P.C. Sopchyshyn
Can. J. Chem. (in press) (1978), AECL-6142.

3.5.2 Lectures

Chemical Institute of Canada, 61st Chemical Conference,
Winnipeg, Manitoba, June 4-7, 1978:

The Chemistry of N,N'-Dimethylformamidine. Tautomerism
and Hindered Rotation
- J.D. Halliday, E.A. Symons and P.E. Bindner

The Use of MeV Ion Channeling in Studying Crystal
Surfaces
- J.A. Davies, D.P. Jackson, N. Matsunami and P.R. Norton
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Photoemission Studies of Adsorption on Metal Surfaces
- R.L. Tapping (Alcan Research Centre, Kingston, Ontario)
and P.R. Norton

Laser Magnetic Resonance Spectroscopy
- D.R. Smith, J.S. Geiger and J.D. Bonnett

Deuterium Isotope Exchange Between Cyclohexylamine/
Cyclopentylamine and Molecular Hydrogen
- E.A. Symons and M.F. Powell

The lectures listed above may not be available in print.
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4.2 SURFACE CHEMISTRY

4.2.1 Environmentally Induced Cracking of Zircaloys
- B. Cox and V.C. Ling

In the last progress report (PR-CMa-44), we showed
that the precipitation of radial hydrides at the I.D. of
a batch of tubing (MLI-801) by thermally cycling to 300°C
(573 K) under stress was insufficient to render the
tubing susceptible to iodine-induced SCC in a split-ring
test. This and the poor correlation between frequency of
radial hydrides and susceptibility to SCC (PR-CMa-41,
AECL-5851), led to the conclusion that it was important
to know how many hydrides fractured in any batch of
tubing, and when. Detailed metallography had failed to
find any cracked hydrides in as-received tubing.

In a search for a method of "decorating" cracked
hydrides so that they would become readily visible
metallographically. we first tried oxidizing stressed
specimens in 300°C (573 K) air to produce interference
colour oxide films on the surfaces. Following a
mechanical fracture it was impossible to detect
interference-coloured oxide on the fractured hydrides in
the optical microscope because of their small size and
surface roughness, nor could the presence of oxide be
detected from the occurrence of charging in the scanning
electron microscope. Subsequent "decoration" by
oxidizing at 500°C (773 K) to produce oxide films 2-5 nm
thick was more successful; one or two "oxide-fingers" up
to 30 Mm deep were seen in any one section of a specimen
of batch MLI-788 oxidized after stressing to the room
temperature yield stress.

Examination of other batches of tubing showed that
in batches where nearly all specimens had failed by SCC
(e.g. MLI-788, MLI-791), a few "oxide-fingers"
(indicative of cracked hydrides present after loading)
were seen. In batches of tubing where no specimens
failed by iodine-induced SCC, only occasional, small
(MLI-789), or no (MLI-801) "oxide-fingers" were found.
Thermal cycling to deliberately precipitate radial
hydrides in MLI-801 did not lead to any of this
cracking on loading (or to any "oxide-fingers"). Thus,
for batches of tubing containing radial hydrides at the
I.D. it appears that, if sufficient of these crack upon
loading for an SCC test, or if they are large enough,
then the specimen will be susceptible to SCC. Cracking
of a large radial hydride is therefore an important first
step in SCC initiation in these batches of tubing.
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Since there are batches of tubing where SCC occurs
in the absence of any visible I.D. radial hydrides,
there must be at least one other crack-initiation process
which is operative in such instances.

4.2.2 Aqueou:; Electrochemistry of Zirconium Oxidation at
573 K '
- N Kuiitajubramanian and S.B. Thomas.

Autoclave oxidations (similar to experiments on
;ircaloy-2 reported in PR-CMa-44, 4.2.2) in an aqueous
solution followed by polarizations in the solution and in
molten nitrates were carried out on crystal bar zirconium
samples. A few measurements have been made corresponding
to a total weight gain of 10 mg/dm2 in 200 h of
oxidation. The oxidation currents derived from the
molten salt data were found to be too low to correspond
to the rates of oxidation calculated from the weight gain
data, a result similar to that observed with Zircaloy-2.
However, unlike the latter, anodic portions of the
polarizations in the aqueous solution gave oxidation
currents in reasonable agreement with those expected from
the kinetics of weight gain. Therefore, when polarizing
oxidized Zircaloy-2 samples in aqueous solutions at 573
K, reactions not relevant to oxide growth but occurring
on the intermetallics contribute to the measured anodic
current. During polarization of autoclave-oxidized
zirconium and Zircaloy-2 samples in the aqueous solution,
negative resistance peaks were observed only in the first
forward anodic sweeps.

4.2.3 Transmission Electron Microscopy of Anodically
Formed Oxides on Zirconium
- R.A. Ploc

Table 4.2.3.1 lists the oxides anodically formed
on crystal bar zirconium which have been investigated
by transmission electron microscopy.

In every instance, zirconium produced oxides which
were composed of crystallites 50 to 70 nm in diameter and
20 to 30 nm in thickness. The oxide films replicated the
substrate metal grain structure and appeared to display
thickness anisotropy. When large open pores were formed
at the free surface of the oxide (in 85% H3POO, SAD
patterns suggested a strong epitaxy relationship.

As evident from Table 4.2.3.1, the oxide phases
and proportions varied considerably. No controlling
principle was found but this is being investigated
further. The simultaneous presence of sharp,
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TABLE 4.2.3.1 Anodically Formed Oxide Films on Zirconium.

BE batch
Sample "umber

H3P0i, (85%)

785

786
790

792(used sol'n)
744
788
791
787
789A+

789B

717+

720

721

Current Density
(mA/cm2)

5

5
5
5
6
6
6
7
10
15

1

1

1

Final Voltage
(Volts)

25*

5.5(58 min.)
25
25
25*

30 (13 min.)
25

10.5 (36min.)
12.5(falling to 5)

32.5

25*

25*

50*

Film Thickness
by colour (nm)

19

350
7 ";

34
23

140 to 200
23

310 to 330
T5

45

48

105

Phase
(Zro2)

MCf
MC
MCr

M(?) or c(?)
MCr

MCr

MfCr

M(?) or c{?)
MfC
MCr

c
MCf

MC
MCf '
MC
MCf
MC
MCf
MfC

Pores

-
-

-
-
-

-

-
-

-
-
-
-
-
—

(a) * Final cell voltsge measured on active electrode. All
other voltages measured on a third platinum electrode.

(b) t Previously reported result.

(c) All oxide films yielded sharp, well-defined selected area
electron diffraction patterns (SAD). The symbols used
for PHASE in Table 4.2.3.1 have the following explana-
tions and refer to SAD pattern analysis. Unless
otherwise indicated, all reflections were 'spot' in
character, a subscript 'r' indicates diffraction rings.

Cr - cubic rings
C - cubic spots
N - monoclinic spots
MC - monoclinic and cubic spots (mixture)
MCr - monoclinic spots and and cubic rings
MCf - predominantly monoclinic and faint cubic spots
NfC - predominantly cubic and faint monoclinic spots
MfCr - predominantly cubic rings and faint monoclinic

spots.

(d) Pores refer to large (">- 25 nm diameter) openings in the
oxide, extending from the free surface toward the
oxide/metal interface.
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well-defined cubic SAD rings and monoclinic ZrO2 "spots"
suggested two separate oxide layers,' however, no direct
evidence was found for this.

In two instances, when the oxide film was
sufficiently heated oy the electron beam, recrys-
tallization occurred. There was no suggestion of a
duplex film. The resultant phase was aZrO2(monoclinic)
in the form of angular crystallites 1/2 to 1 wm in length
and breadth and a few tens of nm in thickness. A large
density of microporea (̂  3 to 4 nm diameter) was
evident.

4.2.4 Corrosion of 2r3Al
- K.M. Schulsori and T.P. Trottier

Further to PR-CMa-44 (4.2.4), oxidation
experiments have been carried out in air at temperatures
from 775 to 1145 K, using Zr 8.6 wt% Al transformed to
For comparison, tests have also been carried out
using Zircaloy-2 (Bh).

Figure 4.2.4.1 summarizes the data. At the lower
temperatures, 775 K and 875 K, the oxidation rate is
temperature sensitive, and the weight gain obeys the rate
law AW = ktn, where k = 1.9 x 102 mg/(dm2 • d °' 6) at 775 K
k » 1.2 x 103 mg/(dm2'd0'6) at 875 K and n = 0.6.
At the higher temperatures, 975 to 1145 K, the
oxidation rate is much less temperature sensitive, at
least during the early stages, and the rate law, which
again obeys the expression AW = ktn, has a lower value of
the exponent. In fact, a transition occurs to a higher
oxidation rate after a period which increases with
decreasing temperature (- 0.5 h at 1145 K to > 120 h at
975 K), and so the n-value changes during the exposure,
from a pre-transition value of 0.2 to 0.25 to a
post-transition value of - 1.

The low and high temperature behaviour is also
distinguished ci the basis of the appearance of the
exposed coupons. At the lower temperatures, overall
spalling occurs when the weight gains reach 200 to 250
ng/dm2. At the higher temperatures, general spalling is
not observed.

Thus, as in steam [1], the oxidation of ZrjAl in
air undergoes a change in mechanism at elevated
temperatures.

In a comparative sense, the high- temperature
behaviour of Zr 3A1 is similar to that of Zircaloy-2
(Figure 4.2.4,1b). In that case, however, the transition
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• 775K
o 875 K
O 975 K
VIO25K

IO65K
o I I 0 5 K
• I I 4 5 K

ZIRCALOY-2
875 K
975 K

IO25K
I065K

I I O 5 K
I I 4 5 K

I I i I I I I I 1

0.01 O.IO

TIME (DAYS)

FIGURE 4 . 2 . 4 . 1 Oxidation curves for Zr3Al in a i r . Data for
Zircaloy-2 are a lso shown.
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times are shorter and the pre-transition n-values are
larger (0.25 to 0.33). The differences between the two
materials imply that Zr3Al retains a protective oxide
film for a longer period of time at temperatures from 975
K to 1145 K.

Concerning the change in oxidation mechanism with
temperature, Figure 4.2.4.2 shows the cross sections of
the inner surfaces of the oxides formed at 875 K and at
975 K. At the lower temperature, the inner surface
is"smooth". At the higher temperature, on the other
hand, lamellar features are evident, both within the
oxide and within the metal beneath the oxide. The
lamellar features are the direct result of the
environmentally induced decomposition reaction

2r3Al •+ Zr + Zr^Al

The oxide features show that oxidation occurs
preferentially within one of the phases, presumably the
aZr phase.

Thus, it follows that one reason the higher
temperature oxide is the more adherent is that the oxide
advances in a plate-like fashion between lamellae of the
unoxidized (Zr^Al) phases. Consequently, the growing
film is held in place by compressive stresses which
attend the oxidation process (the Pilling-Bedworth ratio
for ZrO^ is = 1.5).

The question arises: Is it possible to reduce the
oxidation rate of Zr3Al at low temperatures by a
pretreatment at higher temperatures during which the
surface zone is decomposed? Experiments to test this
point are in progress.

Reference:

[1] E.M. Schulson and T.P. Trottier, (submitted
to Metallurgical Transactions A).

4.3 METAL PHYSICS

4.3.1
Studies of Radiation Growth in Zirconium Under Ion
Irradiation
- G.J.C. Carpenter and U.E.K. Pyka

The possibility of using ion irradiation to study
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Figure 4.2.4.2 Optical (a,b) and scanning (c,d) micrographs illustrating:
(a) Relatively uniform oxide formed at 875 K (x500); (b) Decomposed layer beneath

surface oxide at 875 K (x500); (c) Smooth inner surface of oxide formed at
875 K(x8000); (d) Lamellar oxide on inner surface of oxide formed at 975 K
(x8000)
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radiation growth in zirconium and its alloys is being
examined, using the 2.5 MeV Van de Graaf accelerator.
For a feasibility study, specimens of heavily cold-worked
Zircaloy-2 and Zr-2.5 wt% Nb pressure tube have been
selected, since these materials exhibit high growth rates
under neutron irradiation. In addition, Zr3Al, which is
known to swell under irradiation by energetic particles,
will be included in the study.

Two approaches to the experiment are being
examined. The first involves the preparation of a
microscopically flat surface and attempting to detect a
step between irradiated and unirradiated material, using
a profilometer of high sensitivity. For the second
approach, very thin specimens will be used in an attempt
to produce specimen bending as a result of radiation
growth resulting from the ion damage near the target
surface.

4.3.2 Radiation Growth of Zirconium Single Crystals
- G.J.C. Carpenter and J.F. Watters

The results of measurements of neutron radiation
growth of zirconium single crystals (in collaboration
with R.A. Murgatroyd, UKAEA), are given in Table 4.3.2.1.
In all cases, the growth strains are extremely small, in
contrast to some early measurements on single crystals by
Buckley flj after fission fragment irradiation. It was
not possible to assess whether the specimens had
undergone an initial transient strain, as observed by
Fidleris[2] using a c-axis specimen at 473 K, since the
doses at which the first measurements were made exceeded
those for completion of the transient. Due to the high
neutron fluxes available, it will be possible to
irradiate the specimens to higher doses than in previous
experiments.

Following a small negative growth strain at 1.9 x
lO*3 n/m2, the c-axis specimen shows no significant
growth rate at 350 K. All three measurements of the (c+a)
specimen showed virtually zero growth, ruling out the
possibility of isotropic swelling at these doses.
Further measurements will be required from an a-axis
specimen, now being irradiated at 350 K, to confirm that
no volume change has occurrtj during irradiation. It
also remains to be seen whether the small positive growth
rate of the a-axis specimen at 550 K will be maintained
and whether it is associated with a corresponding
negative strain parallel to the c-axis. The existing
data indicate that growth rates in single crystals of
zirconium are significantly lower than those measured
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in polycrystalline Zircaloy-2 and Zr-2.5 wt% Nb,
suggesting that grain boundaries play an important role
in the growth mechanism.

References:

[1] S.N. Buckley, Properties of Reactor
Materials and Effects of Radiation Damage,
Ed. W.J. Littler, pub. Butterworths, London,
(1962) 413.

[2] V. Fidleris, Atomic Energy Review, pub.
(1975) 13, 51.
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TABLE 4.3.2.1 Radiation Growth Measurements of
Zirconium Single Crystals

Specimen

SCI

EC 3

SC2

Purity

Iodide

Iodide

i
Sponge

i

Irradiation
Temperature (K)

350

350

550

Specimen
Axis

c+a
(8°off [1101])

Radiation Dose
102"n/m2

(E > 1 MeV)

1.9
3.9
8.4

c 1.9
(25° off [0001]) 3.9

8.4

a 1.3
(9°off [1120]) 2.7

Strain

-1.4 x lO"5

-2.1 x 10-5

0

-1.0 x 10-*
-8.2 x 10"s

-9.2 x 10-5

+5.0 x 10""
+6.6 x 10"5

4.3.3 Swelling of Zr,Al under Electron Irradiation
- G.J.C. Carpenter and E.M. Schulson

In earlier investigations[1,2] it has been shown
that Zr3Al undergoes swelling during fast neutron
irradiation and it was suggested that radiation-induced
disordering might contribute to the volume change. It is
not possible to disorder Zr3Al thermally. and measure the
lattice parameter or density in order to determine the
resulting volume change, since Zr^Al is strongly ordered
up to the peritectoid temperature. However, it is well-
established that Zr Al can be disordered by irradiation
with energetic electrons at doses of ^ 1 displacement per
atom (dpa) at temperatures below -v 550 K[3]. Electron
diffraction patterns from this earlier study have
therefore been re-examined for evidence of changes in
lattice parameter with irradiation dose.
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tion at 320 K, in three separate runs. The damage rates
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dpa: displacements per atom
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The diffraction patterns used had been obtained
from a thin foil that was irradiated with 1 MeV electrons
at 320 K in the AEI EM7 electron microscope at AERE,
Harwell. Throughout the experiment, the position of the
foil and microscope lens settings were held constant.
The diffraction patterns were photographed after various
doses, using a highly defocussed beam in order to obtain
small, sharp diffraction spots. At least five
measurements were made of the spacing of one set of 440
reflections in each <111> zone axis pattern, using a
travelling microscope.

Despite some scatter, due to small changes in the
positions of the negati as in the microscope, the results
of three runs showed a clear trend towards a decrease in
the 440 spacing^ i.e. an increase in lattice parameter
(Figure 4.3.3.1). Assuming the lattice parameter, a,
varies linearly with the order parameter, S, from ao
in the fully ordered state to a<jis in the
totally disordered condition,

- adis +

where Aa m a x = ao - adiS
and S * e-AH
where <J>t is the dose in dpa.

Analysis of the earlier data gives A * 2.0 dpa"1.
Using the data from the second run ((b) in Figure
4.3.3.1), in which the diffraction spots were
particularly sharp, the results shown in Figure 4.3.3.2
wer» obtained, yielding a$is = 0.4395 nm. Thus, the
increase in lattice parameter after electron irradiation
to a dose high enough to fully disorder the material is
0.5%. While it is inevitable that point defect clusters
make some contribution to the dimensional change, it
appears likely that, at these low temperatures, the
volume change is mainly associated with the transition
from the ordered to the disordered state. The above
result is consistent with Howe'sO) value of 0.7 +
0.4%, obtained using ion irradiation, where an additional
component from a partial transition from the crystalline
to amorphous state it possible.

References

[1] A.R. Causey, V. Fidleris, H.E. Rosinger,
E.M. Schulson, and V. Orbanic, ASTM-STP-633,
(1977) 437.
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[3] G.J.C. Carpenter and E.M. Schulson, J. Nucl.
Mater., in press.

4.3.4 Irradiation Swelling of Zr3Al: An Analysis
- E.M. Schulson

Further to PR-CMa-4 3 (4.4.11), an analysis
has been carried out to estimate the amount of swelling
in Zr3Al during fast neutron irradiation. The analysis
is based on two points: that energetic particle
irradiation disorders the alloy, as observed[1,2]; and
that neutron irradiation produces discrete spherically
symmetrical defect clusters or damage zones, analogous to
those produced by heavy ion irradiation[1]. Also, the
analysis incorporates the assumption that the damage
zones are amorphous regions. In summary, the analysis is
as follows:

*V = 3-^(1-5) * + 4 Trro
3 eN ...(1)

where a, Aa, S and ij>, respectively, are the lattice
parameter in the fully ordered state, the change in
lattice parameter upon complete disordering, the degree
of long-range order and the volume fraction of the matrix
free from defect clusters; ro is the original radius
of the region from which the cluster forms, e is the
strain per defect cluster and N is the number of clusters
per unit volume. The first term in the equation denotes
the volume change due to the lattice parameter increase
(and, in view of the way in which Aa is measured, also
incorporates a component due to point defects resident in
the lattice); the second term denotes the change due to
the crystal!ine-to-amprphous (O+A) transformation[1]. By
assuming that S - e~A')t, as observed [2] during 1 MeV
electron disordering of Zr3Al at 320 K, that N = Nj,
tl-e~B fc] as suggested[1] by an analysis of defect

cluster density versus heavy ion dose (where % is the
maximum number of defect clusters per unit volume; No •
(4/3 nTo3)-1), and that i|» * 1 - N/N» , the equation
reduces to
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f ^ 3e [l-e"8**] ... (2)

where A and B are experimental parameters which are
expected to decrease with increasing temperature and
(fit is irradiation dose. At room temperature, A i» 1.8 dpa
dpa"1 and B ^ 0.4 dpa"1, assuming that parameters determined
from the electron and the heavy ion irradiations of ZraAl
apply to the case of fast neutron .irradiation. Also,
Aa/a ^ 0.005 (this progress report, 4.3.3) and E = 0.05/3
(PR-CMa-33, 4.4.11). Thus, at room temperature,

AV,a\ e n o c -0.44t , c -2.2 At ,,,

-=-(%) = 5.0 - 3.5 e T 1.5 e r ...(3)

where <jt is in dpa.
Room temperature neutron irradiation data are

available for - 0.33 dpa. In this case, a lengthening of
- 0.55% is measured, compared to a value of 0.40%
predicted from equation (3). Predictions for irradiations
at higher temperatures cannot be made at this juncture,
because the kinetics of disordering and defect cluster
formation have not been studied at higher temperatures;
i.e. the A and B parameters in equation (2) are known
only at room temperature (assuming that the electron and
ion irradiations are fair simulations of fast neutron
irradiation).

References:

[1] L.M. Howe and M. Rainville, J. Nucl. Mater.
6B (1977) 215.

[2] G.J.C. Carpenter and E.M. Schulson, 23
(1978) 180.

4.3.5 The Electrical Resistivity of Ordered Zr3A1
- E.M. Schulson and R.B. Turner (Engineering Research

Branch).

Zr3Al is an unusual material. On the one hand, it
displays semi-conductor characteristics in that it can be
rendered amorphous by energetic particle bombardment(1].
On the other hand, it shows metallic characteristics in
that it is ductile[2] at room temperature and fails in
tension via a ductile fracture mode[3]. To determine its
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"true" character, therefore, electrical resistivity, p,
measurements were made.

Figure 4.3.5.1 shows the results. The most
significant feature, in terms of the objective of the
experiment, is that p increases with temperature; i.e.
that a = 1/p 3p/3T > 0. This result is taken as direct
evidence that Zr3Al is a metal. Another feature is the
magnitude of p at room temperature: 49.3 viohnrcm. In
relation to copper (P = 1.67yohm*cm), Zr3Al is a
relatively poor electrical conductor and, in this
respect, is analogous to zirconium for which p = 44.6
Uohm-cm at 298 K.

Quantitatively, the data fit the expression:

p = A + B(T-273) + C(T-273)2

where P and T are in uohm*cm and degrees K, respectively,
and where A = 45.8, B = 0.128 and C = -3.96 x 10"5, in
the appropriate units. This kind of description, although
empirical, is in agreement with that commonly applied to
metals, with the exception that C is opposite in sign
from the positive value usually noted.

Having established that Zr3Al is a metal, it is
possible to calculate its thermal conductivity, X, from
its electrical conductivity (p"1) by using the
Wiedemann-Franz relationship. Thus, at room temperature,
A « 0.15 W/Cc-cm). This value may only be accurate to
about +_ 15%, because the Lorenz number for Zr3Al may
differ from the theoretical value by this amount, in
keeping with the range of values commonly found at room
temperature for metals.

References:
TT] L.M. Howe and M. Rainville (J. Nucl. Hater.

6_8 (1977) 215.

[2] E.M. Schulson and J.A. Roy, Acta. Met. 26,
(1978) 15. —

[3] E.M. Schulson, Met. Trans. A. 9A(1978) 527.

4.3.6 Analysis of Fuel Channel-End Shield InteractionAnalys:
- S.R. MacEwen and A.R. Causey

A paper entitled "Analysis of the Interaction of
Fuel Channels with the End Shields in CANDU Reactors" has
been submitted to Nuclear Technology. A paper
"Measurement and Analysis of the Elongation of Zircaloy-2
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Figure 4.3.5.1 The electrical resistivity of ordered Zr3Al as a
function of temperature.
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Pressure Tubes in CANDU Reactors", co-authored with H.
Jamieson and A. Mitchell of Ontario Hydro, is in first
draft form. Preliminary details of this work are given
in an internal report.

4.3.7 Mechanical Testing
- F. Santone, M.A. Elve and S.R. MacEwen

Much of the past quarter has been spent modifying
the vacuum chamber and pull rods of the computerized test
apparatus. A series of experiments was run at room
temperature to measure elastic modulus and strain
hysteresis of iodide zirconium using the remote
extensometer for control. Low values obtained for the
modulus and excessively high hysteresis were related to
problems of misalignment and lack of rigidity in the
upper pull rod, 1.25 cm in diameter. A new upper pull
rod, 2 cm in diameter, and a new system for the vacuum
feed-through have been made and are being tested.

The first in a series of collaborative experiments
with E. Ho, Ontario Hydro Research Laboratories, to
measure work hardening and strain rate sensitivity in
Zr-2.5 wt% Nb at 575 K, has been carried out and the
results are being analyzed.

Transient creep in iodide Zr is being measured to
relate creep rate to the dynamic dislocation density. A
total of 14 tests have been done, and the data are being
analyzed by M.A.Elve. The programme DERIV3, which is
used to differentiate experimental data, has been
modified to replace the iibrary routine LSQQ with the
more stable, IMSL routine ZXSQQ.

4.3.8 Irradiation Creep
- M. Miller, S.R. MacEwen

(a) In-Reactor Test Program

A growth rig is being assembled and nozzle
calibrations are being done for experiment RX60-B. This
experiment will duplicate RX60 (PR-CMa-44, 4.3.4), but
will use a three-zone furnace to ensure better specimen
temperature control. NRX test facility 3 is being
updated to monitor atmospheric pressure and furnace power
for this experiment.

(b) Numerical Analysis

The occurrence of frequent discontinuities and
rogue points in the REDACE data for experiments RX60 and
RX52 (which are now being used as a source of data for
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the development of an analysis programme) have prevented
routine differentiation of the pressure outputs, from
pneumatic strain gauges. Briefly, the origin of the
problems is as follows:

(i) Discontinuities in PF, the supply pressure
for the pneumatic gauge, produce large
discontinuities in PV, the gauge pressure.

(ii) Discontinuities in PB, the reference
pressure for the pneumatic gauge, produce
a time-dependent surface in PV which appears
to be the origin of the rogue points. On
a fast scan the rogue points clearly show
a time-dependent decay.

(iii) Discontinuities in PF and PB correlate well
with the occurrence of manual readings,
which involve the opening and closing of
valves to specific machines. It has been
demonstrated that the quality of the data
can be greatly improved by suspending all
manual readings.

4.3.9 Metallurgy of Zircaloy-4 at High Temperatures
- E.M. Schulson and J.A. Roy

Further to PR-CMa-44 (4.3.5a), it has been
established that at 1125 K both the a and the B phases in
Zircaloy-4 coarsen according to a quartic rate law; i.e.

and

where d a and dg are the average diameter of the
respective phases (which co-exist at 1125 K), Koc
and Kg are the respective rate constants and t is time.
For d in micrometres and t in hours,, Ka (1125 K) = 8 urn
n-l/4 a n d Kg (H25 K) =5.5 ynrlT

1'4. Figure 4.3.9.1
illustrates these points.

It thus appears that diffusion along the a/a or a/g
interface and the subsequent coarsening'of the
intergranular (with respect to a) g particles controls
the coarsening kinetics of the a+g mixture, at least when
the volume fraction of the 8 phase is around 0.20 as it
is here.
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Coarsening experiments are continuing at higher
and at lower temperatures within the a+g field.

4.3.10 Plastic Flow of Two-Phase a+B Zircaloy-4
- E.H. Schulson and J.A. Roy

Preliminary tensile experiments on hot-rolled and
annealed Zircaloy-4 have indicated that, at 1125 K (i.e.
where the a+3 phases co-exist; fa = 0.80 + 0.02) and at
an initial strain rate of e = 6 x 10"s s~T, the flow
stress, a, the strain rate sensitivity of the flow
stress, m, and the degree to which the plastic flow is
anisotropic, r, are dependent upon the coarseness of the
a grain size of the two-phase mixture. Specifically, the
experiments have revealed that:

(i) amax increases with increasing grain size;

(ii) m(=3loga/8loge) decreases with
increasing grain size.

(iii) m is independent of plastic strain, at
least for true strains up to ^ 0.7; and

(iv) r(=zw/z^ increases with increasing grain
size. ew and et, respectively, are the
plastic strains in the width (i.e. trans-
verse direction in the original rolled
slab from which the specimens were cut)
and the thickness (i.e. the short
transverse direction of the slab)
directions)

These points are illustrated in Figure 4.3.10.1.
They imply that the total plastic strain of the two-phase
mixture results from at least two independent processes,
probably grain boundary sliding and dislocation creep, as
previously notedd'2) for a+3 Zircaloy-2. Thus, as
the grain size decreases, the contribution from the
sliding component increases, thereby accounting for the
attendant decrease in flow stress and increase in strain
rate sensitivity (and presumably, although not measured
in these experiments, for an increase in "neck-free"
ductility).

That r approaches unity (i.e. isotropic plastic
flow) with decreasang grain size implies that for a + $
mixtures in which the a grain size, da, is less than a
critical value, d^ (which is expected to decrease with
increasing strain rate and increasing degree of
acicularity of the phase), the plastic strain is
dominated by the grain boundary sliding component. Thus,
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(cylindricaT specimens) deformed in tension within the ct+8 two-
phase region at 1125 K (fg = 0.20 ± 0.02).
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plots such as Figure 4.3.10.1c for different
microstructural and environmental conditions provide a
capsule view of the relative contributions to total
strain from the two mechanisms.

The reason r > 1 for dislocation creep follows
from the texture of the test specimens (in which the
basal pole is thought to be oriented in a direction near
to the short-transverse direction in the original slab)
and from the relative immobility and/or absence of slip
dislocations having "c" or "c+a" Burger's vectors.

These experiments are continuing, for different
strain rates, for increasing acicularity and for a larger
range of a grain size.
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4.3.11 The Machinability of 2r,Al and Zr/Zr2Al Two-Phase
Mixtures; An Analysis of Optimum Cutting Speed
- E.M. Schulson

Previous studies [1] established that the
relationship between tool life, tr and the cutting
speed, V, in metal turning operations on Zr 8.6 wt% Al
(whether in the ingot Zr/Zr2Al or the transformed Zr3Al
state) satisfies the Taylor expression:

Vtn = C ...d)

where n and C are constants which depend upon the
particular cutting conditions employed. The optimum
cutting speed is obtained as follows: Consider the total
cutting period to consxSt of N cycles, each of time
T+tc, where tc is the tool change time. Per
cycle, the volume of material removed is given by the
product AVT = ACtl~n, where A is the cross-sectional
area of the swarf. Thus, the rate of metal removal is
given by:
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By differentiating equation (2) with respect to T and by
patting the result equal to zero, the tool life
corresponding to the maximum rate of metal removal is
obtained. Thus:

t (1-n)

By substituting this result into the Taylor equation, the
optimum cutting speed, Vo is obtained. Thus:

V_ = C n

o *• (l-n)tc
For VC29 and KC 75 carbide tools, n=0.19; C=222

and 140 sfpm"»i5* respectively, for the two tools,
for a 0.4 mm wear band. Thus, Vo = 169/tc and
106/tc sfpm, respectively, for VC29 and KC75 bits,
where tc is in minutes.

References:

[1] D.M. Norman and E.M. Schulson, "Report on
Machinability Studies on a Zirconium 8,6%
Aluminum Alloy", Canmet, ERP/TSD 76-1(TR)
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4.3.12 Determination of KTH for Zr-2.5 wt% Nb
- E.M. Schulson ana T.P. Trottier

Further to PR-CMa-44 (4.2.5) the DC3 specimens of
hydrogen-charged (- 40 and 100 ppm H) Zr 2.5 wt% Nb
pressure tubing continue to crack at 375 K. After 660
daqs, after thermal cycling to 575 K, the cracks continue
to propagate at a rate between 3 and 4 x 10"10rn.s~1. The
crack length in the specimen containing 40 ppm H is now
23.7 mm; in the specimen containing « 100 ppm H the
length is 20.7 mm.

* sfpm - surface feet per minute
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4.4 LECTURES, PUBLICATIONS AND REPORTS

4.4.1 Lectures:

Hydride Cracks as Initiators for SCC of zircaloys.
- B. Cox.
Presented at the 4th ASTM International Conference on Zirconium
in the Nuclear Industry, Stratford-upon-Avon, U.K., June 26-30,
1978.

1 MeV Electron Radiation Damage in Zr3Al and Ni3Al.
- G.J.C. Carpenter and E.M. Schulson.
Presented at the Canadian Metal Physics Conference, Kingston,
Ontario, June 14-16, 1978.

An Analysis of Point Defect Annihilation Kinetics in Ordered
Alloys During Irradiation by Energetic Particles.
- E.M, Schulson, M.L. Swanson, and S.R. MacEwen.
Presented at the Canadian Metal Physics Conference, Royal
Military College, Kingston, Ontario, June 14-16, 1978.

Factors Controlling the Corrosion Behaviour of Zirconium Alloys
Under Irradiation.
- B. Cox.
Presented at the State Committee for the Utilization of Atomic
Energy of the USSR Conf. on Reactor Materials Science, Alushta,
USSR, May 29-June 1, 1978.

The Physical Structure of Oxides on Zirconium.
- R.A. Ploc.
Presented at the Electrochemical Society Meeting, Seattle,
Washington, May 2al-26, 1978.

An Electrochemical Model for Oxide Growth on Zircaloy-2.
- N. Ramasubramanian.
Presented at the Electrochemical Society Meeting, Seattle, May
21-26, 1978.

4.4.2 Publications;
Analysis of the Interaction of Fuel Channels with the End
Shields in CANDU Reactors.
- S.R. MacEwen and A.R. Causey.
Submitted to: Nuclear Technology.

Factors Controlling the Corrosion Behaviour of Zirconium Alloys
Under Irradiation.
- B. Cox.
To be published in Conf. Proceedings (Issued by State Committee for
the Utilization of Atomic Energy, Alushta, Crimea, U.S.S.R.).

The Machinability of a High Strength Zr 8.6 wt% Aluminum Alloy:
Tool-Life Curves.
- E.M. Schulson and D.M. Norman.
Submitted to: J. of Engineering for Industry.
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Numerical Analysis of a System Described by Implicitly-Defined
Ordinary Differential Equations Containing Numerous Disconti-
nuities.
- M.B. Carver and S.R. MacEwen.
Submitted to: Applied Mathematical Modelling.

The Oxidation of Ordered Zr^Al.
- E.M. Schulson and T.P. Trottier.
Submitted to: Metallurgical Transactions A.

The Physical Structure of Oxides on Zirconium.
- R.&. Ploc.
Submitted to: Electrochemical Society Extended Abstracts.

4.4.3 Reports:

A Fractographic Distinction Between Hydride Cracking and Stress
Corrosion Cracking in Zircaloys.
- B. Cox.
AECL-6181.

The lectures listed in Section 4.4.1 above may not be available
in print.
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

5.1 In the past quarter we have had three manuscripts
accepted for publication which stem from work performed
under the present contract. The titles and journals
are listed below:

(a) Effect of Changing Reagent Energy. IX. Dependence
of Reaction Rate of Rotational Excitation in
HX(J;v) + Na -»• H + NaX (X = F, Cl) by B.A. Blackwell,
J.C. Polanyi and J.J. Sloan, Chemical Physics, in
press.

(b) Location of Energy Barriers. VII. Sudden and
Gradual Late-Energy-Barriers by J.C. Polanyi and
N. Sathyamurthy, Chemical Physics, in press.

(c) Effect of Changing Reagent Energy. X. Vibrational
Threshold Energies for Alternate Reaction Paths
HF(v) + D •* F + HD and + H + DF by F.E. Bartoszek,
D.M. Manos and J.C. Polanyi, J. Chemical Physics,
in press.

5.2 Item (c) of the above reports an experimental
determination using the CDMS (Chemiluminescence Depletion
with Mass Spectrometry) approach to study the activation
barriers of the isotopic branched reaction system

HF'

+ HD

H + DF

(la)

(lb)

Our first objective in the past quarter was to extend
this work to the comparable branched reactions

HC1 (v) +

and also

HBr (v) +

(2a)

(2b)

(3a)

(3b)
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using thermal D atoms coining from a pulsed microwave
discharge, precisely as in our study of (la) and (lb).

In studying reactions (2a) and (2b) vibrationally
excited HCl'*' was formed in the pre-reaction,

Cl + HI -f HCl^fv < 4) + I (PR-1)

The flows of pre-reagents were CI2 100 ymol-s"1 and HI
45 umol-s"1. These flows gave rise to intense HC1
emission, comparable to that of HF+ in the work reported
in the previous quarter. Deuterium atoms were formed
in a microwave discharge (as before; 80 W, 2450 MHz)
using a mixture of D2 + Ar in the ratio 50:5 umol-s"

1.
The D2 discharge was modulated at ca. 15 Hz and changes
in HC1"'' population were recorded using a phase-sensitive
amplifier locked to this frequency.

The presence of D atoms in the reaction zone was
confirmed by replacing D2 by H2 and recording emission
from the reaction H + Cl2 -»• HC1+ + el. This served
the additional purpose of establishing the proper
phase for the lock-in amplifier. These preliminary
checks showed no anomalies. Nonetheless a scan of
the entire HCl* spectrum, v = 1-4, with pulsed D atoms
flowing showed no evidence of depletion, i.e. the rates
of reactions 2a and 2b with thermal 0 were immeasurably
slow. As a further check the grating spectrometer was
set at the frequency corresponding to the maximum of
individual peaks, and D was switched on and off; there
was no discernible effect.

The same pattern of experimentation was then followed
using the pre-reaction,

H + Br2 •* HBr
f(v < 6) + Br (PR-2)

The fundamental (Av = 1) emission spectrum lies at
> 4 11m and is beyond the range of our PbS detector;
consequently the first overtone emission (Av = 2) was
recorded ('v 1.9 u) , i.e. only v = 2-6 levels of HBr
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could be observed. The intensity of emission was low,
since the overtone of HBr+ is weak; the signal was
^ 1/25 of that from HC1+ (flows: Br2 40 ymol-s"

1, H2
90 jjmol-s"1, D2 33 ymol-s"1, Ar 3.3 pmol-s"1). The
usual check was made to see that the modulated
discharge was in fact generating atomic D (see above).
Long observation times with co-adding of spectra, were
used to compensate for the low HBr+ intensity.

Despite these precautions no change in intensity
ascribable to the pulses of D was observed for any of
the lines of HBrf over the entire range of vibrotational
levels encompassed by levels v = 2-6.

This failure to observe thermal reaction along
pathways (2a),(2b),(3a?,or (3b) appeared surprising.
It was conjectured that these reactions might have a
sufficiently 'gradual1 rise to the barrier crest (see
paper (b) of 5.1 of this report) that a significant
translational energy would be required to surmount that
part of the energy-barrier that lay along the coordinate
of approach.

So far a good deal of effort has been expended to
test this hypothesis, without success. A resistively heated
tungsten oven was mounted in place of the mass-spectrometer.
The passage of 450 A AC through this oven heated it to
2,700 K. The D2 entered through this oven, instead of
through the microwave discharge. Atomic D was formed
pyrolytically and emerged from three 0.5 mm diam.
orifices, with a mean translational energy in the
laboratory frame-of reference of approximately 25 kJ'inol"1

(6 kcal'mol"1)- The D atoms coming from the oven were
modulated by a mechanical chopper blade. An attempt was
made to repeat our study of reactions (la) and (lb)
using the pre-reaction,

F + H2 •* HP+(v < 3) + H (PR-3)

(directed downward into the throat of the main pump) and
the 'hot' D atoms directed at right angles from the
tungsten oven. No depletions were observed at the
chopper-blade modulation frequency. The indications
are that sufficient O passes around the blade (to give
'background') that the chopper modulation has a
negligible effect. No less serious for the future
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of this particular line of experimentation was the
observation (made in the absence of chopper-modulation)
that cold D2 coining from the tungsten oven caused a
large change in the HF̂ " emission intensity from PR-3,
simply due to elastic scattering effects. Taken
together these observations tend to indicate that much
further work with translationally enhanced D, using
the present apparatus, may not be warranted. We plan
one or two final attempts.

5.3 There has been discussion of the possibility of
forming vibrationally excited reaction products of a
desired chemical species (hypothetically CH3D+, HDO+,...)
by using more-readily available vibrationally excited
reactants. This notion has gained currency in the light
of the observation that, for several reactions which
have been studied experimentally, reagent vibration has
been found to be efficiently converted into product
vibration; AV •+ AV1 • We have recently embarked on a
theoretical study designed to explore the extent to
which this 'adiabaticity1 (AV -*• AV) is dependent on the
topology of the potential-energy hypersurface. Is this,
in short, a truly general phenomenon? If so, it could
be important and valuable.

Our results to date, though they involve a sub-
stantial computational effort, can be briefly summarized.

For four different endothermic potential-energy
surfaces (those designated IIS, IIG, II H,S and I, II G
in paper (b) of section 5.1 above) vibrational energy in excess
of the barrier height was efficiently converted into
product vibration; i.e. the rule proposed in earlier
work continued to apply. This is particularly striking
in the light of the fact that these surfaces differ
markedly in such respects as the curvature of the minimum
energy path (i.e. the rate at which the old bond
slackens while the new one is being formed). It appears
that in every case the dominant effect of increased
reagent vibration is to permit the reaction to take
place through a more "stretched" intermediate con-
figuration; this then pulls together in the product
state with consequent enhanced vibration of the new
bond.

5.4 Preparations are well advanced for the first
experiments on multiphoton laser absorption, followed
by (a) unimolecular dissociation, (b) collision-induced
dissociation, or (c) reaction of the vibrationally excited
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species. We hope to obtain our first results in this
new field of experiinentation in the coming quarter,
and shall discuss our apparatus in conjunction with
results obtained, at that time.
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