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(i)

CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

The channeling process tends to concentrate heavy ions in the centre
of the open channels between the strings of atcais in crystals. In many
experiments it is important to know the concentration or flux gradients
across the channels and, in the absence of direct measurements, we have
relied on calculations from the theory in the past. Recent experiments with
aluminum-indium single crystals in which the indium atoms occupy well
characterized interstitial positions have enabled the first direct
measurements of icn flux gradients to be made for a particular channel.
Encouraging agreement has been obtained between these results and theory.

The identification of tri-, tetra- and hexa-vacancy clusters centred
on interstitial indium or tin atoms in aluminum alloy crystals has stimulated
a new search for similar complexes in irradiated copper single crystal
alloys. Indeed evidence for such complexes is found, but in much lower
abundance than for Al. We anticipate that the defect production and
dissolution demonstrated in Al will prove to be a general phenomenon in
face-centred cubic crystals containing large solute atoms.

Ion interactions with solid surfaces are topical in fusion research as
well as in a number of other important fields, such as radiation damage.
Good progress is being made in the systematic study of these interactions
using computer simulations. Earlier work on hydrogen and helium ion scatter-
ing at keV energies from stainless steel, silicon and silica has now been
extended to tungsten and tungsten oxide. The new results, in common with the
earlier ones, show good agreement with experimental energy spectra for the
back-scattered ions, except for the low energy fractions. A clear need thus
emerges for experimental stopping power measurements at ion energies below 1
keV; i.e. in a region of great relevance to current fusion research.

Radiation Chemistry

Molecules with sulphydryl groups (-SH) participate in many biochemical
processes and these groups are important in the radiation chemistry of such
molecules. Other chemical species that scavenge or react preferentially
with solvated electrons can have important roles in the radiolysis of
sulphydryl compounds, such as imparting radiation sensitivity. To improve
understanding of the radiation chemistry of sulphydryl compounds, research
has been initiated with dithiothreitol (DTT), a molecule with two SH-groups,
in aqueous solution with nitrate ion, an electron scavenger. It has been
observed in pulse radiolysis experiments on a millisecond time scale that a
transient intermediate, probably NO3-, undergoes a fast one electron
oxidation reaction with DTT, in contrast with the two electron transfer
proposed in the literature for reaction on a long time scale.



Isotope Separation

(a) Laser Photochemistry

A number of improvements have been made to the short pulse carbon
dioxide laser and i t is now being used successfully in experiments on the
iruHiphoton absorption and decomposition of alcohols. These experiments,
i:.->ing msthanol vapour targets and 6 ns pulses from the COj laser in place
of the 300 ns pulses from the HF laser used formerly, achieve conditions in
'•'hich only a small percentage of target molecules have time to col l ide with
each other during a laser pulse. By minimizing coll isions the complication
of energy transfer between target molecules is suppressed and the nature of
the laser induced reactions is revealed.

(b) Catalyzed Chemical Exchange

Analysis of electr ical conductivity measurements already reported for
trimethylamine dissolved in l iqu id hydrogen sulphide shows that the ions in
solution are not normal weak electrolytes. They are aggregates of
hydrogen-bonded ions in the form of dimers, tr imers, etc . ; the extent of
aggregation increases with concentration.

The separation factor for isotope exchange between heavy water (0.94
deuterium atom fract ion) and hydrogen gas has been measured as a function of
temperature over the range 5 to 95°C. More than one hundred data points
were taken and the excellent agreement with theory that was obtained
strengthens the foundations for understanding isotope effects in
deuterium-rich solutions.

Analytical Chemistry

A procedure has been developed that permits determination of the rare
earths gadolinium, samarium, europium and dysprosium at levels down to
~{0~7 g.g-1 in ThO2 by emission spectroscopy- This procedure is
r.e-assary to ensure that mixed-oxide reactor-grade fuel is within
specif ications. Three l iqu id- l iqu id extractions with tributylphosphate in
xylene, followed by anion exchange in n i t r i c acid* reduce thorium interference
to an acceptable level . Recovery of the four rare earths is 80 to 90%.

Di f f i cu l t ies in determining uranium with the required high precision
and accuracy in 2% uranium-thorium dioxide experimental fuel by controlled
potential coulometry have been overcome by a simple procedure. Thorium is
separated from the uranium by adsorbing the la t te r on an anion-exchange
cniuiMi that does not retain thorium in 8 mol.L~l hydrochloric acid. The
•-stained uranium is readily eluted with water, converted to sulfate, and
determined coulometrically. With a synthetic dissolver solution simulating
dissolution of 2% (U.ThjOg, this procedure determined (23.06 + 0.06)
-q.g-1 of U when 23.10 mg.g-1 was expected.



(iii)

Materials Science

Cracking of Zr-2.5% Nb in hydrogen gas shows no pressure dependence
down to pressures at which trace oxidizing impurities in the vacuum system
start to inh ib i t the cracking. Reports from other investigators of a
square-root pressure dependence of the crack velocity are thought to arise
from the low purity of the hydrogen in their systems, as are reports of
inhib i t ion of hydriding (or t r i t i d i ng ) by helium.

Studies of the precipitation of Zr4Sn from zirconium-tin alloys have
shown that the published Zr-Sn phase diagram is incorrect, and that t i n is
much more soluble in a-zirconium than this diagram would indicate.

The MTS-Alpha computerized mechanical test frame has been successfully
instal led and commissioned. I t w i l l be used to advance research on
deformation, creep and other mechanical properties of zirconium.
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1.2 ION PENETRATION

1.2.1 Chai ge State Distribution of Heavy Ions Emergent from Thin Foils: The
Zj Dependence for Al Foils

- W.N. Lennard, T.E. Jackman and D. Phi l l ips

Analysis of the post-foi l charge state distr ibut ions, f,,, for 16

project i les (5 < Zj < 25) emerging from thin (~20 yg.cnf2) Al fo i ls
under clean vacuum conditions (PR-CMa-53, section 1.2.1; AECL-7094) is
now complete. The mean charge, q, at v ~ v . where q

c
f and v is
Ho

the Bohr velocity, is observed to d i f fe r markedly from the values
obtained using C fo i l s (PR-CMa-52, section 1.2.1; AECL-6966), and both
the C and Al thin fo i l data d i f fer from gas target data. (See figure
1.2.1.1.)

Betz and Grodzins (1) proposed a model based on the premise that
substantial multiple excitation can occur in a solid but not in a gas.
This excitation may then decay via a de-exciting Auger transit ion after
the project i le exits the sol id, resulting in an increase of the ion

Figure 1.2.1.1 - The open squares show the measured post-foi l mean
charge, q =22qfq. measured for project i les, Z j ,
emerging from a thin Al f o i l . The data are for an exit
veloci ty, v = v0. The solid triangles are data for a
thin carbon fo i l (PR-CMa-52, section 1.2.1; AECL-6966);
the crosses are gas target results (Z, -*- N2,02) from
reference 2.
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charge by one uni t . However, the model is not able to explain quantita-
t ive ly the gas target - thin f i lm differences (PR-CMa-52, section 1.2.1;
AECL-6966) and cannot explain the differences between C and Al fo i ls
results. A paper summarizing these results has been prepared for publi-
cation.

(1) H.D. Betz and L. Grodzins, Phys. Rev. Lett. _25 (1970) 211.
(2) A.B. Wittkower and H.D. Betz, Atom. Data ^ (1973) 113.

1.2.2 Time-Of-Flight Detector Tests

- D.A.S. Walker

This project (see Progress Report PR-CMa-54, section 1.2.3; AECL-
7156) has been interrupted pending investigations by Lennard et a l .
(PR-CMa-55, section 1.2.1; AECL-7242) into the performance characteris-
t i cs of the chevron and J-plate ' s ta r t ' detector configurations used in
the original t ime-of- f l ight experiments.

1.2.3 Stopping Powers

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

Stopping measurements for deuterons in selected elemental target
materials have been completed. We could find no published deuteron
stopping measurements in the energy range 0.2 to 2.0 MeV for the six
elements studied in th is work. Values are usually obtained from proton
stopping powers by assuming that at a constant ion velocity the stopping
is the same for hydrogen ions of dif ferent masses.

As a part ial check on the va l id i ty of this scaling procedure we
have compared our deuteron data to proton values tabulated by Andersen
and Ziegler (1). The results of the comparison are shown in figure
1.2.3.1 as the rat io of our measured deuteron values to those scaled
from semiempirical proton data. The ratios are unity to within 1 to 5%
for C, Al , T i , N i , Ag and Au. At energies below 400 keV/AMU rat ios of
stopping are 5 to 9% low in Si . At the time that the proton tabulations
were made there were no published measurements for Si at these energies.
The discrepancy probably indicates inaccuracies in the estimates for
proton stopping in S i .

I t is d i f f i c u l t to assign errors to the semi-empirical values;
within the experimental errors of our measurements (4%) our results con-
firm the scaling of *H and ^H stopping. A similar scaling result
was obtained by us for 3He and 4He (PR-CMa-53, section 1.2.5;
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AECL-7094). This work has been written up for publication.

(1) H.H. Andersen and J.F. Ziegler, "Hydrogen Stopping Powers and
Ranges in Al'i Elements", Pergamon Press, New York, 19//.

100 200 300 100 500 600 700 600 900 1000

ENERGY (ttl / AMU)

Figure 1.2.3.1 - Ratio of ̂ H to 1H stopping values as a function of
ion energy. Values for *H taken from (1). The solid
lines are guides only.

0 C, X Al, • Si, D Ti, L Ni, « Ag and lAu.

1.2.4 Systematic Effects in the Time-Of-Flight Measurement of Stopping Powers

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

See progress report PR-P-128, section 2.21; AFCL-7234.
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1.3 SURFACE PHENOMENA

1.3.1 An Investigation of the Enhanced Rutherford Backscattering Yield at

w
- J.A. Davies, T.E. Jackman and J.A. Moore (Brock University)

We have investigated the 180° enhancement of the 4He+ backscat-
ter ing y ie ld (PR-CMa-53, section 1.3.2; AECL-7094) as a function of i n -
cident beam energy in the range 0.5-2.0 MeV. Two different types of
targets have been used: ( i ) a series of Si and C wafers implanted with
Bi ions at di f ferent energies in the range 10-500 keV, and ( i i ) a series
of thick targets, i .e . amorphous Ta205 and WO3 and polycrystall ine
Au. The results demonstrate that the depth interval in which the en-
hancement occurs and the depth required for the enhancement to reach a
maximum are smaller for lower beam energy. On the other hand, the maxi-
mum enhancement factor is almost independent of beam energy.

Trial measurements of the y ie ld of MeV ions scattered through 180°
from a clean, i .e . oxide-free, <100> aligned, Au single crystal have
been in i t i a ted . This is a uniaxial alignment configuration. Attention
is centred on the surface peak in the energy spectrum,i.e. the signal
arising from ions scattering from the f i r s t few atomic layers. Any en-
hancement effect in this case should be interpretable in terms of a
simple two-atom model.

1.4 RADIATION DAMAGE

1.4.1 Annealing of Heavy Ion Cascade Damage in Silicon

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

Our fairly extensive studies (1-3) on the annealing of heavy ion
cascade damage in silicon have been extended to higher bombarding ion
fluence where significant overlap of individual cascades is expected.
The damage produced by 15 keV Bi implants in Si is being investigated
using channeling-backscattering and electron microscopy techniques. It

11 12has already been reported that in the ion fluence region of 3x10 -3x10
ions cm"s the annealing which occurred above room temperature is
relatively insensitive to the ion fluence. The individual damaged
regions gradually decreased in size and number density over the range
350 K to 575 K and the temperature Ta at which 50% of the damage had
annealed out was 485 K. During the last quarter it has been found that
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12 -2
increasing the ion fluence to 8.40x10 ions cm produced a broadening
of the temperature range of the annealing (350 K to 710 K) and increased
Ta to 550 K, as determined by the channeling-backscattering technique.
At a fluence of 2.43x1013 ions cm"2 the temperature range of the
annealing had broadened even further (350 K to 750 K, with T? at 665 K).
Transmission electron microscope investigations showed that in the
as-implanted condition overlap of some of the individual damaged regions
had occurred at 8.40x1012 -2

ions cm and more extensive overlap
,13 , -2

had occurred at 2.43x10 ions cm"'". The microstructural changes occur-
ring during the annealing of this damage will now be investigated by
electron microscopy and the ion fluence range will be increased in order
to cover the regime of saturated disorder.

(1) D.A. Thompson, A. Golanski, H.K. Haugen, L.M. Howe and J.A. Davies,
Rad. Eff. Lett. 50 (1980) 125.

(2) L.M. Howe, M.H. Rainville, H.K. Haugen and D.A. Thompson, Nucl.
Inst. Meth. U 0 (1980) 419.

(3) L.M. Howe and M.H. Rainville, Nucl. Instr. Meth. (in press).

1.4.2 Collision Cascades in Ge

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

Studies are continuing of the basic features of col l is ion cascades
produced by heavy ion implants in Ge. (See PR-CMa-52, section 1.4.2;
AECL-6966 and PR-CMa-53, section 1.4.3; AECL-7094 for previous results).
In the latest series of experiments, electron microscope observations

11 -2
were made on Ge implanted at 40 K with ~ l x l 0 Bi ions cm having
energies ranging from 15 to 120 keV; hence the average deposited energy
density ev varied from 1.28 to 0.27 eV/atom, respectively. For Bi ion
energies 15-30 key (ev = 1.28 to 0.83 eV/atom) the visible damage pro-

• diiced in a co l l is ion cascade consisted of a single isolated damaged
region. At an energy of 60 keV (ev = 0.61 eV/atom) some of the cascades
consisted of multiple damaged regions although the majority were s t i l l
single damaged regions. The fraction of the col l is ion cascades which
developed a sub-cascade structure ( i . e . consisted of multiple damaged
regions) increased noticeably at 90 keV (ev = 0.38 eV/atom) and at 120
keV (8V = 0.27 eV/atom) sub-cascade structure had developed in most of
the co l l is ion cascades. These results are quite consistent with those
obtained previously (1) for As, Sb and Bi implants in Si where sub-cas-
cade structure was f i r s t observed in some of the cascades for ev = 0.25
to 0.50 eV/atom, became more pronounced as 3V decreased further and at
6V < 0.1 eV/atom a re lat ive ly large fract ion of the col l is ion cascade
regions were composed of multiple defects.

(1) L.M. Howe and M.H. Rainvi l le, Nucl. Instr. Meth. (in press).
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1.4.3 A Channeling Study of Vacancy Clustering in a Cu-0.1 at.% In Crystal

M.L. Swanson, L.M. Howe, T.E. Jackman and A.F. Quenneville

Channeling measurements have shown that vacancies are trapped by
large solute atoms in Al or Cu crystals (1,2). For the cases of Sn or
In solute atoms in Al, specific geometric configurations of 3, 4 or 6
vacancies clustered about a single solute atom have been deduced from
measurements of the solute atom positions in the crystal usirig the chan-
neling technique (1) (PR-CMa-54, section 1.4.2; AECL-7156). However,
for Ag, Sb or Au solute atoms in Cu, while evidence for multiple vacancy
trapping was obtained, no specific vacancy configurations were identi-
fied (2).

In the present experiment, the trapping of vacancies by In atoms in
a Cu-0.1 at56 In crystal was investigated. The displacement of In atoms
into <100>, <110> and <111> channels was measured as a function of the
irradiation fluence at 35 or 70 K, and as a function of annealing tem-
perature. Initially, the In atoms were 99 ± 1% substitutional. Irrad-
iation with 1.5 MeV He+ ions at 35 K to a fluence of ~6xlO 1 5 cm'2 did
not displace In atoms from lattice sites. However, subsequent annealing

at 240 K (where vacancies are mobile) produced an increase in f^In"*'

the apparent displaced fraction of In atoms in an <lmn> channel. The

values of f^n> for <100>, <110> and <111> channels were 0.18, 0.14 and

0.11 respectively. These results indicate that the In atom displace-
ments were due to multiple vacancy trapping (1).

Irradiation of an identical sample to a larger He+ fluence, viz.

to 3x10 cm" , followed by annealing at 240 K, produced a factor of ~ 2

larger increases in fjj-1"*- Subsequent irradiation at 70 K (where self-

interstitials but not vacancies are mobile) reduced fjjp1^ values ~ 5 0 %

as the self-interstitials annihilate the trapped vacancies.

These preliminary data for the Cu-0.1 at.% In samples suggest the
presence of small numbers of specific vacancy trapping configurations
similar to those observed in dilute alloys of Al with In or Sn and would
fit the general criterion that large solute atoms are strong traps for
vacancies.

(1) M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys. Rev. 22 (1980)
2213.

(2) M.L. Swanson, L.M. Howe and A.F. Quenneville, Rad. Eff. 28 (1976)
205. ~~



- 10 -

1.4.4 A Channeling Study of Defect-Boron Complexes in Si

- M.L. Swanson, L.M. How., A.F. Quenneville and F.W. Saris (FOM
Inst i tu te , Amsterdam)

Si crystals were doped with 0.1-0.2 at.% ^B in the near sur-
face region by ion implantation followed by thermal diffusion at 1373 K
or by ruby laser annealing (PR-CMa-54, section 1.4.4; AECL-7156). The
position of the B atoms in the Si la t t ice was determined by channeling
measurements, u t i l i z i ng both the yield of H+ ions (of incident energy
0.7 MeV) backscattered from Si atoms and the yield of alpha particles

from the llB{p,a)%e nuclear reaction. I n i t i a l l y , 95-99% of the B atoms
were substi tut ional. Irradiat ion at 35 K or 293 K with 0.7 MeV H+

displaced B atoms from la t t i ce sites. The displacement rate was greater
at 293 K than at 35 K, and was greater for diffused samples than for
laser annealed samples. Following 35 K irradiat ions, a large increase
in the fraction f^g of displaced B atoms occurred during annealing
near 240 K. At higher annealing temperatures, f^g decreased over a
broad temperature range from 425-825 K. Angular scans through <110>
channels for the laser annealed samples after 293 K irradiat ion or after
35 K i r radiat ion plus 293 K annealing showed a pronounced narrowing of

11 R
the dip in B(p,u) Be yields compared with the dip in yields from Si,
whereas no narrowing was observed for <100> channels. These results
indicate that B atoms were displaced into specific lattice sites by the
migration of an interstitial B defect (1) (the EPR G28 defect) near
240 K. These sites could be a combination of (a) bond-centered posi-
tions and (b) positions 0.08 nm from lattice sites along <100> direc-
tions, both of which have been suggested by Troxell and Watkins (1) for
charged interstitial B.

(1) J.R. Troxell and G.D. Watkins, Phys. Rev. B22 (1980) 921.

1.4.5 Experimental Investigation of the Energy and Depth Dependence of Flux
Peaking

- M.L. Swanson, L.M. Howe, T.E. Jackman and A.F. Quenneville

A detailed knowledge of the flux distribution of channeled parti-
cles is necessary for an exact determination of the lattice location of
interstitial impurities using the ion channeling technique. This dis-
tribution can be obtained either from Monte Carlo simulation of channel-
ing or from analytical methods based on the continuum approximation.
Series of Si targets implanted with Yb were used in two previous experi-
ments designed to measure the depth, angular and energy dependence of
the flux distribution (1,2).
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Irradiat ion at 35 K of an Al-0.02 at.% In crystal with 1 MeV He+

ions, followed by annealing at 220 K, causes the In atoms t6 be displac-
ed into the tetrahedral position by the trapping of vacancies
(PR-CMa-54, section 1.4.2; AECL-7156). The tetrahedral position l ies
di rect ly in the middle of the <100> channel and therefore, the scatter-
ing y ie ld from the In atoms is a direct measure of the flux distr ibut ion
in the center of the channel.

We have measured the depth dependence of the ion flux at the center
of a <100> channel, and the angular dependence of the mid-channel flux
as a function of He+ ion energy in the crystal . The advantage of us-
ing th is uniformly doped crystal (compared with the Yb implanted Si
samples) is that the complete depth dependence is obtained in a single
measurement. To improve the depth resolution, the measurements were
made at the scattering angle of ~105°. The angular width of the flux
peak was determined by an angular scan about the <100> axis and
integrating the In y ield over a depth interval greater than the
wavelength of the trajectory osci l la t ion of the channeled beam.

The results of the measurements are shown in Tables 1.4.5.1 and
1.4.5.2. The depth of the f i r s t maximum in the mid-channel f lux was

Table 1.4.5.1

He+ Energy Dependence of the Depth Oscillations of <10C> Ion Flux
in an Al-0.02 at.% In Crystal

E (MeV) Depth of First Maximum (nm)

0.
1.
2.

5
0
0

25.
35.
48.

5 ±
1 +
1 ±

1.
2.
6.

3
9
3
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Table

He+ Energy Dependence of the
in an Al-0.02 at

E (MeV)

0.5
1.0
2.0

2.01
1.41
1.01

1.4.5.2

<100> Angular
.% In Crystal

2 (deg) t

±0.03 0
± 0.03 0
± 0.03 0

Widths

In
1/2

.38

.30

.27

(FWHM)

(deg)

± 0.
± 0.
± 0.

,03
,03
.03

found to vary with the square root of energy, as was expected (3). The
Al

energy dependence of the width, t^i?' ° f t n e y ie ld from the Al matrix
-1/2did have the expected E dependence whereas the energy dependence of

the angular width, ^1 /2 ' o f ^ e ^ u x p e a k w a s w e a k e r ' This can possibly
be attr ibuted to the surface oxide which would lead to an increased
angular dispersion of the channeled beam and thus to a weakening of the
energy dependence. Further experiments to obtain better s tat is t ics are
planned but w i l l require provision of lower temperature ( i . e . ~15 K)
than we can reach with the present equipment (~35 K).

(1) J.U. Andersen, 0. Andreasen, J.A. Davies and E. Uggerhtfj, Rad.
Eff. 7 (1971) 25.

(2) F. Eisen and E. Uggerhtfj, Rad. Eff. 12 (1972) 233.
(3) J.A. Davies in "Channeling", edited Ey D.V. Morgan (John Wiley &

Sons) p.392 (1973).

1.4.6 Channeling Measurements of Mosaic Spread in Epitaxial ly Grown Mo
Crystals

- M.L. Swanson, J.S. Forster (Nuclear Physics Branch), L.M. Howe,
A.F. Quenneville in collaboration with K. Reichelt and J. Chevallier
(KFA JUlich)

The channeling of 0.5, 1 and 1 MeV He+ ions in Mo crystals has
been measured at 293 K. The angular and depth dependence of X, the
normalized ion scattering y ie ld , near a <100> axial channel have been
measured for Mo crystals grown by electron beam zone-refining (and
obtained from H. Schultz, Max Planck I ns t i t u t , Stuttgart) and
for crystals grown epitaxi a l ly on MgO. I t is expected that crystals
which have considerable mosaic spread w i l l exhibit an increase in the
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aligned value X , a characteristic broadening of the channeling
dip, and an increase in the dechanneling rate. These effects have been
observed in the epitaxial ly grown crystals, and wi l l be analyzed quanti-
tat ive ly for comparison with theory.

1.5 INTE(.ulSCIPLINARY RESEARCH

1.5.1 Calibration Standards for SIMS Interfacial Impurity Analysis

- J.A. Davies and T.E. Jackman in collaboration with P. Williams and
J. Baker (University of I l l i no i s )

In order to test the quantitative accuracy of a new secondary ion
mass spectrometry (SIMS) approach to interfacial analysis developed at
the University of I l l i n o i s , we have used Rutherford backscattering (RBS)

to determine the amount of si lver (~10 Ag.cm" ) in buried si lver lay-
ers at s i l icon-s i l icon thin fi lm interfaces and in a series of s i lver-
implanted si l icon wafers (PR-CMa-52, section 1.3.1; AECL-6966). The
si lver interface concentration in each target was determined by compari-
son with an accurately calibrated bismuth implant standard. Preliminary
analyses by the SIMS technique using an implanted sample as a standard
has shown that the two techniques agree within the combined estimated
errors of 10% (SIMS) and 2% (RBS).

1.5.2 The Transient Magnetic Field at High Velocities for 28Si in Fe

- J.S. Forster, T.K. Alexander, G.C. Ball (Nuclear Physics Branch),
K. Dybdal (SUNY, Stony Brook) and I.V. Mitchell

See Progress Report PR-P-128, section 2.7; AECL-7234.

1.5.3 Observation of Pb K-X-Rays in Coincidence with Fission Fragments
Following ?6Q Bombardment of Tungsten

- J.S. Forster (Nuclear Physics Branch) E. Laegsgaard (Aarhus
University) and I.V. Mitchell

See Progress Report PR-P-128, section 2.9; AECL-7234.
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1.5.4 Measurement of the Lifetime of the 2211 keV and 3404 keV, +2 Levels of
3%

- T.K. Alexander, G.C. Ball, J.S. Forster (Nuclear Physics Branch),
H.-B. Mak (Queen's University) and I.V. Mitchell

See Progress Report PR-P-128, section 2.4; AECL-7234.

1.5.5 Isoscalar and Isovector E2 Transition Matrix Element in Mass 30 Nuclei

- T.K. Alexander, G.C. Ball, J.S. Forster, W.G. Davies (Nuclear Physics
Branch), H.-B. Mak (Queen's University) and I.V. Mitchell

See Progress Report PR-P-128, section 2.5; AECL-7234.

1.6 COMPUTATIONS

1.6.1 Scattering of keV Hydrogen and Helium Ions from Oxide Covered Surfaces

- D.P. Jackson and W. Eckstein (Max Planck Institut, Garching)

The calculations initiated previously on this topic (PR-CMa-53,
section 1.5.1; AECL-7094) have now been completed for the tungsten/tung-
sten oxide system. Good agreement with experimental measurements (1) of
the particle and energy reflection coefficients was obtained by adjust-
ing the stopping power in the calculations. The latter is parameterized
by scaling the Lindhard (2) form of the electronic stopping since there
are uncertainties present in this quantity for energies of a few 10's of
keV and lower. For hydrogen ions on tungsten a stopping power multiple
of 1.75 times the Lindhard value gave the best fit and for helium ions
the corresponding v?lue was 2.7. Comparisons with the experimentally
measured backscattered ion energy distributions (1) both for tungsten
and tungsten oxide showed excellent agreement in the higher energy parts
of the spectra. This agreement is poorer at lower energies however; the
increased statistical scatter in the experimental points in that region
makes further analysis of this divergence difficult.

A vai iety of other effects such as the influence on the low energy
reflection coefficients of thin oxide layers, features in the range pro-
files near the oxide/metal interface and changes in the shape of the
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energy distributions in the presence of an oxide layer were also observ-
ed and will be reported in detail. This work has been prepared for pub-
1ication.

(1) R.S. Bhattacharya, W. Eckstein and H. Verbeek, J. Nucl. Mat. 79
(1979) 420.

(2) J. Lindhard and M. Scharff, Phvs. Rev. m (1961) 128.

1.6.2 Charged Particle Analysis

- J.P.S. Pringle

Narrow (p,a) and (p,7) resonances can be used to measure concentra-
tion profiles in solids, and are particularly valuable with the lighter
elements where most other methods fail. The reaction yield, YfE^)>
from protons incident at a mean energy, E^, is expressible as

Y(Efa) = N.JJJg(Eb,E').p(E
l,E,x).l(E).c(x).dE.dE!.dx

where g(E(-,,EJ) is the energy spectrum of the proton incident on the
surface, p(E',E,x) is the energy loss spectrum at the depth x of protons
incident on the surface with energy E', 1(E) is the resonance prof i le
for the reaction, c(x) is the concentration prof i le sought and N is the
normalization constant. Conventionally, g(E|j,E') is taken as a
Gaussian d is t r ibut ion, and 1(E) as a Lorentzian; the d i f f i cu l t y is
p(E',E,x). A generalization of the well-known Landau-Vavilov procedure
for computing the energy loss spectra (PR-CMa-54, section 1.5.2; AECL-
7156) turned out to be both complex and in f lex ib le , since i t could not
be adjusted readily for dif ferent materials.

Accordingly, the probability p that a proton w i l l lose an energy,
E, in traversing a distance, x, has been determined from the Poisson-
type equation

where X is the mean free path between collisions, n the number of colli-
sions suffered en route, and w(A) is the energy loss cross section, i.e.
the chance that a proton will lose an energy A. in a single collision.
The symbol wn(A) then means that w(A) has been convoluted into itself
n times; because the central limit effect applies on repeated convolu-
tion, p quickly becomes insensitive to w(A). The quantities X and w(A)
can then be obtained well enough from the experimentally observed stop-
ping power for the material and classical stopping theory, so that the
energy loss spectra can be calculated.
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For the purposes of convolution, the various distr ibutions are re-
placed by histograms and the integrals in the basic equations by summa-
tions. Representing the convolution of g, p and 1 by gpl , the basic
equation becomes

V(Eb) = N £ gpl(Eb,x.).c(x1.)

Here gpl (EK, X^) can be calculated; if Y(Et,) be measured experi-
mentally, therefore, for a series, m > n, of incident energies, c(x^)
can be determined. A computer program to perform this analysis has been
written and is being tested.

1.7 ACCELERATOR OPERATION

1.7.1 High Voltage Mass Separator

- 6.A. Sims and D.A.S. Walker

In mid-October, the High Voltage Mass Separator was shut down for
general system maintenance, repair of the gas handling system and re-
placement of the Pelletron acceleration tube. The latter was believed
to be responsible for a reduction in the maximum terminal potential to
~1.7 MV. While removing the equipotential gradient rings, we observed
a complete fracture at the end plate of one of the top column support
posts and partial separation (believed to be due to increased longitudi-
nal stress) of the remaining three. This caused a four week extension
to the shut-down as new support posts had to be ordered. During this
interruption, the new acceleration tube was assembled and leak tested on
the bench.

All of the top column support posts have now been replaced and col-
umn voltage conditioning has been completed up to 2.3 MV. This test was
carried out after the removal of the original acceleration tube.

The SFs gas handling system repairs have developed into a time
consuming effort. This has involved the partial removal of a solid con-
crete wall to facilitate the backwelding of various storage tank piping.
An additional 10 cm valve had to be incorporated into the gas handling
system so that the storage tanks could be evacuated during repairs. The
total SF(5 inventory was contained in the accelerator tank which was
not possible with the previous configuration. As soon as maintenance is
completed on the SFg storage system, the new acceleration tube will be
installed.
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Since the Pelletron was first installed (Fall, 1973), we have been
concerned about the amount of vibration occurring along the accelerator
structure. We had been assured by the manufacturer (National Electro-
statics) that what we were observing was quite normal for cantilevered
assemblies. However, the discovery of the fractured column post indi-
cates that there is a real need to monitor such vibrations. To this end
a charge-sensitive buffer amplifier has been designed and tested for use
with the single capacitive pick-off supplied with the accelerator.

The "beam-or," time for the month of October was 49 hours.

1.7.2 2.5 MV VAN DE GRAAFF

- G.R. Bellavance

The accelerator ran well during the last quarter of 1980, with only
a one day shutdown for maintenance and repairs.

The beam time (hours) was allocated as follows:

October
November
December
Total

V
35
15
11
61

39
6
16
61

4He +

113
191
110
414

_
1
1

Total

187
212
138
537

1.8 PUBLICATIONS, REPORTS AND LECTURES

1.8.1 Publications

(100) and (110) Si-SiO2 Interface Studies by MeV Ion Backscattering
by T.E. Jackman, J.R. MacDonald, L.C. Feldman, P.R. Silverman and
I. Stensgaard, Surf. Sci. WO (1980) 35

Investigation of the Carbon Monoxide Adsorption-Induced Phase Transition
of a Pt(lOO) Surface by MeV Ion Backscattering, Nuclear Microanalysis
and LEED
by P.R. Norton, J.A. Davies, O.K. Creber, D.P. Jackson, T.E. Jackman and
C. Sitter, Proc. 4th Int. Conf. on Solid Surfaces, 3rd European Conf. on
Surface Science, and 8th Int. Vac. Cong. (Societe Francaise Du Vide),
D.A. Degras, M. Costa (Eds). Supplement to the Review "Vacuum, Thin
Films", Number 201, 1980 p.659
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The Anodic Oxidation of Superimposed Niobium and Tantalum Layers:
Theory
by J.P.S. Pringle, Electrochimica Acta _25 (1980) 1403-1421; AECL-7015.

The Anodic Oxidation of Superimposed Metallic Layers: Theory
by J.P.S. Pringle, Electrochimica Acta 25 (1980) 1423-1437; AECL-7014.

Backscattering Measurements of Implanted Ion Distributions in
Double-Layer Structures
by H. Ishiwara and W.D. Mackintosh, J . Appl. Phys. J51 (9) (1980)
4729-4734; AECL-7009.

The Charge State Equilibration Distance for Phosphorus Ions in Carbcn
by W.N. Lennard, T.E. Jackman and D. Ph i l l i ps , Physics Letters 79A
(1980) 309-310; AECL-7025.

Mean Charge of Ions (5_< 2\ ± 26) Emerging from Carbon Foi ls:
Evidence for the Effect of Inner-Shell Vacancies
by W.N. Lennard and D. Ph i l l ips , Phys. Rev. Lett . 45 (1980) 176.

Comparison of Ion Backscattering Models
by D.P. Jackson, J . Nucl. Mat. 93/94 (1980) 507.

Channeling Measurements of I n te rs t i t i a l Trapping in an Al-0.07 at% Cr
Crystal
by M.L. Swanson, L.M. Howe, A.F. Quenneville and C. Dimitrov, Can. J .
Phys. 58 (1980) 1538; AECL-7024.

Linear Polarisation Measurements of Quasi-Molecular K Radiation
by P.H. Mokler, W.N. Lennard and I.V. Mi tchel l , J . Phys. B.: Atom.
Molec. Phys. 13 (1980) 4607; AECL-7105.

Stopping Power Values of Be, C, Al and Si for 4He Ions
by D.C. Santry and R.D. Werner, Nucl. Instr. Meth. 178 (1980) 523;
AECL-7032.

Stopping Power Values of T i , Ni , Ag and Au for 4He Ions
by D.C. Santry and R.D. Werner, Nucl. Instr . Meth. 178 (1980) 531;
AECL-7033-

Electric Quadrupole Moments of the First Excited States of
32S and %
by G.C. Ball, 0. Hausser, T.K. Alexander, W.G. Davies, J.S. Forster,
I.V. Mitchell, J.R. Beene, D. Horn and M. McLatchie
Nucl. Phys. A349 (1980) 271.

The 127I(n,2n)126I Reaction as a Fast Neutron Flux Monitor
by D.C. Santry
Proceedings of the International Conference on Nuclear Cross Sections
for Technology, Knoxville, Tennessee, 1979 October 22-26; AECL-6703.



An Investigation of the Charging System Used in the CRNL 2 MV Pelletron
by O.A.S. Walker, Atomic Energy of Canada Limited, unDublished Report
AECL-MISC-194 (1980).

AECL Research Programmes in Materials Science
by B. Cox, R. Dutton, T.A. Eastwood and I.V. Mitchel l , Atomic Energy of
Canada Limited, Report AECL-7072 (1980).

1.8.3 Lectures

The Chalk River High Voltage Mass Separator - 1980
and
An Investigation of the Charging System Used in the Chalk River 2 MV
Pelletron
by D.A.S. Walker
Presented at the Symposium of North Eastern Accelerator Personnel
(SNEAP) 1980, University of Wisconsin, 1980 October 13-15.

Channeling Study of Defect-Boron Complexes in Si
by M.L. Swanson, L.M. Howe, F.W. Saris and A,F. Quenneville, Presented
at the Symposium on Defects in Semiconductors, American Society of
Materials, Boston, 1980 November 16-21

Ion-Implanted Thin Film Transistors
by F.R. Shepherd, W.D. Westwood, P.J. Scanlon, J. Levinson,
I.V. Mitchell and H. Plattner, Presented at the American Vacuum Society
National Symposium, Detroit, Michigan, 1980 October 14-17.

Effect of Ion Implantation on the Oxygen Overpotential in Ni Anodes
by U. Akano, J.A. Davies, W.W. Smeltzer, I.S. Tashlykov and
D.A. Thompson, Presented at the Ion Beam Modification of Materials
Conference, Albany, New York, 1980 July 13-18.

Ion Scattering and Fusion
by D.P. Jackson, Presented at INRS-Energie, Varennes, Quebec, 1980
December 10.



- 21 -

2. REPORT OF GENERAL CHEMISTRY BRANCH

Edited by J. Gulens and M. Hammerli

Page

2.1 STAFF 23

2.2 ANALYTICAL CHEMISTRY 25

2.2.1 Emission Spectrography 25
2.2.2 Induc t i ve ly Coupled Argon Plasma/Optical Emission 25

Spectrometry (ICAP-OES)
2.2.3 Appl icat ions of ICAP-OES 26
2.2.4 Flame Atomic Absorption Spectrometry 26
2.2.5 Determinations of H-and D-in-Metals 26
2.2.6 Chromatograpby 28
2.2.7 Anion Determinations 29
2.2.8 Analysis Requests 31

2.3 RADIOACTIVITY MEASUREMENTS 34

2.3.1 Determination of Hafnium in Zirconium Alloys 34
2.3.2 Mo-99 Production Process 34
2.3.3 Gamma Spectrometry Laboratory 34

2.4 DEUTERIUM ANALYSIS 35

2.4.1 Deuterium Analysis 35

2.4.2 Heavy Water Analysis - Cooperation With Production Plants 35

2.5 ELECTROCHEMISTRY 35

2.5.1 Laboratory Demonstration of the CECE-HWP Super-Upgrader 35
2.5.2 Performance of the Solid Polymer Electrolyte (SPE) 35

Cells
2.5.3 Evaluation of the Wet Dirty Gas (WDG) Combustion 35

Analyzer
2.5.4 Determination of Electrolytic H/D Separation Factors on 35

Proprietary Electrodes
2.5.5 Electrolytic Oxygen Isotope Effects 36
2.5.6 Ion-Selective Electrode Determination of Boron 38
2.5.7 Sulfide Determinations in Ground Water 39

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS 39

2.6.1 Thermionic Emission Mass Spectrometry 39
2.6.2 Spark Source Mass Spectrometry 40
2.6.3 Fuel Analysis 40
2.6.4 Analytical Support for (Pu,Th)02 Pellet Production 42



- 22 -

Page

2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications 44
2.7.2 Patents 44

2.8 LECTURES, MEETINGS and COURSES 44

2.8.1 Lectures 44
2.8.2 Meetings 45
2.8.2 Courses 46



- 23 -

GENERAL CHEMISTRY BRANCH

2.1 STAFF

BRANCH HEAD
Secretary

I.H. Crocker
Mrs. C. Lance

Professional Staff Technical Staff

ANALYTICAL CHEMISTRY

J.P. Mis!an Mrs. E.D. Bellavance
M.R. Corriveau1
S. Elchuk
P. Faught
P.S. Hardy
H.O. Herrington
M.T. Hurteau
G.J. Jarbo
L.F. Junop
Mrs. P.A. Robinson2
J.R. Woods

RADIOACTIVITY MEASUREMENTS

W.J. Edwards L.P.V. Corriveau
R.R. Grant

DEUTERIUM ANALYSIS
W.M. Thurston
M.W.D. James

ELECTROCHEMISTRY

M. Hammer!i

J. Gulens

A.S. Denovan
P.K. Leeson
W.J. Olmstead



R.M. Cassidy

L.W. Green

- 24 -

MASS SPECTROMETRY AND FUEL ANALYSIS

D.E. Clegg
B.W. Hildebrandt
C.H. Knight
T.H. Longhurst
F.C. Miller
J.A. Schruder^
L.G. Shurrock
Mrs. L.F. Sparkes

LABORATORY SERVICES

D.J. Poirier

K.D. Wright

1 Retired, effective 1980 December 30
2 Returned from Maternity Leave, 1980 December 2
3 Retired, effective 1980 December 30



- 25 -

2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

2.2.1.1 PuQ2/Th02 Fuel Impurity Analysis

- in cooperation with F. Miller and B. Hildebrandt

Earlier procedures to separate the impurity elements from the
thoria matrix by solvent extraction of the latter resulted in a)
insufficient removal of the thorium or b) undesirable co-extraction of
the bulk of the rare earth elements. In monitoring the separation
process, the Inductively Coupled Argon Plasma-Optical Emission
Spectroscopic method (ICAP-OES) rather than the dried residue technique
was used because it is faster and more sensitive.

Improvements in the separation process (use of column chromato-
graphy following solvent extraction, ref. PR-CMa-55, Section 2.6.4.2)
have resulted in satisfactory removal of the thorium together with
retention of 85%-90% of the rare earths in the aqueous phase. When the
ICAP indicates satisfactory recovery of the rare earths, the same
aqueous phases will be examined by the dried residue spectrographic
method as this technique must be used once piutonium is incorporated
into the fuel.

2.2.2 Inductively Coupled Argon Plasma/Optical Emission Spectrometry
(ICAP-OES)

- M.T. Hurteau, K.D. Wright, H. Herrington and J.P. Mislan

2.2.2.1 Automation of Sequential ICAP-OES Spectrometer

Automation of the sequential ICAP spectrometer has commenced. The
monochromator drive system has been upgraded by re t ro f i t of a new
stepping motor and microprocessor motor control ler. A microcomputer and
associated software is being interfaced to the monochromator drive
system and photomultiplier via a current-to-frequency converter.

2.2.2.2 Software Development for ICAP-OES

The Commodore PET microcomputer has been used to determine the
performance characteristics of our ICAP-OES in unmodified condition
using data acquisition programs written previously (PR-CMa-54, section
2.2.2.1). Measurements of a 1 ug.mL"' iron solution at 238.2 mn
using a peak-profile scan mode have yielded a RSD of 5%, while consecu-
t ive peak valley measurements (equal weighting to both) gave RSD values
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of ±1.5%. Measurement of an internal mercury arc source at 254 nm
using the two methods gave RSD readings of 2 and 0.5%, respectively.
Since we wish to attain this level of precision with plasma measure-
ments, we have positioned the spectrometer on a r ig id base plate and
acquired a new high precision nebulizer.

We plan to make additional precision measurements of ICAP emission
to compare the CRNL developed data system with the commercial system.

2.2.3 Applications of ICAP-OES

Determination of Total Organic Carbon, TOC, in Girdler Sulfide
p i lo t plant process water has been attempted by ICAP-OES. We Iwve
obtained a detection l imi t (2 times standard deviation of the back-
ground) for TOC of 0.5 ui.mL'l (after acidif icat ion and argon purge
to remove inorganic carbon) using the 193.0 carbon l ine and standard
solutions of potassium acid phthalate. Other workers report a value of
1 Mg.mL'T while commercial TOC analyzers can provide detection to
0.1 ijg.mL"!.

We plan to retest TOC analysis capability by ICAP-OES after ins ta l -
lat ion of a new high precision nebulizer which is expected to give a
four-fold sensi t iv i ty enhancement.

2.2.4 Flame Atomic Absorption Spectrometry

- D. Bellavance, J.P. Mislan

A detection l imi t of 0.01 pg.mL"! established previously for
cesium (Pr-CMa-54, section 2.2.3.2) appears adequate for determination
of Cs in eluates from column chromatography recovery tests being con-
ducted by System Materials Branch. Tests are in progress to determine
the influence of NaOH, NaC03 and NaN03 matrix components on cesium
sensi t iv i ty .

2.2.5 Determination of H- and D-in-Metais

- H. Herrington, K.D. Wright, L. Junop, J.P. Mislan

2.2.5.1 Automatic H- and D-in-Metal Analyzer

The status of analyzer subsystems is l is ted below:

(1) Quadrupole mass spectrometer - has been assembled and tested.
Calibration with standard mixtures of hydrogen isotopes (Hj, HD
and D2) is in progress.



- 27 -

(2) Single-Tube Isotope Equilibration System - has been assembled and
interfaced to the quadrupole mass spectrometer (see section
2.2.5.2).

(3) Automatic Sample Changer - has been assembled and interfaced to a
microcomputer. Extension of microprocessor control to programmable
components (solenoid and electropneumatic valves) in the manifold
and the mass spectrometer is in progress.

2.2.5.2 Investigation of Sequential Hydrogen Isotope-Equilibration

A sequential isotope-equilibration approach for determination of bl-
and D-in-Zr samples has potential for providing improved results and
instrument performance compared with the batch technique in current use.
Testing of this approach is being conducted with a single-tube equili-
bration apparatus interfaced to the inlet of the quadrupole mass
spectrometer. The single equilibration tube is attached to a manifold
made up of electropneumatic and solenoid valves which allow sample
changing under dry nitrogen purge, introduction of H2 or D2. cover
gas introduction to the mass spectrometer and evacuation by remote
control (manual or computer actuated switching).

A 0.25 g sample of Zr-2.5% Nb was analyzed using this approach and
the hydrogen content was found to be 27 yg.g~l, in good agreement
with the average value of 30 ± 3 yg.g"' found by batch isotope
equilibration and inert gas fusion. Analysis conditions (temperature,
deuterium gas overpressure and equilibration conditions) were similar to
those used previously. We are attempting to determine whether accept-
able results can be obtained with shorter thermal equilibration inter-
vals (5 min) than normally used (30 min).

2.2.5.3 Data System Development for Micromass 601 Mass Spectrometer

A semi-automatic data system based on a microcomputer was tested
by mass spectrometer analysis of hydrogen isotope mixtures, using three
data acquisition modes: static peak height determination with manual
peak selection, dynamic peak height determination with manual scan
(normal rate) initiation and manual peak location followed by slow scan
peak height determination. A precision of 0.5% for hydrogen isotope
ratios (HD/H2) was found using the last method compared with 1-2% for
the first two methods or for manual measurements of analog (strip chart
recorder) data. However, the improved precision is offset by the incon-
venience of manual manipulations.

A dual channel programmer for the power supply that controls the
electromagnet and accelerating voltage has been acquired and interfaced
to the microcomputer for precise peak location. A wide-range transducer
(voltage-to-frequency or current-to-frequency) will be tested for hydro-
gen isotope measurements and general gas analysis.
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2.2.6 Chromatography

2.2.6.1 Low-Level Metal-Ion Determinations

- S. Elchuk, R.M. Cassidy

Previous studies on the HPLC (high-performance liquid chromato-
graphy) determination of U(VI) were focused on the analysis of urine
(PR-CMa-54). This report summarizes recent studies on the HPLC deter-
mination of U(VI) in ground water.

As part of a continuing evaluation of different column packings for
the separation of U(VI), a bonded-phase and a conventional ion exchanger
were evaluated. The conventional resin (Aminex A-27, 12 to 15 pm) held
the U(VI) very strongly and elution required reagents that would corrode
the pumping system or interfere with the detection system. A bonded-
pnase anion exchanger (Brownlee, 10 pm) was more suitable due to its
lower capacity but very broad peaks were obtained with a variety of
eluents. Cation exchangers were used for all further studies.

A short bonded-phase cation exchanger (30 x 4 mm, 10pm) gave rapid
and good separations of the U(VI) from Fe(III) (Fe(II) and Fe(III) are
often present in pg.rrnV^ concentrations in ground waters). When trace-
enrichment techniques were used with this short column, the large
solvent-front peak interfered with the U(VI) peak. Consequently, a 25
cm column was used for all trace-enrichment studies. A study of column
temperature showed that increases in column temperature to 60°C - 75°C
had only a minor effect on the separation.

The eluted U{VI) was detected with a variable-wavelength detector
after a post-column reaction with Arsenazo III. This reagent is very
selective for U(VI) if the pH is maintained at a. 1.6. The primary
interferences are Fe(III), Zr(IV), Th(IV), and the lanthanides. All of
these metal ions can be separated from U(VI) on the cation exchanger;
Fe(III), Zr(IV), and the lanthanides are eluted at or near the solvent
front, and Th(IV) is eluted after U(VI). Since Arsenazo III degrades
slowly in 0.25 mol.L"1 HNO3 it is more convenient to work at pH 3
if interferences from other metal ions are not a problem.

With direct injection the minimum detectable concentration for
U(VI), with the above detection system, is ^ 6 0 ng.mL'K Accurate
analyses in the low ng.mL"^ range requires sample enrichment and
for this purpose an in-line sample-enrichment cartridge was used.
Sample preservatives normally used with trace enrichment (tartrate,
citrate, and a-hydroxyisobutyrate) caused premature elution of the U(VI)
from the enrichment cartridge, but good recoveries were obtained when
the samples were made acidic with 0.1 mol.L"^ HNO3.

During the enrichment studies with U(VI), double peaks were some-
times observed; this effect was not observed when U(VI) was injected
directly onto the analytical column. It was shown that these double
peaks were due to the presence of mixed ion-exchange sites in the
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enrichment cartridge; the acid in the sample caused cleavage of the
Si-0 and/or Si-C bonds in the bonded phase to give Si-OH exchange sites
in addition to the R-SO3H sites. This slow degradation of the bonded
phase limits the useful life of an enrichment cartridge to ̂ 2 weeks
unless the packing is periodically silanized or the acidity of the
sample is reduced.

Linear calibration curves were obtained in the range studied, 0.5
to 50 ng.mL"1, for in-line enrichment of ground water spiked with
U(VI). These studies were done mainly with 10 nt samples but prelimin-
ary studies indicated that larger samples could also be used. The large
concentrations of iron present in the ground water caused some interfer-
ence with the determination of small U(VI) concentrations unless ascor-
bic acid was added to reduce the Fe(III) to Fe(II}; Fe(II) does not
react with the reagent used for the post-column reaction.

Studies with a polarographic detector have also been continuing but
have been hampered by the presence of excessive instrumental noise. At
present detection limits are in the low to mid-ng range but it is
anticipated that it may be possible to lower these by a factor of 10 to
100 once the source of the excessive instrumental noise has been
isolated.

2.2.7 Anion Determinations

2.2.7.1 Column Efficiency

- L.W. Green, L.F. Sparkes

The difference in column efficiency (reported in PR-CMa-54) between
the aminated latex agglomerated resin and the pellicular silica gel
column systems is being investigated. Measurements of band broadening
in retained and unretained peaks have shown that flow nonuniformity,
restriction to mass transfer and extra column effects all cause more
band broadening in the former than in the latter system.

2.2.7.2 Solids

- L.W. Green, J.R. Woods

Experiments with the dissolution of reverse osmosis membrane
residues (see PR-CMa-53) in EDTA solutions and subsequent u l t ravio let
i r radiat ion have been performed. The irradiat ion treatment produced
decomposition products which severely interfered with chromatographic
analysis.

A sodium carbonate fusion procedure for the determination of F~,
C l " , PO4"3 and SO4"2 in the residues is being developed.
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After fusion the sodium carbonate matrix is removed by passing the
dissolved flux through a hydrogen form, strong acid, cation-exchange
resin and heating the eluate. The volume of the eluate is then reduced
by evaporation and an aliquot of the resulting solution is injected into
the liquid chromatograph.

Blank analyses have been performed and severe F" and Cl~
contamination from the sodium carbonate reagent and the cellulose
nitrate membranes has been detected. Recovery tests have been performed
and recoveries of ^90% for Cl", PO4-3 and SO4-2 and ^70%
for F~ have been obtained.



2.2.8 Analysis Requests

Received From

System Materials

NPD

Chemical
Engineering

Chemi cal
Operations

Physical
Chemistry

'"ype of Sample

Reverse osmosis f i l t e r
S f i l t ra tes
Bruce descaling solutions
H4 loop f i l t e r s
Waste leach water
Zr-alloy
Mo-99 dissolver solution
Crust from an active glass
Cement leachings
Powder from demister
Electrolysis solutions
Glass/cement leach solutions

NPD-PHT D20

Process water sample
GS Pi lot Plant process water

Recombiner Gas
Contents of gas pur i f i e r

Solutions from Mo-99
recovery-test solutions
Crud from blow-down valve
in X-2 loop
Sample on mil l ipore f i l t e r
X-3 crud solution
Mo-99 process residue

Pt catalyst process solution

Solutions of chloroplat inic
acid
Pt/C catalysts
Electrolyt ic deuterium

No. of
Samp!es

24

45
2
1
4
1
1
6
2
2

15

1

1
82
46
1
2

10
714

1

1
1
5

1

3

2
1

No. of
Determinat ions

268

255
2
1
8
4

23
21
23
8

30

2

1
82

184
6

46

10
716

3

2
2

20

2

3

4
6

Technique*

FAA

FAA
FAA

T
MS

I CAP
ES

I CAP
ES
ES

I CAP

S.ISE

ISE
S

I CAP
MS
ES

T
FAA
FAA

FAA
FAA
I CAP

ISE

FAA

FAA
MS

Elements Determined or
Type o f Analys is

Na,K,Ca,Mg,Fe,Cu,Mn,Cr,
Al ,Si ,Sr,Ba,Cs,Co
Fe.Ni,Cu,Co,Mn,Zn
Tota l Fe
SO4
H2

U,A1
Qualitative
Quantitative
Qualitative
Qualitative
B

C l , F

F"

A l , Fe

Quali tat ive

SO4
Mo.Al
Cu.Mo.Fe

Al.Mo
Fe.Mn
Al.Mo

Cl.F

Pt

Pt
Gas composition
Qua!itative



Received From

Mechanical
Equi pment
Development

General
Chemistry

R&IS

Materials
Science

Neutron & Solid
State Physics

Fuel Materials

Metal lurgical
Engineering

Biomedical
Research

Type of Sample

Seal test loop water sample

Solutions from CdTe p u r i f i c a -
t ion test
Cd.Te and CdTe analytical
development samples

Plutonium oxide extract
Thorium oxide
Gas electrolysis of enriched
water
CdTe

Decontamination swipes

Zr single crystal

Tellurium

Fission Gas
Thorium oxide from megagram
batch runs

Zr & Nb

Separation fractions

TOTAL

LAST QUARTER'S TOTAL
(PR-CMa-54, AECL-7156)

No. o f
Samp!es

2

2

2

12
9

1
2
1

1

18

2
4

5

17
13

12

10

1140

905

No. Of
Determinat ions

6

82

4

12
90

23
10
6

3

18

2
4

15

136
52

12

230

2625

2372

Technique*

FAA

ES

FAA

FAA
I CAP

ES
ICAP
MS

LECO Analyzer

ES

S
MS

LECO A n a l y z e r

MS
ICAP

MS

ES

Elements Determined or
Type of Analysis

Si.Mg.Ca

Quantitative

Cd.Te

Cu
Quantitative for trace
impurities
Quantitative
Quantitative
Gas composition

C

Be

Nitrogen
H2

Carbon

Composition
Fe, B

H2

Qualitative
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2.2.8 Analysis Requests

* ES - Emission Spectrography
FAA - Flame Atomic Absorption
ICAP - Inductively Coupled Argon Plasma
ISE - Ion- Selective Electrode
MS - Mass Spectrometry
S - Spectrophotometry
T - Titrimetry
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Determination of Hafnium in Zirconium Alloys

- W.J. Edwards, L.P.V. Corriveau

Final results for the determination of hafnium in Zr-based alloys
by Instrumental Neutron Activation Analysis (INAA) are being forwarded
to B.A. Cheadle (Metallurgical Engineering Branch) for inclusion in a
round robin analytical study. These INAA results are generally high
compared to emission spectrographic results, but check well with
previously published results by Meloni et a l . (1) for a single material
(NBS-SRM 360a Zircaloy-2).

(1) S. Meloni, M.T. Ganzerli-Valenti, V. Caramelia-Crespi, V. Maxia,
L. Maggi, U. Pisani, R. Soma and P. Borroni
'National Bureau of Standards Special Publication 422', 1157
(1976).

2.3.2 Mo-99 Production Process

- W.J. Edwards in collaboration with K. Burr i l l (System Materials
Branch) and R. Harrison (Chemical Operations Branch)

A study has been made of the current Mo-99 production process at
CRNL assessing the l imitat ions of the present procedures. A development
program to improve the existing operation has been formulated. A report
on th is work is in f ina l draft form.

2.3.3 Gamma Spectrometry Laboratory

- L.P.V. Corriveau, R.R. Grant

A total of 107 samples were analyzed during the period. The
dist r ibut ion of gamma spectra was as follows:

Tank Special
Loop H M M M M M M M #2 Analyses

Y's 2 24 4 1 5 6 174 17 3 74

Beta decay measurements were done on 51 samples.
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2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

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

On-line quantitative analyses for deuterium in H2 gas streams for
the Hydrogen-Water Exchange program continued (19924 print-outs for
Physical Chemistry Branch). In addit ion, on-line DgO analyses were
performed for the General Chemistry Branch D2O standardization program
(3000 pr int -outs) , and 84 (commercial) water samples were also
analyzed.

2.4.2 Heavy Water Analysis - Cooperation with Production Plants

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

2.5 ELECTROCHEMISTRY

2.5.1 Laboratory Demonstration of the CECE-HWP Super-Upgrader

- M. Hammerli, A.S. Denovan

2.5.2 Performance of the G.E. Solid Polymer Electrolyte (SPE) Cells

- M. Hammerli, A.S. Denovan

2.5.3 Evaluation of the Thermox Wet Dirty Gas (WPG) Combustion Analyzer

- M. Hammerli, W.J. 01 instead

2.5.4 Determination of Electrolyt ic H/D Separation Factors on 01 in Proprietary
ElectrodeT

- M. Hammerli, W.J. Olmstead
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2.5.5 Electrolytic Oxygen Isotope Effects

- M. Hammer! i, W.J. Olmstead

As stated previously (see PR-CMa-54, section 2.5.5) we require
accurate oxygen isotope gas standards from natural water, heavy water,
and mixed water standards before we attempt to measure the small
electrolytic oxygen isotope effects. Two chemical methods for
completely converting water to gaseous oxygen were outlined, namely
reaction with bromine pentafluoride or with cobalt trifluoride. Due to
the unavailability of BrFs, tests with C0F3 were begun.

The stainless steel apparatus described in PR-CMa-54 was filled
with 4.9 g of C0F3 under dry nitrogen, degassed at 350°C and 5 y L of
natural water was injected through the septum. Under these conditions,
no gaseous product was detected, and it appeared that the water sample
passed through the packed column unreacted. Increasing the water sample
size an order of magnitude (to 50 uL) produced the same negative
result.

Since the reaction may be slower than anticipated, the apparatus
was modified (see Fig. 2.5.4.1) to contain more reagent and permit a
longer contact time. Thus, 15 g of C0F3 were weighed into a closed
end reaction vessel and successively degassed at 200°C and 350°C.
Approximately 5 cm^ and 15 cm^ of gas were evolved and collected at
200°C and 350°C respectively, and analysed mass spectrometrically, Table
2.5.5.1. A clear liquid, probably water, weighing 0.83 g was also
collected during the degassing procedure.

To test if the resulting dried degassed chemical would produce any
oxygen, 50 u|_ of HgO were introduced and exposed for 16 h at 350°C.
No additional gas was produced. On reweighing the supposed C0F3, a
loss of 1 g was discovered.

The above observations and analyses suggest that sufficient
moisture had been present in the purchased C0F3 that all the C0F3
was able to react before or during the degassing procedure by the
following overall reaction:

2CoF3 + H20 •"" L • 2CoF2 + 2HF + 1/2 0 2 (1)

The O2 to N2 ratios in the two aliquots of gas collected during
degassing is indicative of O2 production, while the hydrogen gas was
probably produced by reaction of HF with the stainless steel vessel.
Since O2 was produced, there is some hope that a fresh batch of C0F3
would serve its purpose of converting liquid oxygen isotope standards
into gaseous ones. Therefore, a new batch of C0F3 will be tested.

Another possible method for decomposing water into bound hydrogen
and oxygen gas involves reacting water with chlorine gas. The
reaction:
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Cl2(g) + H20U) 2HCl(g) + 1/2 02(g) (2)

was therefore investigated over the temperature range 25 to 400°C with
excess chlorine and 50 vl aliquots of water. In all cases insufficient
gas was produced to permit analysis and, as expected, corrosion was
severe even in a monel reaction vessel.

If we are unable to obtain BrF5, the preferred compound, we plan
to convert BrF3 (for which a reliable supplier has been identified) to
B F by reaction with F2.

TABLE 2.5.5.1

Chemical Composition of Gas Collected
While Degassing CoF As Received

Composition [%)

H2

H20

N2

02

Ar

C02

Degassing Temp.

200° C

43.0

4.8

7.8

22.0

0.01

22.4

350°C

10.1

0.4

2.0

86.0

Nil

1.5
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CoF,

FURNACE

H2O IN

SEPTUM

GAS COLLECTION
SYSTEM

LIQUID NITROGEN
TRAP

REACTION VESSEL

Figure 2.5.5.1 Schematic diagram of the stainless steel apparatus for reacting
cobalt t r f f l uonde with water to convert the la t ter to oxygen fo*
oxygen isotope measurements.

2.5.6 Ion-Selective Electrode Determination of Boron

- J . Gulens, P.K. Leeson

The response of the borate-selective electrode (PR-CMa-54) was not
improved by changes in the polyvinylchloride (PVC) powder used to pre-
pare the electrode membranes. Electrodes were also prepared by incorp-
orating a sol id ion-exchanger (instead of the usual l iqu id ion-ex-
changer) into PVC membranes; these electrodes had less interference from
hydroxide ions but gave only marginally better response to borate ions.
Attempts to prepare electrodes by iiimobilizing the solid ion-exchanger
in membrane materials other than PVC, such as cellulose, were unsuccess-
f u l .

The influence of different plasticizers on the response of
electrodes with the l iqu id ion-exchanger immobilized in PVC is being
studied.
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2.5.7 Sulfide Determinations in Ground Water

- J . Gulens

The portable sulf ide monitor, based on the measurement of sulf ide
in acidic solution by a sulf ide and glass electrode combination, was
tested at Perch Lake unt i l freeze-up. Various piezometers were sampled
near the dike, and the results from the monitor were compared to results
of analyses of grab samples by a standard colorimetric procedure
(ethylene blue) and by a sulf ide-selective electrode measurement in
alkal ine medium. The samples were stabil ized in the f ie ld by addition
of zinc acetate solution or an alkaline-hydrazine solution for the
colorimetric and electrode measurements respectively. The results,
Table 2 .5 .7 .1 , show good agreement between the results from the monitor
and the samples analyzed by sulfide electrode. However, the results
from the colorimetric procedure are much too low for sites KO-2 and
KO-5. These samples were yellow in colour, indicating the presence of
dissolved organic matter that interfered with the colorimetric
analysis.

TABLE 2.5.7.1

COMPARISON OF MONITOR RESULTS AND GRAB
SAMPLE ANALYSES

SITE TOTAL DISSOLVED SULFIDE, mg/kg

MONITOR COLORIMETRIC ELECTRODE

KN-2
KO-2
KO-3
KO-4
KO-5

0.04
0.14
0.02
0.07
0.20

0.03
0.06
0.01
0.06
0.07

0.03
0.12
0.02
0.08
0.14

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Thermal Ionization Mass Spectrometry

- L.W. Green, T.H. Longhurst, J.A. Schruder, C.H. Knight, D.E. Clegg

The thermal ionization of U from triple filament ion sources is
being studied. The U is loaded onto the tungsten side filaments as
uranyl nitrate solution and heated to form UO3(s). Mass spectral
analyses have shown that U+, U0+ and U02+ are all formed in
detectable quantities during the ionization process. The relative pro-
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portions of each is a function of filament temperature and time. The
U0+ ion is i n i t i a l l y predominant but diminishes to less than 10% after
30 min at a side filament temperature of ^900°C. The predominant ion
after the i n i t i a l period is U+. The U02+ ion quickly decays to
less than 1% of the t o t a l .

The ionization efficiency (number of M+ ions collected per atom
loaded) for UO3 on the side filaments has been measured to be
'MxlO"^. The ionization efficiency for UO3 on the rhenium
centre filament was measured to be 3 l O 6

The accuracy and precision of the uranium fuel analysis procedure
for burnup determination is being measured. Eight National Bureau of
Standards uranium isotopic standards have been run through the
pur i f icat ion procedure and analyzed for their 235 to 238 ra t io . The
relat ive mean deviation of the results from their respective known
values is -0.2% and the relat ive standard deviation is 0.5%. A trend
towards low results at high U-235 content was observed. The source of
th is trend is being investigated.

Twenty-four samples were analyzed for their isotopic composition.
These included twenty irradiated UO2 fuel samples from Fuel
Engineering Branch, three U-235 enriched uranium samples from Nuclear
Materials Control Branch and one PuO2 feed material sample from
General Chemistry Branch.

2.6.2 Spark Source Mass Spectrometry

- L.W. Green, T.H. Longhurst, C.H. Knight

Spark source mass spectrometry was applied to the determination of
trace impurities in Ti f o i l and Zr rod, and major constituents in a
powdered material found on the surface of an unirradiated NRU fuel
penci l .

2.6.3 Fuel Analysis

2.6.3.1 Building 250 Hot Cells and Glove Boxes

- C.H. Knight, D.E. Clegg

Five irradiated UO2 fuel pellets and 7 U-Al fuel-pencil sections,
samples from the Fuel Engineering and Fuel Materials Branches, were
dissolved, and the uranium was separated and purif ied for mass
spectrometric analysis. The results w i l l be used to calculate fuel
burnup by the U-235 depletion method.
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An irradiated fuel pencil from the 99Mo line has been dis-
solved for recovery of 95Zr and 9^Nb; these isotopes are
needed for tracer studies by D. Lister (System Materials Branch). This
fuel pencil, which had not dissolved under the normal dissolver condi-
tions used in the 99Mo facility, had been out of the reactor for
only 85 days and because of its high radiation field required special
handling techniques. A comparison of the dissolution of this fuel
pencil with that of an unirradiated pencil has been made and reported to
the appropriate persons. The "Zr and "^Nb have been separ-
ated and ^3 curies of 95zr have been purified by anion exchange in
a HCl-Hf medium; final purification of the 95Nb fraction will be
completed in the next quarter.

The glove boxes are now ready for active use except for the instal-
lation of an 8" glove port on the north wall of the main box. A hand-
held Halon fire extinguisher has been modified to permit the injection
of the fire suppressant through a glove port with the glove in place.

An electronic analytical balance with 0.1 mg readability and a
range of 0-160 g has been tested for glove box use. This balance has a
stability detector and an adjustable integration time to reduce the
effects of vibrations. It appears to give accurate readings despite
unavoidable vibrations encountered in the glove box. This design of
balance is attractive for use in a hot cell, especially if the elec-
tronic components can be separated from the weigh-pan and placed outside
the hot cell.

2.6.3.2 Coulometric Analysis

- C.H. Knight, D.E. Clegg, K.D. Wright

Quantitative uranium determinations have been obtained by coulomet-
ric analysis for a number of samples and standards. At present the
coulometer is being automated so that operator attention will not be
required once degassing of the sample solution has commenced. The
microprocessor will monitor the instrument output, select proper instru-
mental parameters, and show the final result on a digital display.

A total of 52 samples from uranium/aluminum billets produced at
Chalk River have been received from the WE&P Branch for uranium homogen-
eity measurements. If coulometric analysis demonstrates sufficient
homogeneity, these billets will be extruded into fuel pencils for use in
NRU.

2.6.3.3 Burnup Determination of Mixed-Oxide Fuels

- D.E. Clegg, C.H. Knight

Work has continued on the development of an analytical procedure
for the separation of Nd from thorium fuel for burnup determination. A
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combination of two anion separations, one in HC1-acetone (Anal. Chim.
Acta., 40 (1968) 52) and one in HN03-methanol (PR-CMa-40), have fcwr;
modified and tested with Nd, Th, U, and some rare-earth metals. The
elution prof i le of the metal ions was determined by colorimetric analy-
sis of collected fract ions: Nd and rare earths with Alizarine Red S, Th
with Thoron, and U with thiocyanate. Good separations were obtained and
these results were used to prepare a potential separation scheme for Nd,
Th, U, and Pu from irradiated fue l . Successful separations were
obtained in the laboratory for Nd, U, and Th and this method is
presently being applied in the hot cells to the analysis of a high
burnup irradiated fue l .

A study of plastic columns and glass columns has indicated that the
glass columns are preferred as long as adsorption on the glass or
contamination by natural Nd from the glass is not a concern. The glass
columns permitted good resolution and recoveries, whereas Nd could not
be separated from U, Th and the other rare earths studied in plastic
columns.

2.6.4 Analytical Support for (Pu,Th)02 Pellet Production

2.6.4.1 Uranium Analysis on (U,Th)O; Pellets

- F.C. Mi l le r , B. Hildebrandt, L. Shurrock

During the transit ion from (Pu,U)O2 pellet fabrication to
(Pu,Th)02 fue l , the Recycle Fuel Fabrication Line is using enriched
uranium rather than plutonium to f ac i l i t a te studies of blending and
fabrication techniques. The uniformity of the batches is checked by
quantitative analysis for uranium in representative pellets from each
tray in a batch. The normal coulometric procedure for uranium, without
prior separation of the thorium, produced errat ic results with a
standard deviation of "»]% and a positive bias of 2%. Due to low solu-
b i l i t y of thorium sulphate, normal sulphuric-acid fuming used to destroy
organics and remove residual f luoride from the dissolution procedure
produced a voluminous precipitate which was d i f f i c u l t to redissolve in
the volume required for the coulometer c e l l . An evaporation of the
original sample to dryness to drive off f luor ide, followed by dissolu-
t ion in 1 mol.L"' sulphuric acid, eliminated the large quantities
of precipi tate; however, satisfactory results could not be obtained even
with increased sulphamic acid concentrations to destroy any n i t r i tes
l e f t because of inadequate fuming.

To remove the thorium prior to coulometric analysis, the sample was
taken to dryness, dissolved in 8 mol.L"' HC1, and passed through an
AGMP-1 anion-exchange column. The unretained thorium was washed off the
column with 8 mol.L"' HC1 and the uranium was eluted with water,
fumed with sulphuric acid, and determined by coulometry. With a
standard solution equivalent to the dissolution of 2% uranium-thorium
dioxide, th is method produced satisfactory results with an analyzed
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value of 23.06±0.06 mg.g"^ on a solution made up to contain 23.10
mg.g~l uranium.

2.6.4.2 Rare Earths in Thorium Dioxide Powders

- F.C. Mi l le r , B. Hildebrandt

The emission spectrographic determination o f the rare earths gado-
l inium, samarium, europium, and dysprosium at the specification levels
required for Thp2 reactor-grade fuel is d i f f i c u l t to achieve due to
the poor sensi t iv i ty of emission techniques and to interferences from
thorium (ref . PR-CMa-55, Sect. 2.2.1.1). To reach this level of
detection, i t was necessary to use three l iqu id- l iqu id extractions with
40% t r ibu ty l phosphate in xylene and a f inal separation on AGMP-1 anion-
exchange resin in 7 mol.L"' HNO3. This separation procedure
reduced the thorium level in the aqueous phase to < 10 yg.mL"^.
The recovery of the rare earths from standard solutions was determined
by analysis of the aqueous phase by inductively coupled plasma-atomic
emission spectroscopy. For a l l four rare earths the recovery was 80 to
90% at the 0.2yg.g-> level .

2.6.4.3 Determination of Thorium in Thorium Dioxide Feed Powder

- F.C. Mi l le r , B. Hildebrandt

Thorium-dioxide powder is treated in a wet a t t r i t o r for several
hours to improve i t s s in terab i l i ty before drying and bagging for use in
the Recycle Fuel Fabrication Laboratory. An i n i t i a l determination of
thorium in a number of different batches showed variations from 85.8 wt%
to 87.5 wt%. This variation has been traced to the moisture content of
the powder which varied from 2.1 to 0.3% respectively.

A new Cu2+ ion selective electrode, which w i l l permit the use
of a smaller t i t r a t i on vessel on the autot i t rat ion unit for the deter-
mination of thorium, has been instal led and is operating sat is factor i ly .
The precision obtained on routine samples from the fabrication l ine is
as follows:

No. of Determinations Determined Value Std. Dev.

10 85.87% 0.15

4 87.46% 0.10
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2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

The Distr ibut ion Coefficient as a Geochemical Measure of the Mobil i ty of
Contaminants in a Groundwater Flow System
- R.E. Jackson, W.F. Merr i t t , D.R. Champ, J . Gulens, K.J. Inch
Nuclear Techniques in Groundwater Pollution Research, IAEA, Vienna
1980, p. 209
AECL-7123

Direct Ion-Selective Electrode Determination of Micromolar Boron as
Tetraf1uoroborate
- J . Gulens and P.K. Leeson
Anal. Chem., 1980, 52, 2235-2237
AECL-7026.

2.7.2 Patents

Method for Heavy-Water Extraction from Non-Electrolytic Hydrogen Streams
Using a Combined Electrolysis and Catalytic Exchange System
- M. Hammer!i, J.P. Butler, R.L. LeRoy
US Patent #4,225,402, 1980 September 30.

2.8 LECTURES, MEETINGS AND COURSES

2.8.1 Lectures

The Spectrographic Analysis of Plutonium Oxide Fuel Pellets by the Dried
Residue Technique
- G. Jarbo
Presented at the 27th Canadian Spectroscopy Symposium, Toronto, Ontario
1980 October 6-8.

Career Opportunities for Chemists, Chemical Engineers & Chemical
Technologists
- L.W. Green
Presented to students at Champlain High School, Pembroke, Ontario
1980 November 5.

Separation and Determination of Inorganics by Modern Liquid
Chrotnatographic Techniques
- R.M. Cassidy
Presented to Analytical Science Branch, WNRE.
1980 November 4-5



- 45 -

The Combined Electrolysis and Catalytic Exchange (CECE) Process for the
Production of D2O
- M. Hammerli
Presented to Metals Research Laboratories, Olin Corporation, New Haven,
Connecticut
1980 December 11.

2.8.2 Meetings

M. Hammerli - attended Autumn Symposium of Ontario-Quebec Section of
Electrochemical Society, Ottawa, 1980 October 16-17.

M. Hammerli - attended meeting to assist ITC personnel in evaluating
Energy Research Corpn.'s Multi-Fuel Fuel Cell, Toronto, and participated
in 5th WHEC National Committee Meeting (NRC), Ottawa, 1980 October
22-23.

M. Hammerli - held discussions with Mr. A.K. Stuart regarding AECL H2
Study, Toronto, and attended NRC Brainstorming Meeting regarding New
Separator Materials for the Advanced Electrolysis Program, Ottawa, 1980
October 27-28.

R.M. Cassidy, J. Gulens, L.W. Green - attended Organizational Meeting of
Workshop on Analytical Chemistry, Ottawa, 1980 November 3.

R.M. Cassidy - attended 16th meeting of Analytical Subcommittee at
Kincardine, 1980 November 4-5, and presented seminar to Analytical
Science Branch, WNRE, 1980 November 6-7.

W.J. Edwards - visited with D. Evans, Commercial Products, to review
preparation of Mo-99 processing upgrading program, 1980 November 20-21.

M. Hammerli - attended meetings of National Organizing Committee for 5th
WHEC, and held discussions regarding the launching of CANHYD affiliated
with International Association of Hydrogen Energy, Toronto, 1980
November 26-27.

M.W.O. James - assembled and tested mass spectrometer systems purchased
from CRNL at GBHWP and PHHWP, 1980 December 2-10.

L.W. Green - visited WNRE for discussions on thermal ionization mass
spectrometers, 1980 December 7-10.

M. Hammerli - held discussions with Dr. T.J. Gray and colleagues on
Cathode Material for the Hydrogen Evolution Reaction, New Haven,
Connecticut, 1980 December 10-11.
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2.8.3 Courses

I.H. Crocker - attended Chemical Week Seminar - "Improved Management of
the Chemical Analysis Laboratory", Chicago, 1980 November 19-22.

A.S. Denovan and M.T. Hurteau - attended Technical Report Writing
Course, Deep River, 1980 December 9-10, 12.
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- R.G. Macdonald and O.A. Mil ler

(a) Low Dose Radiolysis of N?-0? Mixtures

The study of the radiation chemistry of Ng-Og mixtures is
continuing (see PR-CMa-52, AECL-6966). Experiments on the low-dose
6̂ Co y-radiations of a i r and N2-O2 mixtures have begun using
the Gammacell 220. To date the major emphasis has been to monitor the
concentration of NO and NO2 in the irradiated mixtures using a
Phi l ip 's Model PW 9762 NO/NOg analyzer. Although very low
concentrations of NO and/or NO2 (^ 1 ppb) can be detected, there are
severe l imitat ions on the versa t i l i t y of this instrument. The
principle of detection of the analyzer is based on the well known
chemi Tumi nescence from the reaction, NO + O3 ->• NO2* + 02-
Because of this method of detection, the instrument is calibrated only
for N2-O2 mixtures in the rat io of 4:1 and at a sampling pressure
of one atmosphere. These restr ict ions reduce the number of possible
experiments, e.g. the effect of press re on the NO and NOj y ie lds.

Most of the previous work on the radiation chemistry of N2-O2
mixtures involving low dose rate irradiations has been done in stat ic
systems and to relat ively high, % 10^0 eV-g~1, doses. Under such
conditions there are a large number of reactions involving the oxides
of nitrogen. With the ab i l i t y of the Philips NO/NO2 analyzer to
measure small quantities of NO and NO2 i t is possible to detect
radio lyt ic products after only a few seconds of i r rad iat ion. This
w i l l minimize these secondary reactions. I t may also be possible to
determine the yield of metastable N(2D) and N(2P) atoms from the
radiation-induced neutral dissociation of N2 (PR-CMa-46, AECL-6401).
This w i l l only be possible after the yields of both NO2 and N2O
have been determined and after the kinetics of the N2-O2 system
have been careful ly modelled.

Preliminary experiments have been carried out to determine the
best choice of i r radiat ion cell geometry and material. Cells of
stainless steel or Pyrex were fabricated as coi ls (10 cm diameter) of
^ 0.4 cm diameter tubing or as 13 cm high cylinders of various
diameters. The effect of dose on the yield of NO2 was investigated
by changing the position of a stainless steel coil relative to the
bottom of the Gammacell. The NOg y ie ld was direct ly proportional to
the dose and followed the known distr ibut ion of the gamma ray f i e l d .

The NO/NO2 analyzer pumps air through the cells at a constant
rate of 920 cm3-s"' at 0.1 MPa. The yields of NOg, GfNOg), were
calculated from the cell geometry and Gammacell dose rate of 2.8
x 1016 eV-g-1-s-1. No correction has been applied for an anticipated
increase in dose in the stainless steel ce l ls . The measured NOg
concentrations ranged from 0.050 ppin for the shortest i r radiat ion
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times (smallest cell volume) to 0.45 ppm for the longest irradiation
times. These results are summarized in Table 3.2.1.1 in terms of
G(N02). The presence of NO (0.011 ppm) was detected in only the
shortest stainless steel coil.

It can be seen from Table 3.2.1.1 that the yields of HO2 are
similar for similar irradiation times; however the yield decreases as
the irradiation time increases. This may indicate that the NO2
concentration is reduced by secondary reactions such as

[1 ] N + N02 •+ N20 + 0

or that the NO/NO2 analyzer does not give reliable results for high
concentrations of N02-

The results of Table 3.2.1.1 show that G(NOo) is independent of
cell geometry and material. The increase in GfNOg) in stainless
steel cells is an artifact due to a higher actual dose than that used
in the calculation (pending dosimetry measurements). Wall effects such
as ion neutralization and heterogeneous atom/molecule reactions can be
shown, by diffusion calculations, to be small at pressures of 0.1 MPa
even for radial dimensions of 0.2 cm. The data in Table 3.2.1.1
indicate there is no difference between Pyrex and stainless steel
surfaces.

Preliminary experiments have also been carried out on N2-O2
mixtures using as irradiation cells, 10 cm diameter Pyrex coils of 0.5
cm I.D. tubing. The irradiation time and hence dose was varied by
changing the length of the coil. The results are summarized in Table
3.2.1.2. The yield of NO2 decreases as the percent O2 increases.
This arises from the competition between NO? formation front reaction
[2]

[2] NO + 0 3 -* N02 + 0 2

and removal of N atoms by reactions [I] and [3]

[3] N + NO •* N2 + 0

The extent of reactions [1], [2] and [3] will be sensitive functions
of the instantaneous concentration of N, NO and NO2 in the
irradiated mixture. It may not be possible to determine the yield of
N(2D) and N(ZP) from the primary neutral dissociation of N2
unless the yield of N2O as well as NO2 is determined.
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Table 3.2.1.1

Yield of NOg, G(NO2) from the 60Co-Gammacell i rradiat ion of dry air
at 310 K and 0.1 MPa.

Shape

coi l
I I

11

11

"

cylinder

11

11

Material

stainless steel
I I

11

Pyrex

11

stainless steel
Pyrex

11

11

Internal
Dimension
(cm x cm)

0.41 x 102
0.41 x 305
0.73 x 102
0.50 x 122
0.50 x 244
0.50 x 366
8.4 x 12
2.2 x 13
4.2 x 14
8.6 x 12

Irradiat ion
Time
(s)

0.88
2.6
2.8
1.5
3.1
4.6

43.
3.6

13.0
46.

Yield

G(N02)

4.2
2.8
2.6
2.6
2.4
2.1
0.77
1.8
0.88
0.50

Table 3.2.1.2

Yield of NOj, GfNOg) for the 60Co Gammacell i r radiat ion of O2-N2
mixtures at 310 K and 0.1 MPa. There was no detectable y ie ld of NO.

Mixture
(mole %)

4.9% 02
balance N2

21.0% 02
balance N2

30 .n o2

balance N2

51.3% 02
balance Mg

Irradiat ion
Time (s)

1.5
3.1
4.6

1.5
3.1
4.6

1.5
3.1
4.6

1.5
3.1
4.6

Yield
G(NO;

3.1
2.5
2.4

2.8
2.3
2.1

2.9
2.2
1.9

1.7
1.4
1.2
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3.2.2 Radioiysis of Liquid Systems

(a) Iodine Chemistry in Aqueous Solutions

- J.W. Fletcher and L.W. Thomson

In order to obtain a better understanding of the reactions of
hypoiodite (10") and the unstable hypoiodous acid (HOI), a pulse
radiolysis study of the more stable hypochlorite (CIO") and
hypochlorous acid (HOC1) has been undertaken in conjunction with the
iodine studies. The fate of the chlorine and hydroxyl radicals has
been well established (1) in acidic chloride solutions and can be
described by the following equilibria

[1] OH +

[2] HOC!" + H+v«*Cl + H20

[3] Cl + C1'?=*C12'

In solutions weaker than millimolar in acid and chloride the above
equilibria lie to the left and favour a higher OH radical
concentration. In contrast even in neutral iodide solutions the
corresponding equilibria lie to the right and favour formation of
I ( )

The intermediate H0C1" species has been generated by pulse
radiolysis of H0C1 solutions and we have measured a rate constant of
the sol vated electron (es") in reaction [4] as k4 = 3.5xlO'O
L#mol"1-s"1.

[4] e s" + H0C1 •* HOCV

Subsequently H0C1" is converted to OH by reaction [1]. We have also
studied the formation of HOI" and determined the rate constant of
reaction [5] as k$ = 8.7 xlO9 L-mol-1-s-1.

[5] es" + HOI -> HOI'

The final equilibrium product formed in this instance is however
12" as discussed above.
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Reaction [ 6 ] , reported for alkaline solutions (3) , has been
confirmed by our pulse radiolysis study.

H+

[6 ] es"+ CIO" * [CT + 0"] - Cl" + OH

In addition the
rate constant

he corresponding reaction [7 ] for 10" has a measured
, k7 = 8.7xlO9 L-moH-s-1 .

10" + [I0=] -

Reaction [8 ] with a rate constant kg = 9x)09 L-mol-1-s"! has been
well documented (8) and

[ 8 ] OH + 0C1" ->• 0C1 + OH"

preliminary results indicate that reaction [9] has a rate constant
kg = 6.9 x 10 T 0 L-mol-l-s-1.

[9] OH + H0C1 •* 0C1 + H20

Thus hydrogen atom abstraction by hydroxyl radical is an order of
magnitude faster than the one electron transfer from the 0C1"
anion.

A similar reaction [10] for 01" is in some doubt (4,5) and
attempts are being made to observe this reaction in basic solution.

[10] 0" + 01" -»• 01 + 0 =

(1) G.G. Jayson, B.J. Parsons and A.J. Swallow, J . Chem. Soc. Farad.
I (1973) 69, 1597.

(2) D.H. El l ison, G.A. Salmon and F. Wilkinson, Proc. R. Soc. Lond. A
(1972) 328, 23.

(3) G.V. Buxton and M.S. Subhani, J . Chem. Soc. Farad. I (1972) 68,
947.

(4) Y. Tendler and M. Faraggi, J . Chem. Phys. (1973) 58, 848,
(5) 0. Amichai and A. Treinin, J. Phys. Chem. (1970) T?. 830«

(b) Pulse Radiolysis pf Aqueous Dithiothrei to l Solutions

- A.J. E l l io t and F.C. Sopchyshyn
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A f u l l understanding of the free radical reactions involving the
sulphydryl group is necessary to unravel the role this group plays in
radiation biochemistry. Lai (6) has recently reported end-product
yields for the steady state radiolysis of aqueous solutions containing
di th io thre i to l and has derived some overall reactions to explain his
results. The stoichiometries of some of these reactions are unusual.
The present work is a pulse radiolysis study of the same system. By
following the transient intermediates the overall reaction mechanisms
leading to stable products can be more fu l l y investigated.

The d i th io thre i to l radical anion (DTT~) has been characterized at
pH = 9 by forming i t both from di th iothre i to l [(DTT = R(SH)j where
R = -CH2-(CH0H)2-CH2-)] and the oxidized forn of DTT (R'f )~by
reactions [1 ] and [2 ] respectively NS

[1] R'cu + OH •* R 'J + H,0+

[2 ] R^ + C02 ' ->• R^| + C02

The observed X^ax a t 395-400 nm is in fa i r agreement with
previously published data (7,8) but the emax of 5610-6250
L-moi-T-cm"1 is 20& to 30% larger.

The suggestion (6) that the radical, RSH, formed by dissociative
electron capture

[3 ] R'|[| + e" — > RSH + H,S

can react further to form DTT" by a fast one electron process has been
confirmed. In addition i t has been.postulated from steady-state
radiolysis experiments (6) , that NOf formed by reaction [4 ]

[ 4 ] NO" + e a " - NO;

can effect a two electron oxidation of DTT:

[ 5 ] R^||{ + NO3 + R ^ + NO + 20H"
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Our pulse radiolysis results indicate that, on a millisecond time
scale, each NO3 forms only one DTT" in a one electron process. Two
D1J~ then disproportionate to form one oxidized OTT via reaction [6].

[6] 2R<f

The one-electron reaction we observe

[7 ] NO' + R^Jj •* R( | + NÔ  + H20

cannot explain the results of the steady-state experiments.^ Other
possible mechanisms have been explore.d since the species NOf decomposes to
form NO2. We have established that NO?, prepared via [8] can also
oxidize DTT [9J.

[8] OH + NO" * N02 + OH"

[9 ] R^j] + N02 + R^| + N0~ + 2H+

However, n i t r i t e does not oxidize DTT and this again indicates a
one-electron process is occurring.

(6) M. Lai , Radiat. Phys. Chem. J5, 649 (1980).
(7) J.L. Redpath, Radiat. Research 54, 364 (1973).
(8) P.C. Chan and B.H.J. B ie lsk i , J . Amer. Chem. Soc. 95, 5504

(1973). —

(c) Two-Phase Water Radiolysis

- A.J. E l l i o t and F.C. Sopchyshyn

Deuterium (D^) and oxygen (Og) are the stable products formed
when heavy water is irradiated in the primary cooling c i rcu i t of a
CANDU system. I t is desirable to keep the oxygen concentration as low
as possible to minimize corrosion. In operating systems this is
achieved by dissolving deuterium gas in the D2O to scavenge OD
radicals (OD are precursors to Oj formation) via reaction [ 1 ] .

[1 ] OD + D2 •* D20 + D

The deuterium atoms formed can react with deuterium peroxide which is
also an oxygen precursor.
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[2] D + D 20 2 + D20 + OD

If boiling is allowed to occur within the reactor core, D2 and
0 2 will be stripped into the vapour (steam) phase. The effect of
this on the overall chemistry of the system is uncertain, particularly
at temperatures near 300°C.

The computer modelling study by Boyd, Carver, and Dixon (9) of
the radiolysis of water has been extended to include a gas space into
which the gaseous products, H2 and 0 2, can diffuse. This has been
achieved by assuming an equilibrium distribution between the liquid
and the gas phase.

C3] p i i r

[4] < q = k f/kb

p
The equilibrium constant, K^n, is calculated from the ratio of
the liquid to gas volumes ana the solubility of the gas in the liquid
phase at the given temperature.

Preliminary calculations for water irradiated at room temperature
under the assumption that all the radiation chemistry occurs in the
liquid phase, indicates that the steady state yields of hydrogen and
oxygen should be linearly dependent on the ratio of the gas to liquid
volumes.

An experimental rig suitable for thermostat ing and stirring
sealed water samples in the high radiation fields of the CRNL
Gammacell has been constructed. A procedure has been developed for
analyzing from one sample, the three stable products, oxygen, hydrogen
and hydrogen peroxide. Some non-reproducibility of t r ial peroxide
assays was encountered. Hence the thermal stability of hydrogen
peroxide-solutions subjected to freeze-pump-cycles and to elevated
temperatures ('v 75°C) for 24 hours was investigated. The
irreproducibility arises from peroxide decomposition and appears to be
associated with the previous history of the sample container. These
effects can be minimized by pre-irradiating the sample cells.

(9) A.W. Boyd, M.B. Carver and R.S. Dixon, Radiat. Phys. Chem. 15,
177 (1980).

3.2.3 Photochemical Isotope Separation

- R.D. McAlpine, D.K. Evans, H.M. Adams, and J.W. Goodale
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Multiphoton Decomposition (MPD) of Methanoi by A Pulsed CO?
Laser

Previously we have studied multiphoton absorption (MPA) (1,2) and
MPD (3,4) of various alcohols using a pulsed HF laser tuned to the -OH
stretching frequency. This particular mode has a large anharmonicity
which significantly restricts the MPA process. The CO2 laser on the
other hand, excites modes which do not have such large
anharraonicities. In addition the availability of very short pulses
with the COg laser (2-10 ns) is a powerful aid in the study of MPA
and MPD processes under collisionless conditions. This was not
possible using the CRNL HF laser which has pulse widths of 300 ns. A
MPD study of methanol using the short pulse CO2 laser has been
initiated and preliminary results using the 9 urn P(20) line with a
pulse width of 6 ns are listed in Table 3.2.3.1.

These results suggest a second order behaviour similar to that
observed for the HF laser-induced MPD of methanol (3,4). At the
lowest pressure used for the short pulse CO2 laser irradiations,
only ^0.04 collisions are occurring during the laser pulse. Hence
the absorption of photons should be free of collisionel processes, and
the second order behaviour must be associated with the decomposition
process.

Table 3.2.3.1 - Yields for various irradiations of methanol by the
CO2 9 ym P(20) line (pulse width % 6 ns). The yield Yx = (number
of product molecules x/pulse) * (initial methanol pressure)

Pressure

kPa

0.116
0.268
0.315
0.364
0.830
1.341

Number
of

Pulses

9000
700

5000
700
700
700

Radiant
Energy

mJ/Pulse

62±8
65 ±6
76±1
43

74±4
68±3

Yx(Molecules x/Pulse«kPa CH^DH)

H2 CO C2H4

9.9x lO 1 3

i . l x iO 1 4

3.3x1013
1.8x1014
4.4x1014

8.9xlO]
5.2xlO13

6.3xlO12

8.3xlO13

1.8xl0l4

2.3xlO13

2.2x10 ]3
5.9xl01 2

2.4xl0'3
5.1xlO13

4x10.12
ix lO 1 3

2.7x1013

1.3xlO13

1.9xl0l3

2x1 Ol 2
3xlO]3

3.9xlO13

6.2xlO13

8.6x1013

(1) S.I. Chin, D.K. Evans, R.D. McAlpine, F.K. McCiusky and E.B.
Selkirk, Opt. Commun. 31_, 235 (1979).

(2) R.D. McAlpine, D.K. Evans and F.K. McClusky, J . Chem. Phys.
73, 1153 (1980).

(3) TTt). McAlpine, D.K. Evans and F.K. McClusky, Chem. Phys.
37, 263 (1979).

(4) DT Anderson, R.D. McAlpine, D.K. Evans and H.A. Adams, submitted
for publication.
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(b) Short Pulse CO? Laser System

Overheating during long irradiations has caused several
breakdowns of pre-ionization capacitors and triggering electronics.
The three discharge sections have been modified to allow water
cooling. This has also reduced the drop in output energy during long
irradiations. Presumably the gain is held at a higher level since
there is better depletion of the lower lasing level.

Operation has been extended to the 9.6 urn region, where the
9P(20), 9P(24) and 9P(30) lines have been characterized. A large
improvement in contrast ratio has been achieved by use of a saturable
absorber between the oscillator and the switching crystal. There is
only a small reduction in final output energy as a result of using a
saturable absorber in this position. Output beam quality
deterioration has been reduced by replacing several NaCl Brewster
windows and careful realignment.

3.2.4 Laser Magnetic Resonance

- D.R. Smith, J.S. Geiger and J.D. Bonnett

Measurements have been made of the fractional change in FIR laser
power level caused by LMR absorption due to OH produced by the
reaction of infrared multiphoton dissociation products of SFg with
H2O. The fractional change under optimized conditions was ^ 30% and
corresponds to a total OH population in the sensitive volume of the
LMR spectrometer of % 3 x 1 0 ^ molecules. For SF5/NO mixtures
(PR-CMa-54, AECL-7156) the largest fractional change in FIR output
observed is ^ 10%. In the OH case the single pulse signal to noise is
% 7/1 and it is detector limited. A signal averager with routing
capability will be used to improve this figure.

Modifications of the FIR laser which permit side-pumping (1) have
recently been completed. Side-pumping eliminates problems with
puncturing of the Brewster membrane and also decouples the CO? pump
laser cavity from the FIR laser cavity. Preliminary tests indicate
improved laser output at long wavelengths and improved signal to
noise. Temperature stabilization of the sample section of the FIR
laser has greatly improved its tuning stability.

(1) K.M. Evenson, D.A. Jennings, F.R. Peterson, J.A. Mucha, J.J.
Jimenez, R.M. Charlton and C.J. Howard, IEEE Journal of Quantum
Flectronics, QE13, 442 (1977).

3.2.5 Volatile Molecules of Heavy Elements: Approaches to Laser Separation
of Zirconium Isotopes

- Contract Research by M.J. McGlinchey, Department of Chemistry,
McMaster University
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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, L.M. Dainty
and K.L. Gale

3.3.2 Surface Studies by X-Ray and UV Photoelectron Spectroscopy (XPS and
UPS and Work Function CnangesT

- P.R. Norton and J.W. Goodale

Nothing to report this quarter.

3.4 ISOTOPE CHEMISTRY

3.4.1 Deuterium Exchange of Fluoroform (CF3H) in Water/DMSO Mixtures

- E.A. Symons and L.A. Coderre

Measurements of the equilibrium constants Kn and K7 (with a
tritium tracer) of reactions [1] and [2] are being made for several
solvent compositions, to permit comparison of the equilibrium isotope
effect Kn/Ky with the previously determined kinetic isotope
effects k[j/kj. A preliminary value for Kp in water is 0.4.

[1 ] CF3D + HOH ?=£ CF3H + HOD

[2] CF3H(T) + HOH ̂  CF3H + HOH(T)

3.4.2 Isotopic Exchange Reactions in Protic Solvents

- J.D. Halliday and P.E. Bindner

Electrical Conductance Study of Trimethyl amine in Liquid H?S

An analysis of the data presented in PR-CMa-54, AECL-7156, to
determine the concentrations of ions in solution as a function of the
stoichiometric concentration of trimethylamine, C, is presented in
Figure 3.4.2.1.
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nay
Figure 3.4.2.1 - Dependence of Ion Concentration upon Temperature and Amount

of Trimethylamine added to Liquid H?S at; 25.0°C ( O ) .
10.0°C ( D ) , -7.2°C ( A ) , -27.5°C ( 0 ) . -45.5°C (<>) and
-72.5°C (<?)•
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The degree of dissociation, a , of a weak electrolyte may be
determined from

[1] « = A/Ae

in which A is the equivalent conductance at the concentration C and
Ae is that of the electrolyte in a completely dissociated condition
where the concentration of a single ion is Ccu The l imit ing
equivalent conductivities of the individual ions, X°, i f known, may be
used to calculate Ae. For H2S solutions of (C^^NH* and
HS~, these have not been reported. However, data are available for
these ions in aqueous solution at 25°C, where Ae[(CH3)3NH-HS] =
r(CH3) Nri + X0HS" = 47.25 + 59.15 = 106.40 cm2.fi-l .equiv-1.
A modified version of Walden's Rule (1) has been used to estimate the
fu l l y dissociated equivalent conductance Ae of (CH3)3NH-HS in
H?S from that in H?0. This modification (2) is given by equation
[2]

[2] Afi n/e = Constant

where the normal Walden product of Ag and viscosity n is divided by
the dielectric constant, e, of the solvent. This attempts to account
for the ab i l i ty of different solvent dipoles to solvate a given ion.
Values of Afi at the various temperatures required were determined by
substitution of appropriate values of n and e into equation [ 2 ] . For
( C ) HS at 25°C, Afi is 90.76 crn^ST1 -equiv"1 .

A refined value of a was obtained by iteration of equation [1]
with equation [3 ] after substituting the above value of Ae for Ao

C3] A
e

B ,̂ and B2 are defined in reference (3),
and a is the ion radius in A*. The ion concentrations in Figure
3.4.2.1 were calculated from the degree of dissociation at each
temperature for each stoichiometric concentration of

Unlike a normal weak electrolyte there is no single
representative dissociation constant for (CJ^^NH-HS in liquid
HgS over the concentration range studied. The calculated
equilibrium constant

* 1 ft = 0 . 1 nm
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increases with increasing stoichiometric concentration. This result
was predictable from the measured values of A (PR-CMa-54, AECL-7156)
since there was no well-defined Fuoss, Kraus minimum in the plots; A
increased smoothly with increacing [(CI-^^N]. This increase in A
may be explained by the assumption that other species, such as dimers
or higher aggregates, form cations, e.g. [(CH3)3N]2H+, where
the hydrogen bond is between -N-H---N-.

(1) P. Walden, H. Ul ich, and G. Busch, Z. Phys. Chem. 123, 429
(1926).

(2) J.P. Butler, H.I. Schiff, and A.R. Gordon, J. Chem. Phys. 19,
752-4 (1951).

(3) R.A. Robinson and R.H. Stokes, "Electrolyte Solutions", 2nd
Edition Revised, Butterworths, London 1970, p. 171.

(4) R.M. Fuoss and C.A. Kraus, J . Am. Chem. Soc. j>5, 2387-99 (1933).

3.4.3 D? and HP Exchange in Cyclopentylamine (CPA)

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

Kinetic runs have been completed with HD and D2 gases using the
L i , Na, K, and Cs salts of CPA as catalysts in tlie latest version of
the : t i r red gas/l iquid reactor. The KCPA and CsCPA are so effective
(perhaps comparable to the methylamide salts in methyl amine) that the
measured exchange rate constants at -68°C were not independent of
s t i r r i ng rate even at 20,000 r 'm in" ' . Mass-transfer-free data
were obtained for LiCPA and NaCPA.and in-solution rate constants were
calculated using the Dg and Hg so lub i l i ty data (PR-CMa-53,
AECL-7094). The Arrhenius activation energies for the Li and Na salts
are 30 and 25 kJ-mol~' at -20 to -50°C. These values are higher than
for the corresponding exchange reactions of LiCHA and NaCHA in
cyclohexylamine (CHA), where values of 17 and 11 kJ-mol"' were
obtained at 0°C. In both the CPA and ChA solvents the kinetic isotope
ef fect , 2knD/kp,2> fa l l s in the range 1.5-2.5. No further
experimental work is planned for this system.

3.4.4 Separation Factor for Deuterium Exchange Between Hydrogen and Heavy
Water

- J.H. Rolston and K.L. Gale

Measurements of the overall separation factor, a, between heavy
water and deuterium gas have been extended to l iquids with deuterium
atom fractions (D/D+H) between 0.50 and 0.97. Threp equi l ibr ia are
required to account for the isotopic species present in hydrogen and
water vapour (v) under these conditions.

[1 ] HD + H90(v)^=iHD0(v) + H, , K
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[2] H2 + D2 ̂  2HD

[3] H20(v) + D2O(v) ?=^ 2HD0(v)

Theoretical values of the three equilibrium constants K ,̂ Kj
and K3 were taken from the equations of Wolfsberg (1). The isotopic
fract ionation factor between water vapour and the l i qu id , av , was
calculated from the equation of van Hook (3) so that a theoretical
estimate of the overall separation factor a could be calculated.

Extensive data (104 points) have been obtained with solutions
containing an atom fraction of 0.94. These are compared with the
theoretical curve as a function of temperature in Figure 3.4.4.1. The
experimental data for temperatures between 4 and 96°C were f i t t ed by a
least squares regression to equation [4 ] where T is the absolute
temperature.

[4] Una - -0.2100 + 334,2 + 21,840

T r

Agreement between theory and experiment is excellent and approaches
that obtained for solutions with only tracer quantities of deuterium
(3).

(1) J. Bron, C.F. Chang and M. Wolfsberg, Z. Naturforsch. A, 28
129 (1973).

(2) G. Jansco and W.A. Van Hook, Chem. Rev. 74, 689 (1974). •
(3) J.H. Rolston, J. den Hartog and J.P. Butler, 0. Phys. Chem. 80,

1064 (1976).

3.5 REPORTS, PUBLICATIONS AND LECTURES

Publications

The Hydrogen-Oxygen Reaction on Metal Surfaces
- P.R. Norton
Review Chapter in "The Chemical Physics of Solid Surfaces and
Heterogeneous Catalysis", edited by D.A. King and O.P. Woodruff (in
press) (1980).
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Figure 3.4.4.1 - Temperature dependence of the separation factor between
heavy water and deuterium gas; solid line is a least squares
regression of experimental data, dashed curve is a
theoretical estimate.
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3.5.2 Patents

Method for Heavy Water Extraction from Non-Electrolytic Hydrogen
Streams Using a Combined Electrolysis and Catalytic Exchange
- M. Hammerli, J.P. Butler and R.L. LeRoy
U.S. Patent #4,225,402, 1980 September 30

3.5.3 Lectures

Laser Photochemistry at Chalk River Nuclear Laboratories
- D.K. Evans
Lumonics Research Limited, Ottawa, Ontario, 1980 November 11 and Oept.
of Chemistry, Washington University, St. Louis, Mo., 1980 November 14

Multiphoton Decomposition Studies at Chalk River Nuclear Laboratories
- D.K. Evans
Naval Research Laboratory, Washington, D.C., U.S.A., 1980 November 12

Photochemical Investigations of Multiphoton Decomposition
- D.K. Evans
National Bureau of Standards, Washington, D.C., U.S.A.,
1980 November 13

A Study of the Reactions of Triaikylamines with Hydrogen Sulphide
- J.D. Hal1iday and P.E. Bindner
Eighth Physical Organic Mini-Symposium - Poster Session, Laurentian
University, Sudbury, Ontario, 1980 October 3-5

Catalyt ic Isotopic Exchange Between Dissolved Hydrogen and Liquid
Water
- J .H. Rolston and D.E. Clegg
7th Canadian Symposium on Catalysis at 30th Canadian Engineering
Conference, Edmonton, Alberta, 1980 October 19-22

Hydroxide-Catalyzed Hydrogen Isotope Exchange Between Water and
Fluoroform (CF3H) in the DMSO/Water System: Kinetic Isotope
Effects
- E.A. Symons, M.J. Clermont and L.A. Coderre
Eighth Physical Organic Mini-Symposium - Poster Session, Laurentian
University, Sudbury, Ontario, 1980 October 3-5.
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4.2 SURFACE CHEMISTRY

.2.1 Hydrogen-Induced Cracking of Zirconium Alloys

- B. Cox and V.C. Ling (with C.E. Coleman, Metallurgical Engineering
Branch).

Further experiments with double cantilever beam (DCB) specimens
of Zr-2.5 wt% Nb alloy have shown no pressure dependence for the
velocity versus stress intensity (V-K) curve for cracking in hydrogen
gas over the pressure range 10-100 kPa (0.1-1 atm) at room temperature.
The Stage II (plateau) velocities are ^ 4 x 10"6 m.s"1 and the critical
stress intensities (Kiu) % 14 MPa/n in all instances. This is contrary
to the results of Nelson et ai., who claim a P* dependence of the
Stage II velocity for both Zircaloy-2 [1] and Ti-5Al-2.5Sn [2], and an
increase in Kju with decreasing hydrogen pressure.

A clue to the reason for this discrepancy came from a test at
1 kPa (0.01 atm). The specimen showed a long incubation time when
hydrogen was admitted, unlike the short incubation times at higher
pressures of only a few minutes. Eventually, cracking was initiated by
increasing the hydrogen pressure to 10 kPa (0.1 atm) until acoustic
emission signals started, and then returning the pressure immediately
to 1 kPa. Once initiated, the cracking proceeded with a Stage II
velocity of ^ 1.6 x 10"6m.s"', and decayed to an apparent Kj H value of
22 MPa>^). An increase in hydrogen pressure to 10 kPa, after cracking
had apparently stopped, caused an immediate restart of the cracking
process, but this cracking stopped again when the pressure was returned
to 1 kPa. It is known from early work on the effect of trace contami-
nants on hydrogen uptake by zirconium alloys [3,4] that traces of
moisture (HoiHoO ratio < 105) or oxygen are sufficient to inhibit hydrogen
uptake at 300-400°C. It was suspected that trace contaminants in our
vacuum system were sufficient to cause inhibition when the hydrogen
pressure was 1 kPa. An analysis of the gas from an experiment at 10 kPa
(0.1 atm) showed no detectable oxygen (< 0.01 vo1%) and % 0.01 vol%
water vapour. Unfortunately, the gas sample from the experiment at 1 kPa
was destroyed. However, if the water content of the 10 kPa sample
represents background contamination then with one-tenth the hydrogen
pressure the water vapour might have been 0.1% by volume. This should
be enough to inhibit cracking at room temperature.

To test this hypothesis, a further specimen was cracked at 10 kPa
(0.1 atm). Once the Stage II plateau in crack velocity was attained,
deliberate additions of oxygen were made to the system. Cracking in
this specimen has now been arrested and restarted twice by small addi-
tions of oxygen, followed by evacuation and refilling with hydrogen, and
gas samples have been taken. Unfortunately, there has again been diffi-
culty in analyzing these, but one of them showed a level of 0.1 vol%
oxygen for an addition which was just able to suppress cracking. Since
oxygen and water vapour are probably similar in their influence on
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inhib i t ion of hydrogen uptake, this confirms the previous conclusion
about the 1 kPa experiment. After small additions of oxygen were made
to the system, an interval was observed during which the velocity of
cracking was reduced but the crack was not completely arrested. Such
an effect could account for Nelson's P* velocity dependence i f they
were working with higher levels of contamination in the system. An
examination of their experimental technique shows that they were only
able to achieve a vacuum of ^ 10"2 pa (10~4 tor r ) compared with our
^ 10-4 Pa (10~6 t o r r ) , and that they used gas with 100 v.p.m. oxidizing
impurities compared with our high purity hydrogen (< 20 v.p.m. oxidizing
impuri t ies).

Thus, i t appears that the pi dependence of the crack velocity
in hydrogen claimed for both Zircaloy-2 and Ti-5Al-2.5Sn is probably a
ref lect ion of increasing inhibi t ion by oxidizing impurit ies, which
represent an increasing volume fraction of the gas in the apparatus
used by Nelson et a l . as the total pressure in their system is reduced.
The impurity levels in their system seem to be just about in the c r i t i c -
al range for such effects based on the stated experimental technique.
Our results suggest that a pressure dependence would not have been
observed i f purer hydrogen had been present in their equipment. Their
experimental f i t to P̂  was in any case poor and no particular s i gn i f i -
cance should be attached to i t . I t seems probable that a similar
explanation can account for claims to see an inhib i t ion of hydrogen
uptake by small helium additions, and effects of "old t r i t ium" which
have been widely reported [ 5 ] , but for which no adequate controls on
gas purity were maintained or analyses done.

[1 ] H.G. Nelson and H.F. Wachob, Electric Power Research Inst .
Report EPRI-NP-717 (March 1978) pp.6-1 to 6-12.

[2 ] D.P. Williams and H.G. Nelson, Met. Trans., 1972, 3^ 2107.
[3 ] R.F. Boyle and T.J. K i s ie l , U.S.A.E.C. Report, Bettis Technical

Review, WAPD-BT-10, (1958), pp.31-48.
[4 ] D.F. Shannon, U.S.A.E.C. Report, HW-76562 (1963); and Corrosion,

1963, I £ , 416t.
[ 5 ] R.S. Carlson, Proc. of Conf. on Radiation Effects and Trit ium

Technology for Fusion Reactors, AEC-Conf-750988 (October 1975),
Vol.IV; and other reports with l imited d is t r ibu t ion.

4.2.2 Protective Coatings for Zircaloy Fuel Sheaths

- N. Ramasubramanian

Test samples, 10 cm in length, were cut from standard Zircaloy-2
fuel sheath tubing. From a Zircaloy-4 tube, which f i t t ed snugly over
the Zircaloy-2 tubing, rings 3 mm in width were cut. A Zircaloy-4 ring
was welded at the halfway mark on each Zircaloy-2 test sample. This
procedure resulted in a heat-treated zone, about 2 cm in length, at the
welded area. The samples were mechanically polished and then pickled.



A thin coating, %0.7 pm thick, of Chromel-A (80% Ni and 20% Cr) was
sputter-deposited on the outside surface of a set of samples. For
oxidation at a selected set of conditions a coated tube was paired with
an uncoated tube.

When exposed to steam at 10 MPa and 773 K for 30 h, the results
obtained were as follows: (a) the uncoated tubes were almost completely
oxidized and were greyish-white in color except the middle heat-treated
zones which were shiny black. The tubes were b r i t t l e and cracked when
portions were cut for optical microscopy. The greyish-white oxide was
2 x 10~2 cm th ick; (b) in the case of the coated tubes, the outside
surface carrying the Ni-Cr deposit showed interference colors and the
inside surface was greyish-white, excepting the middle heat-treated
zone which was shiny black. The interference colors on the Ni-Cr
deposit did not change with time of oxidation. The tubes were b r i t t l e
and cracked when portions were cut for optical microscopy. The
zirconium oxide under the Ni-Cr deposit was only 4 x 10"" cm thick;
whereas the greyish-white oxide on the inside surface of the tube was
2 x 10"2 cm thick, similar to that observed with the uncoated tubes.
The unoxidized alloy le f t in both the coated and uncoated tubes, showed
extensive hydriding, which could be related to the corrosion-produced
hydrogen. Thus, the Ni-Cr sputtered deposit had lowered the high
temperature oxidation in high pressure steam by a factor of about 50.

In another experiment, pairs of coated and uncoated samples were
oxidized in aqueous LiOH solution (pH=10) at 573 K to a total of 1000 h.
Prior to start ing the experiment, hydrogen was bubbled through the
solution and the autoclave was pressurized with hydrogen to 1.3 MPa
during the test . Portions were cut from the samples for optical
microscopy and i t was observed that the tubes were not b r i t t l e to cut.
In the case of the uncoated tubes, the oxide was 1 urn thick. The same
was true for the coated tubes also; the outside surface carrying the
Ni-Cr deposit and the inside surface had oxidized nearly to the same
extent and the zirconia was 1 ym thick. The Ni-Cr deposit i t se l f showed
interference colors which did not change with time of oxidation.
However, the unoxidized core of the alloy in the coated tube showed a
much higher extent of hydriding than that in the uncoated tube-, th is
was probably caused by the presence of gaseous hydrogen in the
oxidizing environment and nickel in the sputtered deposit.

The following tentative conclusions were arrived at from these
preliminary experiments. The sputtered Ni-Cr deposit does not prevent
the access of oxidant to the underlying alloy and the oxidation of the
al loy proceeds normally in the i n i t i a l stages. The Ni-Cr deposit i t se l f
is le f t almost unoxidized; only a thin oxide layer showing interference
colors is formed on i t s surface. When the zirconia is a. 2 urn thick the
presence of the Ni-Cr deposit drast ical ly reduces further oxidation of
the al loy. Since this thickness corresponds to that at which a rate
transi t ion to fast oxidation is generally observed with Zircaloy-2 the
effect of the sputtered deposit seems to be related to the mechanical
properties of the zirconia f i lm . The nickel in the deposit leads to
additional hydriding in pH 10 LiOH in the presence of dissolved
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hydrogen. Thin protective coatings thus seem to be promising, and
sputtering is a satisfactory means of depositing them. Future
experiments will be directed towards finding a material which lowers
the oxidation rate but does not contribute to additional hydriding.

4.3 ELECTRON MICROSCOPY

4.3.1 Crystallographic Relationships between ct-Zr (IOTP) and its Oxide

- R.A. Ploc

Further to Section 4.3.1, PR-CMa-53 (AECL-7094), i t has been
found that the crystallographic relationship is between the metal and
oxide grown anodically on a-Zr (lOTo) is different from that of
thermally formed oxide. For the anodic case, there is a primarily

(T01)[010]//(1010)[0001]

relationship and a secondary of

valid for both the cubic and monoclinic phases.

For the case of thermal oxidation, the picture is considerably
more complex and is s t i l l being analyzed. To date, i t has been found
that the primary orientational relationship mentioned above is s t i l l
present but the oxide crystallites seem to be variously t i l ted by up to
approximately 30° about the (010) pole ( i .e . direction parallel to the
c-axis of thea-Zr). Further, three-dimensional sectioning of the
oxide reciprocal lattice clearly shows that other oxide/metal orienta-
tions are present but these are yet to be delineated.

4.3.2 Computer Program STEREO
- R.A. Ploc

While investigating the previously mentioned oxide/metal
crystallographic relationships, considerable use has been made of the
computer program STEREO (AECL-3741). On many occasions, i t was
discovered that inadequate coding prevented generation of suitable
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stereographic projections. This necessitated a major rewriting with
numerous additions being made to the program. Plotted data produced
previously have not been incorrect. Al l major changes and additions
have been made, tested and a new version of the program put on
permanent f i l e .

4.3.3 Displacement Damage Cascades in T i , Hf and Zr

- O.T. Woo and G.J.C. Carpenter

To continue the study of displacement damage cascades in T i , Hf
and Zr, described in Section 4.3.4, Pr-CMa-50 (AECL-6689), annealed Ti
specimens, cut in three orientations from rolled plate, have been
bombarded with 50 keV B i + + ions to doses of 1.0 x 1016 ions/m2 using
the mass separator. Transmission electron microscopy revealed small
vacancy loops within the size range 2 to 8 nm. Contrast experiments
using the 0002 ref lect ion showed that these loops did not have <c>-
component Burgers vectors, suggesting that their formation is due to
the collapse of cascades on the prismatic planes. More analysis is in
progress.

4.3.4 A Study of Precipitat ion in Zirconium-Tin Alloys

- G.J.C. Carpenter, E.F. Ibrahim (Metallurgical Engineering Branch), and
J.F. Watters

According to the generally-accepted phase diagram for the binary
Zr-Sn al loy system, a good potential was anticipated for dispersion
strengthening, which could have been useful for reactor applications.
For example, the phase diagram predicts a large volume fraction (^ 15%)
of the intermetall ic Z^Sn in a Zr-5% Sn alloy in equilibrium at
775 K. Other at tract ive features of these alloys are their re lat ively
low neutron capture cross-sections and the potential for f lex ib le
control of microstructure through solution treatment in either the high
temperature a- or B-phase f ie lds .

Extensive studies of the precipitation behaviour of Zr-Sn have
therefore been carried out using the following materials: (a) high-
puri ty laboratory melts containing 1.5, 5, 7 and 9% Sn, and (b) a
commercial-purity al loy containing 8% Sn. The investigation has involved
the use of transmission and scanning electron microscopy, optical
microscopy, hardness measurements and X-ray analysis. L i t t l e or no
precipi tat ion response has been observed under al l conditions of normal
aging for up to 1000 h at temperatures in the range 700 K to 1000 K
following solution annealing in either the a- or s-phases.

The only observations of signif icant precipitat ion were in the
Zr-8% Sn alloy in which recrystal l izat ion was induced by aging material
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that had been S-quenched and then cold-worked. In these cases,
precipitat ion occurred in a discontinuous manner at the grain
boundaries during recrysta l l izat ion. However, the maximum volume
fract ion was more than an order of magnitude lower than expected from
the phase diagram. No evidence for phase decomposition was observed in
Zr-5% Sn after comparable recrystal l izat ion treatments.

I t is therefore concluded that the solvus l ine for the a-Zr(Sn)
sol id solution in the phase diagram is probably incorrect and the
so lub i l i t y of t i n is higher than previously believed. In addition, i t
is evident that the diffusional kinetics for precipitat ion are very
sluggish and the potential for strengthening by thermal aging is poor.
This work is being prepared for publication.

4.4 METAL PHYSICS

4.4.1 Irradiat ion Creep and Growth in Zirconium

- S.R. MacEwen

(a) NRX Test Programme

Irradiat ion growth experiment RX-60D remains inoperative, in the
NRX storage block, due to the unavailabil i ty of a fast neutron rod.

(b) LAMPF

The irradiat ion growth r ig for the LAMPF experiment has been
completely assembled and bench tested. I t , and the pressure and
temperature gauges required for the experiment, w i l l be shipped to Los
Alamos early in January.

(c) Theoretical Calculations

Following discussions with H. Wiedersich at the Argonne National
Laboratory, our model for irradiation-enhanced segregation is being
modified to include a solute-depleted region adjacent to second phase
part ic les.

(d) Torsional Irradiat ion Creep

A torsional creep r ig in a 21 MeV deuteron beam at the Argonne
National Laboratory has been used to investigate irradiation-enhanced
creep in a specimen of Zircaloy-2. Table 4.4.1.1 l i s t s the experimental
conditions. The three periods of i rradiat ion were each of about 5 h in
duration, while the pre-irradiat ion and post-irradiation tests lasted
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for up to 48 h. Data were recorded (printed) on a paper tape at
intervals of 60 s; these are currently being transferred to a HP 45B
desktop computer for analysis.

TABLE 4.4.1.1

Experimental Conditions for Argonne Creep Experiment

TEMPERATURE (K)

360
360
360
315
360
560
560
515
560
360
360
315
360

STRESS (MPa)

200
100
100
100
100
50
50
50
50
50
50
50
50

DEUTERON BEAM

OFF
OFF
ON
OFF
OFF
OFF
ON
OFF
OFF
OFF
ON
OFF
OFF

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

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

This report is primarily concerned with the correlation of
results from experiments on zirconium using 100 keV neon ions with
those from fission neutron irradiation. For neutron and 100 keV neon
ion irradiations the defect densities and dimensions of the neutron and
ion damage cascades are quite different. The ion damage cascade will
extend along the trajectory of the neon ion whose range -v 100 nm [1]
will be a measure of the longitudinal dimension of the cascade. For
100 keV neon ions, the transverse dimension of the cascade is about 85%
of its longitudinal dimension [2] leading to a low defect density,
cylindrical cascade. The situation is quite different in the case of
fission neutron irradiation where the cascades are localized and are of
high defect density. These differences are schematically illustrated
in Figure 4.4.2.1 and are tabulated in Table 4.4.2.1. It is reasonable
to expect more direct recombination of vacancies and displaced atoms
during de-excitation of the neutron damage cascade as, from Table
4.4.2.1, it has a defect density <v 10^ times that of the ion damage
cascade.
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1.6 x 10-5 FRENKEL PAIRS/ATOM 2 . 5 X 10 "2 FRENKEL PAIRS/ATOM

Figure 4.4.2.7 Comparison of the size and shape of 100 keV neon
ion and f ission neutron damage cascades.



TABLE 4.4.2.1 COMPARISON OF NEUTRON AND ION DAMAGE PARAMETERS IN Zr

100 keV neon ion

i fission neutron
! B>0.) NeV

DAMAGE
ENERGY
(keV)

40.12

AVERAGE
PKO ENERGY

(keV)

AVERAGE NUMBER
OF DISPLACED ATOMS

PER CASCADE*

18.95+

401

136+

NUMBER OF
CASCADES
(cm-3)

CASCADE DIMENSIONS
DEFECT DENSITY

LONGITUDINAL TRANSVERSE FRENKEL PAIRS/ATOM
(nm) (nm)

100++

;5.7 x 10"28N * +o n 6.2+

85 1.6 x 10-5

6.2+ 2.5 x TO-2

NQ = 4.32 x 1 0 " Zr atoms cm-
3

+ Reference [5]

++ Reference [1]

» = neutron flux

*Ed = 40 eV [6] the displacement threshold in Zr averaged over solid angle.

PKO = primary knock-on
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Several attempts have been made to estimate the amount of this
recombination which depends on the i n i t i a l size, shape and defect
density of the cascade. Both Altovskii [3 ] and Foreman [4 ] have
independently performed computer calculations of the direct recombina-
t ion of defects in a cascade using diffusion theory rather than a
detailed atomic model. Altovskii concludes that 90% of the Frenkel pairs
recombine in neutron irradiated Au for which E,j = 25 eV and the average
primary knock-on energy is 10 keV. Foreman's calculations conclude that
recombination is dependent on N v̂ where v is the i n i t i a l vacancy
density of the cascade and N is proportional to the i n i t i a l spread of
the vacancies. For the cascades described in Table 4 .4 .2 .1 , with N
taken as the width of the cascade,

^ n e u t r o n = &? x 2 ' 5 x 1 0"2 - 8.3

(N 2v) i o n (850)2 x 1.6 x 10"5

so that , from Foreman's model, recombination in the defect-rich f ission
neutron cascade is 8.3 times that in the 100 keV neon ion cascade. The
neutron and ion fluences that are therefore required to generate the
same number of displacements per atom are, from Table 4 .4 .2 .1 , given b>

8.3 x 136 x 5.7 x 10"28 x 4.32 x 1022 $n = 401 $.Qn

from which

$n = 1.44 x 104 $ i o n

This correlation factor is being used in the analysis of the
cantilever beam results described in PR-CMa-54 (AECL-7156).

[1 ] H.E. Schicftt, Rad. Effects. (1970), £ , 107.
[ 2 ] K.8. Winterbon, 1975 Ion Implantation Range and Energy Deposi-

t ion Distr ibutions - Vol.2 - Low Incident Ion Energies [Plenum
Press].

[3] I.V. Altovskii, Rad. Effects, (1973) ]7_, 275.
[4] A.J.E. Foreman, Rad. Effects, (1974) 21, 81.
[5] C.H. Woo (1978) Atomic Energy of CanaBT Limited Report AECL-

6189.
[6] C.A. Coulter and D.M. Parkin, J. Nucl. Mat. 95 (1980) 193.
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4.4.3 In-Reactor Stress Relaxation of Zirconium Alljys at 320 K

- G.J.C. Carpenter and A.R. Causey (Metallurgical Engineering Branch)

The results of in-reactor stress relaxation tests using simple
binary zirconium alloys are summarized in an internal report.

4.4.4 Effects of 1 MeV Electron Irradiation on NiqAl and Zr-̂ Al

- G.J.C. Carpenter

The behaviour of ordered intermetallic compounds under
irradiation is of interest because:

(a) changes in the degree of order during irradiation provide a
monitor for the damage and recovery processes,

(b) intermetallics belong to an important class of materials that
contain large concentrations of alloying elements, and

(c) these compounds are often employed in alloys to give strengthen-
ing and have potential applications as high temperature
materials.

(VH3AI is a strongly ordered intermetallic compound with the same
crystal structure as Z^Al and is an important constituent o~ "the
superalloys". Its response to electron irradiation at varic . tempera-
tures has been studied and compared with 2>A1

This work was carried out using the high voltage electron
microscope at AERE, Harwell. A summary of preliminary results has been
given previously in PR-CMa-44 (AECL-6169), Section 4.3.2. More detailed
studies have defined the stages of disordering behaviour more precisely;
these are shown in Figure 4.4.4.1, which includes data on Z^Al for
comparison. The three stages are defined as follows: I - complete
disordering at doses of the order of 0.5 to 1 dpa; I I - formation of a
steady-state in which irradiation-induced disordering is balanced by
re-ordering, and I I I - negligible disordering.

An important resuU from thes^ experiments is that ^
shows stage I I behaviour at temperatures too low for significant
vacancy diffusion. This suggests that interst i t ial migration is able to
cause re-ordering; i t has generally been assumed that only vacancy
migration is effective for restoring order.

In Zr3Al, none of the usuai dislocation loop structures are
formed during electron irradiation at temperatures up to 775 K. In
contrast, W3AI behaves in a similar manner to the common fee materials
such as stainless steels and nickel-based alloys, forming faulted
dislocation loops with a/3<111> Burgers vectors, which unfault during
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Figure 4.4.4.1 Approximate temperature ranges of the three stages
of disordering behaviour of Ni3Al and Z^Al. The transition
temperature between stages II and III for Z^Al has
not been established.
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growth. The subsequent formation of voids at high temperatures and
doses is also characteristic of fee metals. The absence of such
features in Z^Al indicates that the vacancies and/or interstitials
have low mobility to quite high temperatures. There is evidence that
vacancy diffusion does not occur readily in Z^Al from its high
recrystall ization temperature. However, the absence of reeHily observable
interstitial dislocation loops suggests that the interstitials are also
rather immobile. This is probably due to strong interstitial trapping
by the aluminum atoms which are present in a high concentration and are
significantly smaller than the zirconium atoms. Similar behaviour would
not be expected in I^Al, where the size mismatch of the component
elements is reversed. These results are being prepared for publication.

4.4.5 Mechanical Testing

- S.R. MacEwen, T.P. Trottier and J.F. Mecke

(a) Bauschinger Effect

The work on the Bauschinger effect described in PR-CMa-52,53,54
(AECL-6966,-7094,-7156) has been written up (with C.E. Ells [Metallur-
gical Engineering Branch] and O.T. Woo a. co-authors) and submitted to
the Journal of Nuclear Materials far publication.

(b) High-Temperature Defcmati jn of Zr- i .5 wt% Nb

Experimental work on this project (Contract #82321) has stopped
as a result of a problem with the mini-computer of the computerized
Instron. The preliminary resul ts, described in PR-CMa-54 (AECL-7156)
have been written up and are published as Ontario Hydro report
#80-438-K.

(c) MTS Alpha System

The MTS Alpha System arrived at CRNL October 31, and is now
operational. Software is being developed which will allow the operator
to select at will from among constant strain rate, constant load
(creep) and constant strain (stress relaxation) modas of deformation
from the computer console.

4.4.6 Positron Annihilation Spectroscopy (PAS)

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

(a) Phase Transformation Effects

An experimental assembly designed to examine phase transformation
effects on positron annihilation and diffusion in Ir has been success-
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fully tested close to the required operating temperature and under the
required operating conditions.

(b) Positron-Vacancy Interactions

As part of a general scheme to study the details of positron-
vacancy interactions and their influence on the evaluation of vacancy
formation energies from data from PAS, single crystals of Au are being
prepared for studies of quenched-in vacancies by PAS.

4.4.7 Diffusion Studies

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

Work is underway to study "slow diffusors" in a-Zr, Currently,
the diffusion of Ti in a-Zr is in hand. These studies should be
invaluable in testing further the size-effect/defect relationships
evolved from previous work [1] and in improving present assessments of
the vacancy defect properties of o-Zr [2].

[1] G.M. Hood, J. Phys. F. 8, 1677 (1978).
[2] G.M. Hood, J. Nucl. Mater, (in press).

4.5 PUBLICATIONS. LECT'JRLJ & REPORTS

4.5.1 Papers & Publications

IRRADIATION GROWTH OF ZIRCONIUM SINGLE CRYSTALS
- G.J.C. Carpenter, R.A. Murgatroyd, A. Rogerson, and J.F. Watters
Submitted to the Journal of Nuclear Materials.

THE LATTICE PARAMETER OF CUBIC ZrO2 FORMED ON ZIRCONIUM
- R.A. Ploc
To be published in the Journal of Nuclear Materials.

THE BAUSCHINGER EFFECT IN ZIRCALOY-2
- S.R. MacEwen, O.T. Woo and C.E. Ells
Submitted to J . Nucl. Mat.
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4.5.2 Lectures

4.S.3

EFFECT OF THE AQUEOUS ENVIRONMENT DURING THE INITIAL STAGES OF OXIDE
GROWTH ON ZIRCALOY-2 AT 573 K.
- N. Ramasubramanian
Presented at the 158th Electrochemical Society Meeting, Florida, 1980
October 5-10.

IRRADIATION GROWTH OF ZIRCONIUM SINGLE CRYSTALS
- G.J.C. Carpenter, J.F. Watters, R.A. Murgatroyd and A. Rogerson.
Presented at the Metals Society Fall Meeting, Pittsburgh, Pa., 1980
October 5-9.

THE BAUSCHINGER EFFECT IN ZIRCALOY-2
- S.R. MacEwen
Presented at the Argonne National Laboratory, 1980 November 13.

ANALYSIS OF THE ELONGATION OF FUEL CHANNELS IN CANDU REACTORS
- S.R. MacEwen and A.R. Causey (Invited paper).
RELEVANCE OF ZIRCONIUM ALLOY CORROSION TO THE OPERATION OF REACTORS
- B. Cox (Invited paper).
Presented at the ASM Seminar "Fabrication and Application of Zr and Ti
Alloys", McMaster University, 1980 November 27.

AECl RESEARCH PROGRAMMES IN MATERIALS SCIENCE
- B. lux, R. Dutton, T.A. Eastwood and I.V. Mitchell
AECL-7100 (1980).

ANALYTICAL ELECTRON MICROSCOPY
- R.A. Ploc
Unpublished Atomic Energy of Canada Limited,
Report AECL-MISC-193 (1980).
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