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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

By a combination of electrostatic and magnetic deflection it has been
possible to examine the yield of ions scattered through 180° from the surface
region of a variety of solid targets. The yield of scattered particles is
enhanced as much as two-fold over the familiar elastic scattering intensity.
This has nothing to do with the scattering amplitude variations nor with
channeling effects. Rather, the effect arises from trajectory reversi-
bility. A narked depth dependence is revealed in measurements (a) of the
integrated scattering from oxide layers grown to varying thickness on
(aligned) single crystals and (b) of the scattering from heavy atoms
implanted to variable depth in low or medium atomic weight host material. By
these techniques the role of the 180° scattering collision event and of the
very small angle multiple collision events along the inward and outward
trajectories may be examined.

Very good progress has been made in establishing a basis for quanti-
tative assay of multiple vacancy clusters around single solute atoms in
dilute alloys. The method of channeled-ion triangulation reveals the
existence of 3-, 4- and 6-vacancy clusters through the characteristic
symmetry of each. These defects are produced by He ion irradiation at 35 K
temperatures to create a reservoir of vacancies which are then released by
raising the crystal temperature to 70 K. Preliminary evidence shows that as
the irradiation fluence is increased, i.e. the total number of vacancies is
increased, the multiplicity of vacancies trapped at solute atoms also
increases.

Isotope Separation

a) Catalysed Chemical Exchange

A used uranium isotope mass spectrometer has been purchased and
instal led. After recommissioning and upgrading (improved electronics,
magnetic f ie ld scan, e tc . ) , the instrument should provide high precision
isotope analysis of heavy elements such as zirconium and uranium, in future
studies of isotope separation processes.

b) Photochemical Isotope Separation

HF laser-induced decomposition of 2,2,2-trifluoroethanol has been
studied as a function of laser fluence. The average number of photons
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absorbed per molecule indicates that, at a fluence near 100 J/cm^, the
absorbed laser energy is spread over molecules outside the irradiation zone
by collisionai energy transfer processes. Such results aid in understanding
the photochemical efficiency and isotopic selectivity of laser induced
processes.

When 2 ns CO? laser pulses are used to photolyse fluoroform, there
is a novel change in the fluence dependence of the absorption cross section,
above 1 J/cm<-. This is not yet understood and should yield further
insight into the mechanism of multiphoton absorption.

Surface Chemistry

The oxidation of carbon monoxide adsorbed on the (111) crystal face of
platinum has been investigated further. The reaction was studied by
measuring the change in work function as functions of CO coverage, tempera-
ture and oxygen exposure. The influence of islands of adsorbed CO was
clearly evident under the conditions studied. The influence of surface
steps on the crystal face upon the coexistence of adsorbed 0 and CO was also
evident in a comparison of the present results and those from an earlier
study.

Analytical Chemistry

W« have determined that the operation of our D/H mass spectrometers
can be improved by replacing existing vacuum pumping systems with turbo-
molecular pumping systems. There has been a common belief that hydrogen
could not be pumped adequately with turbo-molecular pumps, but this has been
shown to be unfounded. With the new pumping system the HD+ background is
reduced five-fold; startup from an atmosphere of argon is simple and the
pump-down is rapid; less frequent calibration is required because the pumping
of hydrogen is smooth and there is less drifting with time. We have
recommended that existing pumping systems on D/H mass spectrometers at the
heavy water plants be converted to turbo-molecular systems.

Three iodine species, I", IO3-, and IO4-, have been success-
fully separated and detected in aqueous solutions in the course of iodine
speciation studies. These studies are part of an intradivisional program on
the chemical behaviour of iodine under conditions which might exist following
a hypothetical reactor accident. Two other species, 10" and 102",
also may be determined if the kinetics of disproportionation permit chromato-
graphy to be done.
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Materials Science

It has been shown that the occurrence of groups of grains with
preferentially tangential basal poles serves to locate any radial hydrides at
the inside surface of Zircaloy fuel cladding, but does not make any
additional contribution to the susceptibility of the cladding to iodine
induced stress corrosion cracking.

The orientation relationships between oxide and metal on the (0001),
(11Z0) and (lOlO) planes of zirconium single crystals show a different
relationship for each of the principal planes. Thus it appears that there
is no (single) epitaxial relationship between the oxide formed on zirconium
and the underlying metal. A number of relationships appear to be possible
depending on the metal orientation, and it may be that other zirconium planes
will show additional relationships.

Further studies in the High Voltage Electron Microscope at AERE,
Harwell confirm that electron irradiation produces only interstitial loops,
and does not introduce <c>-component dislocations in zirconium, despite
reports from elsewhere to the contrary. Contradictory results seem to be
caused by oxidation of the specimens in a microscope with a poor vacuum, and
probably derive from oxidation induced stresses in the specimens.

The improvement of the microtome to the point where layers of a
ductile metal (zirconium) down to 70 nm can be reproducibly removed repre-
sents an achievement not known to have been duplicated elsewhere. Ductile
metals which gall badly (p.g. Ti and Zr) are particularly difficult to
section in this manner.
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Page

1.1 STAFF 3

1.2 ION PENETRATION 4

1.2.1 Charge itate Distributions of Heavy Ions Emergent from 4
Thin Foils: The Zj-Dependence for Al Foils (Z2 = 13)

1.2.2 The Charge State Equilibrium Distance for Phosphorus 4
Ions in Carbon

1.2.3 Stopping Powers Determined by Time-of-Flight 5
Measurements ,.

1.2.4 Thickness Measurements of Thin Films
1.2.5 Stopping Powers 6
1.2.6 Search for Hg K-X-rays in Coincidence with Fission 7

Fragments Produced by 12C Bombardment of Tungsten
1.2.7 The Lifetime of the 1.04 MeV, 0 + Level in 18F 7

1.3 SURFACE PHENOMENA

1.3.1 Surface Studies of Monocrystailine Pt
1.3M> An investigation of the Anomalous 180° Rutherford

Backscattering Yield

1.4 RADIATION DAMAGE 10

1.4.1 Heavy Ion Sputtering of Thin Films of Au 10
1.4.2 Features of Collision Cascades in Silicon as Determined 10

by Transmission Electron Microscopy
1.4.3 Collision Cascades in Ge 12
1.4.4 Channeling Analysis of Vacancy Trapping in 12

Al-0.04 at% Sn and Al-0.02 at% In Crystals
1.4.5 Defect Trapping by B Atoms in Laser-Annealed Si 15
1.4.6 Primary Recoil vs. Cascade Mixing 17
1.4.7 The Magnetization of Thin Gadolinium Foils 17
1.4.8 Preservation of Nuclear Alignment Using a Quadrupolar 17

Holding Field



- 2 -

1.ri C3KPU1ATI0N3 18

1.5.1 Scattering of keV Hydrogen and Helium Ions from Oxide 18
Covered Surfaces

1.6 ACCELERATOR OPERATION 18

1.6.1 High Voltage Mass Separator 18
1.6.2 2.5 MV Van de Graaff 20

1.7 PUBLICATIONS, REPORTS AND LECTURES 20

1.7.1 Publications 20
1.7.2 Lectures 21



- 3 -

SOLID STATE SCIENCE BRANCH

1.1 STAFF

Branch Head I.V. Mitchell
Secretary Miss D. McConnell

Professional Staff Technical Staff

J.A. Davies G.R. Bell avance
B. Dubé (1) J. Lori
W. Eckstein (2) D. Phillips

L.M. Howe H.H. Plattner
T.E. Jackman (3) A.F. Quenneville
O.P. Jackson M.H. Rainville
W.N. Lennard G.A. Sims
J.A. Moore (4) C.W. Sitter

J.P.S. Pringle D.A.S. Walker
D.C. Santry R.D. Werner

D. Stevanovic (5) O.M. Westcott
M.L. Swanson

Shop Laboratory Services

D. Dixon L.I. Gravel ine
B.H. McGilvray W.M. Hartwick

J.H. Hewitt

(1) National Summer Student, commenced 1980 May 6
(2) Visiting Scientist, commenced 1980 May 15
(3) NRC Postdoctoral Fellow, commenced 1980 January 2
(4) Attached Staff, arrived 1980 April 28
(5) Attached Staff, left 1980 May 9
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1.2 ION PENETRATION

1.2.1 Charge State Distributions of Heavy Ions Emergent from Thin Foils: The
Z]-Dependence for Al Foils (Z2 = 13)

- W.N. Lennard, T.E. Jackman and D. Phillips

We t, ve measured the post-foil charge state distributions for 16
projectiles (5 ± Z: ± 26) emerging from thin (-v- 20 pg-cm"

2) Al foils
under clean vacuum conditions using a cryogenic shield enveloping the
target. The mean charge, q, at v ^ v0 is observed to differ markedly
from the values obtained using C foils (PR-CMa-52; section 1.2.1;
AECL-6966). The broad peak observed at Zl = 15 in carbon is not pre-
sent in Al; indeed, there is no gross structure in the q(Z1) values.
We observe that q(Zi) in Al increases rather smoothly with z'i. Further
study is continuing to determine if these results are consistent with
an interpretation based on projectile inner-shell vacancy fractions
within solids.

1.2.2 The Charge State Equilibrium Distance for Phosphorus Ions in Carbon

- W.N. Lennard, T.E. Jackman and D. Phillips

The mean charge, q, for 31P ions emerging from foils is a sensi-
tive function of the foil material. At v = v0, q for

 31P •+ C exceeds
the value for 31P •* Al by one unit of charge. We have used this dif-
ference to measure the equilibrium thickness of carbon that is neces-
sary to produce charge state equilibrium on a 31P projectile beam.
Commencing with an initially clean Al target, we have bombarded the
target with a 31P ion be'am in a modest vacuum, thereby producing on the
back surface of the Al a C film whose thickness increases with bombard-
ment time. We then measured emergent q-values as a function of time.
Initially, q was characteristic of Al; after % 5 h, q was approaching a
value characteristic of C. Me have fitted a curve to the data with a
time constant that represents the C layer deposition rate. The C
thickness was determined after 31P bombardment using He î n backseat-
tering analysis. From the same backscattering spectrum we were able to
establish that no significant amounts of N or 0 were incorporated into
the growth layers. We obtain an equilibrium distance, x,,. of 0.90 ±
0.16 yg-cm"2, representing a distance of ^''r.imn. Our result is con-
sistent with other work (1) which suggests that xro < 2 |jg>cm~

2 for low
velocity heavy ions emerging from carbon targets.

(1) J. Heinemeier, P. Hvelplund, J.O. Olsen an̂ i C.R. Simpson, Physica
Scripta _10, 304 (1974).
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1.2.3 Stopping Powers Determined by Tiwe-of-Flight Measurements

- W.N. Lennard, I.V. Mitchell, D. Phillips, and B. Dube, in collabora-
tion with H.R. Andrews, D. Ward and N. Rud (Nuclear Physics Branch)

We have constructed a time-of-flight system using channel plate
aetectors to measure stopping powers for heavy ions in thin foils. The
apparatus is similar to that described by Ward et al. (1).

Currently, measurements are in progress to determine the thickness
dependence of the stopping power at v -v v0 for

 20Ne ions in C. The
thickness of the foils is determined using the observed energy loss for
He ions through the same foils in the same geometry. Preliminary

results suggest that the uncertainties in the measurements are dominat-
ed by statistical errors only, and can be kept at the level of vt 0.5%
even for the tiinnest foils (̂  2.5 ug«cnf2).

(1) 0. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard, R.B. Walker
and N. Rud, Can. J. Phys- 57, 645 (1979).

1.2.4 Thickness Measurements of Thin Films

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

Further studies have been made to establish an accurate, reliable
method for measuring the thickness of thin self-supported films. The
method involves measuring the energy shift of alpha particles from ra-
dioactive sources when transmitted through films. In our previous work
we examined the suitability of lp8Gd, 21tIAm and 226Ra sources. We are
now using a commercially available (1) mixed nuclide alpha source (0.2
microcuries or 7.4 x 103 BqJ consisting of thin laye••% of 2;*2Am, "''Cm
and 2 3 9Pu. The alpha energies are well separated and thus easily
resolved. Added advantages of this mixed source include having three
distinct energies to establish the detector system gain (key/channel)
and having the energy dependence of stopping power in the region of
interest. The energy loss of each alpha group was measured using films
of known thickness as determined by weighing known film areas. The
values obtained are given in table 1.2.4.1. These values can be used
with observed energy shift to characterize a film thickness with an
error of 3% for those elements studied.

(1) Amers'.iam/Searle, Arlington Heights, Illinois, source AMR-33.
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Table 1.2.4.1 - Stopping Values Measured with a Mixed Alpha Source
(keV per yg-cm"2)

Nuclide
Energy

Film
C
Al
Si
Ti
Ni
Ag

2 39pu

5155 keV

0.782
0.611
0.600
0.509
0.461
0.339

2kl*m
5486 keV

0.747
0.592
0.585
0.495
0.432
0.327

2""Cm
5805 keV

0.711
0.563
0.552
0.474
0.422
0.311

Au 0.242 0.228 0.223

1.2.5 Stopping Powers

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

Stopping values for 200 to 2000 keV He ions in Be, C, Al, S1", Ti,
Ni, Ag and Au have now been completed. Papers describing the results
of this study have been submitted for publication.

Measurements of 3He ions stopping in C, Al, Si, Ni, Ag and Au have
also been completed over the same energy region. The equality of stop-
ping values for 3He and ''He ions at the same velocity, as discussed in
PR-CMa-48, section 1.2.5; AECL-6538, has now been confirmed for other
elements. The results in figure 1.2.5.1 give average values for the
ratio of "He to 3He stopping as follows: C 1.03, Al 0.998, Si 0.983,
Ni 0.994, Ag 0.992 and Au 0.998. The maximum and minimum values ob-
served at a given energy are 1.06 for C and 0.960 for Si. However, all
ratios would appear to be unity within experimental errors of the meas-
urements (5% for 3He and 4% for "He).

We are now measuring the stopping of deuterons in elemental foils
and are examining the scaling law for converting "He stopping to deu-
teron stopping at the same ion velocity. The ratio of "He to ZH stop-
ping at the same ion velocity is assumed to be target independent and
the value is the square of the effective charge of He to H in solids.
Although somt of the foils used in the "He measurements are being used,
the small energy loss suffered by 2H made it necessary to use thicker
foils (300 to 500 ijg«cnT2) to observe significant energy shifts.
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1.2.6 Search for Hg K-X-ra,ys in Coincidence with Fission Fragments Produced
by J2C Bombardment of Tungsten

- J.S. Forster (Nuclear Physics Branch) and I.V. Mitchell

See Progress Report PR-P-126, section 2.14; AECL-7055.

1.2.7 The Lifetime of the 1.04 MeV, 0+ Level in 1BF

- T.K. Alexander, G.C. Bal l , W.G. Oavies, J.S. Forster (Wuctear Physics
Branch), J. Keinonen, H.B. Mak (Queen's University) and I.V Mitchell

See progress report PR-P-126, section 2.5; AECL-7055.
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1.3 SURFACE PHENOMENA

1.3.1 Surface Studies of Monocrystailine Pt

- J.A. Davies, T.E. Jackman and D.P. Jackson in collaboration with
P.R.'Norton (Physical Chemistry Branch)

Our investigations (PR-CMa-52, section 1.3.2; AECL-6966) of the
Pt(lOO) surface phase transition between the bulk (lxl) and the recon-
structed (5x20) structures have now been completed and submitted for
publication.

Using a newly developed, high precision, resistive-heating stage
(PR-CMa-51, section 3.3.3; AECL-6846), we currently are measuring the
temperature dependence of the Rutherford backscattering surface peak
in Pt(111) and in the un-reconstructed lxl structure of Pt(lOO) as a
function of the incident **He+ energy. Comparison with corresponding
Monte Carlo simulations should enable us to determine the optimum
value(s) of the surface Debye tenperature. We also hope to obtain
experimental evidence for the role of correlated vibrations between
neighboring atoms.

1.3.2 An Investigation of the Anomalous 180° Rutherford Backscattering Yield

- T.E. Jackman, J.A. Davies, J.A. Moore and w. Eckstein

Pronko, et al. (1,2) recently observed an unexpected yield enhance-
ment for the sub-surface backscattering of MeV He+ ions near 180°. The
yield enhancement, but not its depth dependence,was confirmed by Kirsch,
et al. (3). Theoretical explanations of the effect have been put for-
ward (4-6) and it is generally agreed that the basis for the enhancement
is the reversibility of the path of particles scattered through approxi-
mately 180°. However, the depth dependence of the effect and its depend-
ence on parameters such as the mass of the host and the energy of the
scattered particle are still in question.

We have designed and constructed a unique scattering facility
using magnetic steering which allows us to measure 180° scattered parti-
cles. This is to be contrasted with the previous experiments (1-3)
which examined angles near 180°. Materials which we have studied to date
are polycrystalline Au, Ta20s and a series of W03 samples of differing
thickness grown anodically on single crystal substrates. In all cases a
strong yield enhancement was found (figure 1.3.2.1), with the peak
located just beneath the target surface. Preliminary analysis of the W03
results indicates that the maximum effect occurs at a depth of 14.0 ran,
which agrees qualitatively with the initial study (1,2).
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In addit ion, a series of Bi implants in C, Ge and Si have been
prepared at several dif ferent energies in order to study further the
dependence of the y ie ld enhancement on depth, host material and energy
of the scattered par t ic le .

(1) P.P. Pronko, B.R. Appleton, O.W. Holland and S.R. Wilson, "Atomic
Collisions in Solids", ed. D.P. Jackson, J.E. Robinson and
D.A. Thompson, North Holland (1980) p.227.

(2) P.P. Pronko, B.R. Appleton, O.W. Holland and S.R. Wilson, Phys.
Rev. Let t . 43 (1979) 779.

(3) R.G. Kirsch and J.C. Poizat, to be published.
(4) J.H. Barrett, B.R. Appleton and O.W. Holland, submitted to F^ys.

Rev.
(5) O.H. Crawford, Phys. Rev. Let t . 44 (1980) 185.
(6) M.M. Jakas and R.A. Baragiola, Pfiys. Rev. Let t . 44 (1980) *24.
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Figure 1.3.2.1 - 180° backscattered energy spectrum of 1.0 MeV ''He*
from a 310 nm amorphous Ta2Os film on Ta shown by the
data points. For comparison, the 179° spectrum is
shown as a solid line.



- 10 -

1.4 RADIATION DAMAGE

1.4.1 Heavy Ion Sputtering of Thir, Films of Au

- L.M. Howe and M.H. Rainville in collaboration with D. Stevanovic and
D.A. Thompson (McMaster University)

A series of high-resolution through-focus electron micrographs
(167,500 X magnification) have been obtained from 50 nm thick Au films
which had been bombarded with 60 keV Sb2+ ions at fluenc.es ranging from
3X1011 to lxlO11* ions cm"2. In all of these films there were a large
number of defects present which exhibited phase contrast and which may
be either voids in the interior of the foil or craters on the surface
of the specimen or possibly both. The diameters of these defects
ranged from approximately 3 nm to 10 nm. Stereo pairs of electron
micrographs were also taken of some of the bombarded foils but these
have not helped to resolve whether the defects are voids or craters.
This is because the Au films (as presently prepared at McMaster) have
an extremely fine grain size and hence it is virtually impossible to
maintain identical diffraction conditions for the stereo pairs. Some
of the above studies will now have to be repeated using Au films with
much larger grain sizes. This can be achieved by annealing the Au
films after the initial deposition on Si substrates.

Previously (see PR-CMa-52, section 1.4.1; AECL-6966), it was re-
ported that no void-like features were present in the as-deposited Au
films prior to Sb 2

+ implantation. A detailed re-examination revealed
that some voids were also present in the unbombarded foils; however,
their size and number density were considerably smaller than for the
bombarded foils. Other investigators have also reported on the pres-
ence of small voids in as-deposited Au (1) and Ag (2) films.

(1) J.R. Lloyd and S. Nakahara, J. Vac. Sci. Technol. JL4 (1977) 655.
(2) S.K. Sharma and J. Spitz, Phil. Mag. A 41 (1980) 209.

1.4.2 Features of Collision Cascades in Silicon as Determined by Transmission
Electron Microscopy

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

Damaged regions exhibiting structure factor contrast and probably
best described as being 'amorphous' have been studied in Si single
crystals bombarded with monatomic and diatomic ions of As, Sb and Bi
(10-120 keV energy) to fluences of 1 0 u - 10 1 2 ions cm"2. Shown in
Figure 1.4.3.1 is a plot of D/(2<Y2>1/'2) versus the average deposited
energy density Su for all of the implants studied. IT is the average
diameter of the observed damaged regions, <Y2>1/2 is the mean trans-
verse straggling cf the deposited energy distribution obtained using
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WSS theory (1) and ev is given by: (i) fo> monatomic implants §v =
0.2 v(E)/NvVR, (ii) for diatomic implants 3 V = 0.2v(E)diat/NvVR(2-VR),
where v(E) is the portion of the incident ion energy that ends up in
nuclear collision events, Ny is the number of lattice atoms contained
in a spheroid whose axes are determined by the average longitudinal and
transverse straggling components of the damage distribution for a large
number of cascades produced by initially coincident ions (as in the WSS
treatment) and VR is the volume ratio defining the fraction of the
statistical cascade volume filled on average by an individual cascade.

From Figure 1.4.2.1 it can be seen that most of the experimental
points lie essentially along a universal curve with D/2<Y2>1/2 steadily
increasing with increasing Sv. At low deposited energy densities
(ev < 0.2 eV/atom), more than one damage region is frequently observed
within the volume associated with ? single collision cascade which
indicates that a sub-cascade structure is developing within the main
cascade. On the other hand, at high deposited energy densities
(Bu > 1 ev/atom), the observed diameter of the damaged regions actually
exceeds 2<Y2>1/2.

(1) K.B. winterbon, P. Sigmund and J.B. Sanders, Mat. Fys. Medd.
Dansk. Vid. Selsk. 37, No. 14 (1970).
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1.4.3 Collision Cascades in Ge

- L.M. Howe, M.H. Rainville and D. Stevanovic (McMaster University)

Germanium crystals implanted with monatomic and diatomic As, Sb
and Bi ions at 40 K and 295 K to fluences of 1 0 u - 1 0 1 2 ions cm" 2 have
been examined in the electron microscope. All of the foils contained
damaged regions whose contrast features are consistent with the regions
being essentially 'amorphous'. Measurements of the diameters of the
damaged regions have been completed for some of these implants and the
results are summarized in Table 1.4.2.1. Consistent with the results
obtained for various implants in Si crystals (see PR-CMa-52, section
1.4.2; AECL-6966), the fraction of the theoretical collision :ascade
volume occupied by the damaged region increases as_the average
deposited energy density 9̂ , increases. Also, for e u < 1 eV/atom the
observed average diameter D of the damaged regions is greater than
either 2<Y 2> 1 / 2 given by the WSS theory or 2<Y 2>-j 1 / 2 given by Monte
Carlo calculations for individual cascades. In fact, for the 30-keV
B i 2

+ implant (ev = 3.71 eV/atom), 5/2<Y
2> 1 / 2 = 1.8 and

p / 2 < y 2 > i i / 2 = z#3-

Table 1.4.3.1 - Collision Cascade Parameters in Ion Implanted
Germanium

As
As 2

Sb
Sb2

Bi2

295
295

50
50

295
295

25
50

25
50

15
30

/atom)

0.70
0.79

0.96
1.19

2.75
3.71

D

(nm)

4.5
5.6

4.5
7.1

4.5
6.5

2<Y2>1/2

WSS

(nm)

8.6
8.6

6.6
6.6

3.6
3.6

2<Y2>i
1/2

Monte Carlo
(nm)

5.4

4.8

2.8

1.4.4 Channeling Analysis of Vacancy Trapping in Al-0.04 at% Sn and
A!-0.02 at% In Crystal"?

- M.L. Swanson, L.M. Howe, J.A. Moore and A.F. quenneville

Al-0.04 at% Sn and Al-0.02 at% In crystals have been irradiated at
35 K or 70 K with 1 MeV He+ions to fluences of lxlO15 - 4xlO16 cm"2.
During subsequent annealing near 200 K, the trapping of vacancies by the
Sn or In atoms caused these solute atoms to be displaced from lattice
sites (see progress reports PR-CMa-51, section 1.4.4; AECL-6846 and
PR-CMa-52, section 1.4.4; AECL-6966). .



A detailed channeling analysis of the positions of the displaced
Sn and In atoms indicates that trapping configurations consisting of
3,4 and 6 vacancies surrounding single solute atoms occur. In these
configurations, the respective solute atom positions are:

(a) at the midpoint of a triangle of 3 nearest-neighbour vacancies in
a (111} plane,

(b) at the center of a tetrahedron of 4 vacancies (see progress report
PR-CMa-52, section 1.4.4; AECL-6966),

(c) at the center of an octahedron involving 6 vacancies at the face-
centers of the cube (i.e. the solute atom is at the body-centered
position).

The channeling data for various irradiation and annealing conditions
are consistent with the evolution of these configurations, with the
inclusion of substitutional and random (precipitated solute) sites.

Strong evidence for the formation of an increasing concentration
of tetrahedral sites with increasing irradiation fluence is given by
the magnitude of <100> peaking in solute atom yields for an Al-0.02
at% In crystal, as shown in Figure 1.4.4.1. in general, the multiplic-
ity of vacancies trapped at solute atoms increases with fluence. This
effect is shown by the channeling data of Figure 1.4.4.2 for an
Al-0.04 nt% Sn crystal, in which the apparent displaced fractions,
fdsji "n> of Sn atom in < 1 1 0 >» <100> and <:lll> channels are plotted as
a function of irradiation fluence.

In order to analyse these data, we equate the apparent displaced
fraction fj of solute atoms with the sum of the concentrations C-j of
solutes in the various lattice sites, each being weighted by the effec-
tive ion flux g1-<lnin> Fi<lmn> at these sites

f <lmn> y r n <l|I1n>c <lmn> /,.
TdSn = ? S 9 i hi [l>

Here g^<lmn> iS a geometric factor giving the fraction of displacements
which project into the given <lmn> channel, and F-j<l"in> -jS t n e calcu-
lated normalized ion flux for the different positions of the solute
atoms (1). We consider four different displaced sites for the Sn
atoms, labelled R, 3, 4 and 6, referring to random positions and the
previously labelled (a), (b) and (c) positions respectively (i.e. 3, 4
and 6 vacancies trapped per solute atom). The calculated values of
g-<lmn>F.j<lmn> for these sites are listed in Table 1.4.4.1. It is
clear from this table that the observed fdSn*1^1* Wlll initially
increase at a slower rate than fdSn <^ 0 > or ^dSn*1'0* if on'y trivacan-
cy trapping occurs. As the concentrations of Ci, and C6 increase with
increasing fluence, fdSn^^* anc' fdSn*'11* should pass through a maxi-
mum and then decrease, while fdSn should keep increasing. These
are the effects seen in Figure 1.4.4.2. Thus we conclude that the
observations are consistent with trapping of increasing numbers of
vacancies per solute atom as the irradiation proceeds. The growth of
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the Ci's with increasing fluence will be evaluated quantitatively from
the data of Figure 1.4.4.2, and will be compared with kinetic trapping
models.

(1) N. Matsunami, M.L. Swanson and L.M. Howe, Can. J. Phys. 56 (1978)
1057. ~

Table 1.4.4.1 - Effective Ion Fluxes (1 MeV He+) for Different Solute
Atom Positions in Al

Solute Position

R
3
4
6

g.<lmn>p.<lmn>

<100> <11

1 1
0.53 1.6
0 2.5
0 0

1
1.35
1.0
2.34

Al - 0 . 0 2 ot. V. In

I MeV He* 35 K FLUENCE
d p " cm-'l

2.0
3.1
3.6
16.0

ANGLE FROM <IOO> DIRECTION (djgreesl

Figure 1.4.4.1 - Dependence upon angle of incident beam, relative to
the <100> axis, of normalized yields x of 1 MeV He+
ions backscattered from Al and In atoms in an Al-0.02
at% In crystal after irradiation at 35 K to the desig-
nated fluences of 1 MeV He+ ions. Each irradiation
was followed by a 600 s anneal at 220 K before the
measurements. The yields were measured at 25 K for a
depth interval of 50-280 nm from the surface. Since
the Al yields were almost the same for each irradia-
tion, only one set of.data is shown.



- 15 -

<lmn>
dSn

1.2

1.0

0.8

0.6

0.4

0.2
p
i

ol

-

-

- /

1

Al - 0.04 at.
1 MeV He+

i

X"

1

1

% Sn
35K

a

1

1
o < 1 10 >
D <IOO>
a <l 1 l>

•° a

1

1 1

, - . —O

-

-

I , -
10 20

IRRADIATION FLUENCE

30 40

(I015 cm"2)

Figure 1.4.4.2 - The apparent displaced fraction fcjsn
< n> of Sn atoms

in an Al-0.04 at? Sn crystal as a function of i rradia-
t ion fluence of 1 MeV He+ ions. The irradiations were
at 35 K. Before each set of measurements along <110>,
<100> and <111> axes, the sample was annealed for
600 s at 220 K. All measurements were taken at 35 K.
The equivalent random fluence of each aligned spec-
trum, given by the aligned fluence multiplied by the
normalized yield from Al atoms at the measuring depth
of 50-280 nm, was included in the total fluence.

1.4.5 Defect Trapping by B Atoms in Laser-Annealed Si

- M.L. Swanson, L.M. Howe, F.W. Saris (FOM Inst i tute, Amsterdam) and
A.F. Quenneville

Si crystals were implanted with 25 keV U B + to a fluence of
1.5xlO15 cm"2, and then ruby-laser annealed at 1.63 J-crrT2, at the FOM
Inst i tu te. (See progress report PR-CMa-52, section 1.4.5; AECL-6966).
This treatment produced a B concentration of ^ 0.2 at% in the near-
surface region. The position of the B atoms in the Si la t t ice was
determined by channeling measurements, using the yield of H+ ions
(incident energy 0.7 MeV) backscattered from Si atoms and the yield of
alpha particlss from the nB(p,a)8Be nuclear reaction.
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Initially, ̂  98% of the B atoms were on Si lattice sites, but
irradiation at 293 K with 0.7 MeV Hf ions to a fluence of 5x1016 cm"2

displaced ^ 40% of the B atoms into interstitial sites. A similar dis-
placement of B atoms was produced by an equivalent fluence at 35 K fol-
lowed by annealing at 293 K. Angular scans through a <100> axial chan-
nel showed no narrowing of the dip in nB(p,a)8Be yields, but <110>
scans showed strong narrowing near the aligned direction, as shown in
Figure 1.4.5.1. These results indicate that the off-site B atoms were
displaced along <111> directions, probably by the trapping of Si self-
interstitials-

0.8

0.6

0.4

0.2

I I
Si -0.2 of. % B
0.7 MeV H + 35K

1.44

1.06

ANGLE FROM <I IO> DIRECTION (degrees)

Figure 1.4.5.1 - <110> angular scan for a Si-0.2 at% B crystal after
irradiat ion at 293 K with 0.7 MeV H+ to a fluence of
5.0xl016 cm"2. The normalized yields x of H+ ions
(incident energy 0.7 MeV) back scattered from Si atoms
and the normalized yields of alpha particles from the
11B(p,a)8Be nuclear reaction are plotted as a function
of the angle from a <110> axis. The measurements were
taken at 35 K.
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1.4.6 Primary Recuil vs. Cascade Mixing

- J.P.S. Pringle

Ion implantation is a rather complicated process associated with a
number of different effects, such as sputtering, scattering and a mix-
ing of the atoms in the surface layers of the implanted solid. The
latter affects the surface properties and has been studied theoretical-
ly by several authors including Littmark and Hofer (1); they show that
this mixing can be attributed to (a) primary recoil mixing, where di-
rect ion-target atom collisions cause relocation of the target atoms
arid (b) cascade mixing, which refers to displacements in the clastic
collision cascade. No definite distinction between these processes has
yet been made experimentally, and so a program has been initiated to
help supply it. What is needed is an amorphous solid whose very sur-
face layers can be labelled with (preferably) isotopes of the compo-
nents, and in which the concentration profiles of the mixed atoms can
be measured with high accuracy. Anodic tantalum oxide meets this
requirement admirably, since its surface can be labelled with both 180
and 181Hf, which should be an adequate surrogate for tantalum; more-
over, the sectioning technique (2) for measuring concentration profiles
in this material is the most accurate one known.

(1) U. Littmark and W.O. Hofer, Nucl. Instr. Meth. JL68 (1980) 329.
(2) J.P.S. Pringle, J. Electrochem. Soc. 119 (1972) 482.

1.4.7 The Magnetization of Thin Gadolinium Foils

- J.L. Gallant, P. Dmytrenko, 0. HSusser (Nuclear Physics Branch),
C.V. Stager (McMaster University) and M.L. Swanson

See progress report PR-P-126, section 2.7; AECL-7055.

1.4.8 Preservation of Nuclear Alignment Using a Quadrupolar Holding Field

- 0. HMusser, D. Ward, H.R. Andrews, T.K. Alexander (Nuclear Physics
Branch) and M.L. Swanson

See progress report PR-P-126, section 2.11; AECL-7055.
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1.5 COMPUTATIONS

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

- D.P. Jackson and W. Eckstein

Previously (PR-CMa-45, section 1.7.1; AECL-6327), calculations of
keV l i gh t - i on scattering from Si and oxide-covered Si surfaces were
reported. The current work is aimed at extending the calculations to
materials more relevant to magnetic confinement fusion devices (e.g.
TaaOs, WO3, Cr203, etc. ) and at elucidating mechanisms for ref lect ion
from mixed-species targets at low incident ion beam energies (< 1 keV).
Work to date has concentrated on improvements to exist ing computer
programs in order to increase the i r speed, eff ic iency and information
content with respect to the oxide scattering problem.

1.6 ACCELERATOR OPERATION

1.6.1 High Voltage Mass Separator

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

The ins ta l la t ion of the pellet charge monitoring system described
in the previous progress report (PR-CMa-52, section 1.7.1; AECL-6966)
is now complete. With the help of th is system faul ty up-charging was
diagnosed and ident i f ied with worn springs on the charging (base) pul-
ley. Replacement of the worn springs resulted in a signi f icant improve-
ment in charging uniformity. This effect is shown in Figure 1.6.1.1. A
report is in preparation and wi l l serve as a reference for future inves
t igatfons of the charging system.

The accelerator has been operating very sa t is fac tor i l y and no un-
scheduled shutdowns have taken place. The only scheduled shutdown in -
volved less than two hours of down-time.

The t ime-o f - f l i gh t beam l ine has been re-assembled with a few
modifications and is now in use for experiments.

The "beam-on" time during the three months was 199 hours.
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(a)

(b)

Figure 1.6.1.1 - Charge Monitor signals with (a) the original springs
and (b) a new set of springs installed in the base
pulley. In each photo the top trace is the up-charge
and the bottom trace the down-charge signal.
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1.6.2 2.5 MV Van de Graaff

- G.R. Bellavance

The accelerator performed well during the second quarter of 1980.
Three days downtime were required for routine maintenance and tune-
ups.

The beam time (hours) was allocated as follows:

April
May
June
Total

H+

37.0
4.5

25.0
66.5

V
9.0

39.0
12.0
60.0

3He

6.
9.

15.

+

5
0
5

*He+

142.0
133.0
177.0
452.0

Total

188.0
183.0
223.0
594.0

1.7 PUBLICATIONS, LECTURES AND REPORTS

1.7.1 Publications

Annealing of Heavy Ion Cascade Damage in Silicon
by D.A. Thompson, A. Golanski. H.K. Haugen, L.M. Howe and J.A. Davies
Rad. Eff. Lett. _50 (1980) 125-131.

Channeling Measurements of the Trapping of Al Interstitial Atoms by Ge
Atoms in an Al-0.1% Ge Crystal
by M.L. Swanson, L.M. Howe, A.F. quenneville, P. Offermann and
K.H. Ecker, J. Phys. F: Met. Phys. _10 (1980) 599-610; AECL-6747.

Collision Cascades in Silicon
by L.M. Howe, M.H. Rainville, H.K. Haugen and D.A. Thompson
Nucl. Instr. Meth. J72 (1980) 427.

Role of Correlations of Lattice Vibrations in Channeling
by J,H. Barrett and D.P. Jackson, Nucl. Instr. Meth. J70 (1980) 115.

Stability and Reactivity of (5x20) and (lxl) Pt(lOO) Surfaces
by P.R. Norton, D.K. Creber and J.A. Davies, J. Vac. Sci. Technol. 17
(1980) 149; AECL-6726.

The Role of Blocking Lifetime Measurements in the Study of Heavy-Ion-
Induced Fission
by J.U. Andersen, A.S. Jensen, E. Laegsg^ard, K.O. Nielsen,
J.S. Forster, I.V. Mitchel l , D. Ward and W.r-I. Gibson
IAEA Int . Symp. Phys. & Chem. of Fission, JUlich, May 1979
IAEA-SM/241-C7.
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Lifetime Measurements for Heavy-Ion-Induced Fission by the Crystal
Blocking Technique
by J.U. Andersen, A.S. Jensen, K. Jtfrgensen, E. Laegsgaard,
K.O. Nielsen, J.S. Forster, I.V. Mitchel l , D. Ward, W.M. Gibson and
J.J. Cuomo, K. Dan. Vidensk. Selsk. Mat. Fys. Medd. 40 (1980) 7.

Quadrupole Moment of a High-Spin Yrast Trap in 147Gd
by 0. Hausser, H.-E. Mahnke, J.F. Sharpey-Schafer, M.L. Swanson,
P. Taras, D. Ward, H.R. Andrews and T.K. Alexander, Phys. Rev. Lett. 44
(1980; 132.

Channeling Studies of Mixed Dumbbells in Metals
by M.L. Swanson, L.M. Howe and A.F. Quenneville, Nucl. Instr. Meth. 170
(1980) 427; AECL-6735.

Displacement of B Atoms by Low Temperature Irradiation of Si-0.2% B
Crystals
by M.L. Swanson, L.M. Howe, A.F. Quenneville and F.W. Saris
Rad. Eff. Lett. 50 (1980) 139.

1.7.2 Lectures

Comparison of Ion Backscattering Models
by D.P. Jackson, presented at the Plasma Surface Interactions
Conference, Garmish, 1980 April 21-25

Theory of Sputtering
by O.P. Jackson, presented at the International Symposium on
Sputtering, Vienna, 1980 April 28-30

Rutherford Backscattering Yields from Clean, H2, and CO Covered P t ( l l l )
(Abstract)
by D.E. Posner, W.N. Unertl, J.A. Davies, P.R. Norton, N. Matsunami and
D.P. Jackson, presented at the American Physical Society Meeting, New
York, 1980 March 24-28
Bul l . Amer. Phys. Soc. 25 (1980) 427

The Use of MeV Ion Beams in Studying Single Crystal Surfaces
by J.A. Davies, Seminar at Argonne National Laboratory, 1980 May 2

Production of 14 MeV Neutrons with Thermal Neutrons on 6LiD
by M.A. Lone, D.C. Santry and W.M. Ing l is , presented at the Symposium
on Neutron Cross Sections from 10-50 MeV, Brookhaven National Labs.,
1980 May 12-14
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

2.2.2 Inductively Coupled Argon P1asma/nntica1 Emission Spectrometry
(ICAP-OESJ

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

2.2.2.1 ICAP-OES Automation Project

Development and testing of an ICAP-OES data system based on a
modestly priced Commodore PET 2001 microcomputer, dual floppy disc unit
(COMPUTHINK-400 K byte) and l ine printer (Integral Data) is in progress.
Desirable software features developed for the Commodore system wi l l be
incorporated in a more sophisticated commercial system which wi l l be
acquired later.

2.2.2.2 Analysis of Hafnium in Zirconium Alloys

Analysis of hafnium in zirconium (2 mg.mL~1)-l M H2SO4 solutions
using the 264.14 nm ion ( I I ) l ine is complicated by three factors;
unavailabil i ty of hafnium-free zirconium to establish an effective
reagent blank, an apparent shi f t of hafnium peak position as sucressive
aliqucts are added for the standard additions method and torch t i p
clogging by dehydrated aerosol part icles.

We are currently examining the potential of a method for Hf
analysis in 1.2 mg-mL"1 Zr in 1 M H2SO4 matrix using the Hf 277.35 nm
ion ( I I ) l ine . Data acquisition is being attempted with a program
developed for the Commodore PET data system although the presence of a
neighboring Zr matrix l ine at 277.29 nm may cause d i f f i cu l t y .

We hope to establish effective analysis conditions for Hf in
zirconium alloys in the 2.5 yg.g"1 to 200 yg.g"1 concentration range
using 1 M HF medium for dissolution and analysis and Teledyne Wah Chang
Hf-in-Zr reference material (checked at CRNL by neutron activation).
The use of 10 mg.mL~l-l M HF as analysis medium w i l l give enhanced
sensit iv i ty and Hf-in-Zr reference material w i l l permit practical blank
corrections to be ascertained.
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2.2.3 Atomic Absorption Spectrometry

- J. Woods, J.P. Mi si an

jDete^imjiatjum ^f_InipijrvtJ_e£ in_Cadmijjm_TelJ_u£î e_by_ r̂a_phijte_F îrna£e_AA

We have extended the work of R.C .Maliett ("The Analysis, by
Flameless Atomic-Absorption Spectrophotometry, of Pure Selenium and
Tellurium", National Inst i tute for Metallurgy Report No. 1809.) to
include CdTe. Five elements (Cu, Fe, Mn, Ag and Cr) have been
determined in a 20 mg.nl"'1-3 M HNO3 CdTe solution matrix. The results
which range from 3 to 0.04 yg.g~l, must be considered to be
tentative because of l imited capability to correct the background with
the present spectrophotometer. Intercomparison analysis of CdTe wi l l be
performed by graphite furnace AA equipped with a polarized Zeeman
background correction system with the cooperation of Neutron Physics
Branch, and by flame AA after preconcentration of impurities by vacuum
d i s t i l l a t i o n .

2.2.4 Chromatography

- R.M. Cassidy, S. Elchuk

2.2.4.1 Low-Level Metal Ion Determinations

Studies have been completed on trace enrichment combined with
high-performance l iquid chromatography for the determination of metal
ions at 10~'2 g.mL"^ levels. The metal ions were enriched on-line
with a strong-acid exchanger (Brownlee bonded phase) from a 5x10"''
mol.L"' c i t r i c acid solution.

The most serious problem encountered in this work was contamination
from metal ions present in reagents and in disti l led-deionized water.
The major source of contamination was from the reagents. This can be
reduced by electrolyt ic purif ication using a Hg-pool cathode. A small
amount of Cu(II) and Zn(II) (2-3 pg.mL"1) came from the d is t i l l ed -
deionized water supply and small quantities of Zn( I I ) , Pb(II) and Mn(II)
(2-12 pg.mL"') were leached from equipment materials. Clean sample
containers are necessary at these low concentration levels and contamin-
ation was observed i f samples were le f t in contact with "clean" contain-
ers for long periods (2-3 weeks). Unless special precautions were taken
memory effects were observed i f there were large sample-to-sample
changes in metal ion concentrations. When memory effects were observed
the sampling system was washed with a 0.5 to 1.0 mol.L"1 c i t rate
solution to clean al l surfaces of adsorbed metal ions.

Figure 2.2.4.1.1 shows a recovery study for Co(II) in the low
pg.mL"! range. The solid line represents 100% recovery and the data
points are experimentally measured values. Similar eff ic ient recoveries
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in this low concentration range were also observed for Cu(II) , Zn(I I) ,
Pn(I I ) , N i ( I I ) and Mn(II).

2.2.5 Determination of H- and D-in-Metals

- J.P. Mislan, H. Herrington, L. Junop

2.2.5.1 Interconiparison Analysis of Hydrideri Zirconium Alloy Samples

Results for an interlaboratory analysis comparison program of
hydrided alloys supplied by the Metallurgical Engineering Branch,
involving isotope equilibration mass spectrometry (IE-MS) and inert gas
fusion (LECO-RH1 operated by Fuel Analysis Group) are shown in Table
2.2.5.1.1. Similar samples have been forwarded to WNRE for analysis by
vacuum-ext ract i on.

The agreement between results for IE-MS and inert gas fusion is
favourable. The former technique is also capable of distinguishing H
from D in zirconium alloy samples.

2.2.5.2 Data System Development for Micromass 601 Mass Spectrometer
(with K.O. Wright)

A data system consistiny of Commodore 2001 (32 K) microcomputer,
COMPUTHINK dual floppy disk unit , and Commodore printer has been
interfaced to the Micromass 601 Mass Spectrometer with a voltmeter,
5-channel peak selector to provide capability for semi-automatic
analysis of hydrogen isotopes. The 5-channel peak selector is connected
to the accelerating voltage power supply.

A Kepco dual channel power supply programmer has been ordered to
automatically control both the magnet power supply and accelerating
voltage to permit automatic peak voltage selection over the entire mass
range (2-300 AMU).

2.2.5.3 Automatic H- and D-in-Metal Analyzer

A partial l i s t of components for the automatic H- and D-in-metal
analyzer (Pr-CMa-50, section 2.2.7.2) has been received. Assembly of
the custom-made automatic sampler is nearing completion.



- 31 -

TABLE 2.2.5.1.1

INTERCOMPARISON ANALYSES FOR HYDROGEN IN ZIRCONIUM ALLOYS

Sample

XL-Alloy-30
XL-Alloy-60
XL-Alloy-150

Zr-2-30
Zr-2-64
Zr-2-152

Zr-2.5% Nb-30
Zr-2.5% Nb-56
Zr-2.5% Nb-156

NBS-352(32±2 yg)
NBS-353(98±5 yg)
NBS-354(215±6 yg)

Inert Gas Fusion
(ug.g )

42
70

182

44
76

202

32
70

161

33
99

218

Std. Dev.

2
4
4

2
4

21

3
3

10

3
2
6

No, of
Analysis

9
5
4

10
5
5

10
5
5

15
9
8

IE-MS
(yg.g )

44
79

175

44
69

175

35
68

165

32

Std. Dev.

3.1
7.2

11.2

1.9
3.5

20.2

2.9
3.9

18.9

1.8

No. of
Analysis

10
10
10

10
10
10

9
10
10

22
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2.2.6 Ion Chromatography
- J.S. Hull and and L.W. Green

2.2.j.l Low Activity Waste Waters

Anion determinations are currently being performed on low activity
waste waters by ion chromatography. These solutions are retentates and
permeates from a reverse osmosis waste concentration process being
developed in the System Materials Branch. Requested are determinations
for Cl", CO3"2, F", NO3", PO4"3 and S04"2 as well as major and
minor metal ions. These determinations are required to test the
efficiency of the concentration process and for solubility calculations.

In this quarter three sets of such samples were received: sets
SW5, DE-2 and DE-4, amounting to 43 individual samples. Analyses are
complete for set SW5, partially complete for set DE-2 and not yet begun
for set DE-4. A typical ion chromatogram is shown in Figure 2.2.6.1.1.
As shown, there are often large variations in the concentrations of the
various anions. Simultaneous determinations are therefore not usually
possible. This considerably lengthens the analysis times.

All determinations for these sample sets were performed using the
Dionex column system, a Laboratory Data Control Cheminert CMP-2VK
metering pump, a Rheodyne Type 50 teflon rotary injection valve, a
Laboratory nata Control conductivity detector, and a Hewlett-Packard
Model 337OB integrator. Experimental parameters were as described in
PR-CMa-51. A guard column with 2 ym stainless steel frit filters was
placed in line before the separator column to protect the latter. All
solutions, after appropriate dilution, were brought to the same
carbonate-bicarbonate concentration as the eluent, to avoid negative
peaks.

Intercomparisons of PQ^ determinations as described in
PR-CMa-51 are continuing. Present results show agreement within 6%
between colorimetric and chromatographic results.

2.2.6.2 Equipment Performance

A notable deterioration of the Dionex 25 cm column has been
observed. Retention times and resolutions have decreased to approxi-
mately one half of their original values. This deterioration is sus-
pected to be due to the use of a variety of eluents, especially sodium
phenoxide. The phenoxide ion gradually decomposes in basic solution and
some decomposition products were observed trapped in the column. The 50
cm column through which no phenoxide ion has been passed has not shown a
large deterioration.

There has been evidence of contamination of eluents from a com-
mercial stainless steel liquid pump. This has been recognized by a
sometimes high and erratic baseline. The problem has been avoided by
using a Laboratory Data Control Cheminert Model CMP-2VK metering pump,
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cr

min"1

6 8

t / min
10 12 14

Figure 2.2.6.1.1 Ion Chromatogram of waste water. Dionex column no. 30170.
3.0 mM NaHC03/2.4 mM Na2C03 eluent. 50 yL injection.
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which exposes the solution to polyfluorocarbon and sapphire materials
only.

2.2.6.3 Solids

The determination of anions in solids by ion chromatography
involves a difficult dissolution step; because the addition of a high
concentration of reagent must be avoided. Low reagent concentrations
are necessary to prevent interferences in the elution process and in the
chromatogram itself.

The solids for which anion determinations have been requested are
in the form of residues accumulated on reverse osmosis membranes and
filter papers during the waste water concentration process. Preliminary
tests were performed on these residues to determine whether organics
constituted a major proportion. Extractions with ether, chloroform,
acetone, and carbon tetrachloride showed no visible change in the
residue. Only a 10% weight loss was measured after acetone extraction,
and this could be due to experimental error or to traces of water in the
acetone.

From earlier work it is known that the residue is soluble in
strong acid solution. Metal ion analyses have shown that Cu, Fe, Ca and
Na are major constituents of the residue. Thus, on the assumption that
the residue is mostly a mixture of inorganic salts, dissolutions in
dilute solutions of complexing agents have been attempted. Both Cl"
and EDTA have been employed at various pH values and 0.01 M EDTA at pH 5
has proved more effective. In this solution the residue Is lifted
completely from the membrane and is broken down. Only a small amount of
insoluble colloidal material remains.

Before chromatographic analysis the EDTA must be removed because
it yields two peaks in the Cl" to PO4-3 region, and thus is a source of
interference. Removal of the EDTA may be accomplished by decomposition
with strong ultraviolet irradiation. An alternative approach is to use a
sufficiently low concentration of EDTA such that removal is not
necessary. Preliminary experiments with 1x10-4 M EDTA have shown
that decomposition of the residue is incomplete, though significant
portions of S O ^ 2 , PO4-3 ancj ci* have been detected in the leachate.
Experiments with the extraction and analysis of these residues are con-
tinuing.

2.2.6.4 Iodine Speciation (with J.W. Fletcher, Physical Chemistry Branch)

There has been recent interest in iodine speciation because of the
possible release of volatile radioactive iodine species from irradiated
fuels in hypothetical reactor accidents. The species of interest include
the inorganic ions, I", 10", IO2", IO3" and 104", of which only I", IO3-
and IO4" are known to be stable. Experiments have shown that ion
chromatography is capable of separating and detecting these three species
in aqueous solution. A high eluent concentration (12 mM Na2C03) is
necessary because I" is strongly held by the resin. Detection of the
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other two inorganic species may also be possible if chromatography can be
performed before disproportionation is complete.

2.2.6.5 Vydac-Wescan Ion Chromatography System

There is current research (1,2,3) in the field of ion
chromatography to develop alternate systems to that marketed by the
Dionex Corporation. This research is mainly directed at preparing low
capacity resins and using low concentration eluents, thus eliminating the
need for a suppressor column. The disadvantages with the suppressor
column are inferior resolution and the need for frequent regeneration.

Recently one of these new systems has become commercially
available and is bei ig tested in our laboratories. The system combines
a Vydac 302 IC column with a Wescan Model 213 detector. Figure 2.2.6.5.1
illustrates the separation of Cl~, NO3" and SO4-2 using a 4.0 mM potassium
hydrogen phthalate eluent with this system. The eluent was pumped with a
Varian Model 5000 programmable liquid chromatography pump at a flow rate
of 2.0 mL.min"' and a pressure of 30 atm. The diagram shows good
separations for these anions but sensitivity is inferior to that obtained
with the Dionex system. There is also an unidentified dip in the
chromatogram at approximately 18 min.

2.2.7 Gas and Liquid Chromatography

- R.M. Cassidy

(1) Harrison, K. and Burge, D., 'Reprint of Paper #301 at the 1979
Pittsburgh Conference', (1979).

(2) Gjerde, D.T., Schmuckle,-, G. and Fritz, J.S., J. Chrom. 187, 35
(1980).

(3) Gjerde, D.T. and Fritz, J.S., J. Chrom. 176, 199 (1979).
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- i

0.08/iS

cr NO:
WATER
DIP

10 15

t / min

Figure 2.2.6.5.1 Ion Chromatogram with Vydac-Wescan system. 4.0 mM KHP
eluent. 50 pL injection. [CT] = 0.1 mM, [NO3-] =
SO4-2] =0.2 mM.



2.2.8 Analysis Requests

Received From Type of Sample No, of
Analyses Done

Type of Analysis

System Materials Zr-Nb
Reverse osmosis liquids, f i l t e r s , and

membranes
Pointe Lepreau sea water
Pointe Lepreau f e l t cleaning plugs

Fuel descaling solutions

Metal lurgical
Engineering

Fuel decrudding solutions
Solutions from H4 loop
NPD crud solutions
Solutions from Run DE5 (magnetite)

Zr (XL.EL.CX)
Zr
Zr-Nb

'Fuel Engineering Zr-2
Zr
Fission gas

General Fuel extraction solutions
Chemistry Zr al loys

Reverse osmosis l iquids
Water (containing DgO)
Zircaloy standard

Chemical Lithium in H20
Engineering Water from LPCE r i g

Water from Argentina
Water from t r a i l e r at GSMPP
Elect ro ly t ic gas

Water treatment t r a i l e r water

15 15 H2

33 204 Na,K,Ca,Mg,Fe,Cu,Mn,Cr,Al,Si,
PO4

1 4 C1.S.S04,Dissolved Solids
2 4 Leached Cl.F.SO/j, vrt% of

ash
18 90 Fe,Ni,Cu,Cr,Co

2 2 Leached Cl
2 2 Co
2 2 Fe
5 30 Al,Fe,N5,Co,Cu,Cr

39 39 Fe

3 12 Oxygen
6 6 H?

12 12 D2

16 16 H2
329 329 H 2 , D2

35 246 Quan t i t a t i ve Mass
Spectrometry

1 34 Quantitative f c r impuri t ies
9 100 H2

3 3 PO4
3 3 F
2 4 Pb.Ni

104 104 Li
1 1 Cu
1 1 Fe
62 62 UV254
3 18 Quantitative Mass

Spectrometry
28 112 Quantitative for impurities



Received From

Chemical
Operations

Environmental
Research

Biomedical
Research

Fuel Materials

Materials
Science

Solid State
Physics

NPD

General Services

Reactor Loops

Type of Sample

NRX coolant water
NRU process water
X-3 crud solutions and loop water
Acid washes and flushes from Bldg.
Crud from vacuum pump
Heavy Water

Leaching solutions

Separation fractions
Urine ashing residue
Electroplated deposits

Thorium powder and pellets

Zr crystal bar

Stainless Steel

Heavy Water
D20

Steam Boiler Crud

Crud from reactor loop

LAST OUARn

No. o f
Samp!es

8
2
6

210 un i t s 4
1
1

55

6
1
6

4

3

4
4

2
2

1

1

TOTAL 848

fER'S TOTAL 1025

No. Of
Analyses Done

20
2
9

16
26
52

160

312
26

172

21

16

16
48

104
4

2

2

2463

2241

Type of Analysis

Hg,Cu,Ni,Ag,So4
Al
Fe.Mn.Al
Fe.Ni.Cr.Cu
Identification
Quantitative for impurities

Fe.Mn.Al.K

Quantitative for impurities
Identification
Quantitative for impurities

Carbon

Carbon and Oxygen

Carbon
Quantitative Spectrographic

Quantitative Spectrographic
CI.F

Cl,S04

Fe.Mn

t u

(PR-CMa-52,
AECL-6966)
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Method for Proof-Testing Mo-99 Shipment Flask

- W.J. Edwards

In response to a request from the Plant Design Branch, a method was
devised for the leak testing of stainless steel Mo-99 shipment bottles
to detect trace losses of contents following a f i r e test. The method
involves substituting D?0 for the usual 0.59 PBq of Mo-99
solution, trapping the Tost D2O in a secondary seal, and later
measuring i t by isotope di lu t ion. It is estimated that a loss of
1.5x10*4% of the contents can be measured.

2.3.2 Analysis of Hafnium in Zirconium Alloys

- W.J. Edwards and V. Corriveau

An Instrumental Neutron Activation Analysis method is being
developed for the measurement of Hf in Zr-alloys. This work is part of
a round-robin interlaboratory comparison organized by B. Cheadle
(Metallurgical Engineering Branch) to improve methods of Hf analysis
because of the importance of this impurity in specifications of various
zirconium-based pressure tube alloys. At present a number of commercial
standards have been examined by neutron activation, together with some
archive specimens of current zirconium tube alloys. The lat ter are
proposed as inter l aboratory comparison material. The preliminary
results obtained to date are given in Table 2.3.2.1. The results have a
10% uncertainty largely from a systematic difference in measurements
with the 133 keV and 428 keV Hf peaks. I t is hoped that this can be
reduced with an improved selection of standard, data processing methods,
etc.

2.3.3 Gamma Spectrometry Laboratory

- V. Corriveau

Total samples received during period 1980 April 4 to 1980 June 30 = 114

Na(I) Spectra = 8

Ge-Li Spectra = j?21_

229
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Table 2.3.2.1

PRELIMINARY RESULTS FOR Hf IN Zr-BASE ALLOYS BY INAA

Sampl e

EZ-7
EZ-8
EZ-10

V-647
V-648
V-649

X-867-6A
X-868-6A
X-869-10A

Zr-2
(0.5" DB)

Zr-Nb
HD-43 M

Zr-Nb
UG-3B

Zr-2
(T'-DB)
(ZA1-107-2B)

Hf (ppm) by INAA
using 133 S 428 IceV pk.

93
190
275

107
162
275

30
159
68

73

41

71

114

Nomi nal
Hf (ppm)

80
125
245

101
142
233

35
140
62

-

-

-

Remarks

standard material

Previous in ter lab
comparison
standards

Current commercial
standard material

Zr a l loy materials
supplied by
B. Cheadle
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DISTRIBUTION OF BETA ANALYSES

Decay

Special Analysis

9

Loop

No.

X-2

9

DISTRIBUTION OF

X-3

15

X-4

3

U-l

2

GAMMA

U-2

3

ANALYSIS

U-5

4

NRU

14

Special
Analysis

179

2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

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

The following is a summary of deuterium analyses for the period
April-June 1980.

No. of Analyses

17,539

128

10,000

62,765

Heavy Water Analysis

Branch

General Chemistry

General Chemistry

General Chemistry

Physical Chemistry

by Direct Weiqhinq

Program

Electrolysis-Catalyst
Exchange

Contract Analysis

Turbo Molecular Pump
Testing

H2-H2O Exchange

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

Additional testing of the direct weighing system using a Mettler
PK 300 balance, a GK 41 terminal, and a CA 40 printer gave direct print
out results to "vfcO.05 wt% DgO using MOO g continuously flowing
sample. This was a test of 2 hours duration during a brief
demonstration and no long-term s tab i l i t y figures can be quoted.
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2.4.3 Heavy Mater 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. Hammer!i, A.S. Denovan

2.5.2 Ion-Selective Electrode Determination of Boron

- J . Gulens and P.K. Leeson

We have developed a l iquid ion-exchanger electrode based on
quaternary ammonium salts that responds to the presence of borate ions in
solut ion; however, hydroxide ions interfere with the response of this
electrode at borate concentrations less than 10~3 mol/L and thus l imi t
the appl icabi l i ty of this electrode to low-level (10-° to 10"3

mol/L) determinations. There are some applications where high levels
(10~3 to 5xl(H mol/L) of boron must be determined and we are continuing
the studies of electrode response in this concentration range. In an
attempt to make the electrode more robust, easier to handle and also per-
haps more selective, we are attempting to immobilize the l iquid ion-
exchanger in a solid polyvinylchloride membrane. We are also continuing
to evaluate other l iquid ion-exchanger systems in an attempt to eliminate
the hydroxide ion interference at low boron concentrations.

2.5.3 Sulfide Determinations in Ground Water

- J . Gulens, S.A. Matheson

The dissolved sulf ide concentration in ground water is an important
parameter that is used to characterize the reducing nature of the water.
I t is preferable that the sulfide concentration be measured in the f i e ld
since sulf ide ions are readily lost from alkaline solutions by air
oxidation or from acidic solutions by vo la t i l i za t ion . We have assembled a
small simple monitor that could be used for rel iable sulfide measurements
in the f i e l d . This portable monitor has been tested in the laboratory and
gives rel iable performance to concentrations as low as 5-10 yg/kg. The
monitor wi l l be used for sulf ide measurements in the Perch Lake Basin and
i ts results w i l l be compared with those from a standard colorimetric
procedure.



- 43 -

2.5.4 Surface Effects in Relation to the Response of Solid State Ion-Selective
Electrodes

- J. Gulens

A review article with the above title has been prepared for the
journal "Ion-Selective Electrode Reviews". The major common source of
poor electrode response was the alteration of the electrode surface as a
result of redox and/or chemical reactions between the electrode and
dissolved species in solution. Areas requiring further attention were
identified, both for particular electrodes and for solid-state ion-
selective electrodes in general.

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

- M. Hammerli, W.J. Olmstead

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

- M. Hammer!i, A. Denovan

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Spectrometry

- T.H. Longhurst and L.W. Green

The spark source mass spectrometer was inoperative for most of this
quarter due to a fault in the 2 kV power unit. Transformer Tl was damaged
and a replacement has been obtained. However the fault has not yet been
identified and work is continuing to trace it.

2.6.2 Thermionic Emission Mass Spectrometry

J.A. Schruder, C.H. Knight, and L.W. Green

Thermionic emission mass spectrometry is used for isotopic abund-
ance analysis of purified elements. Low level and non-radioactive ele-
ments are analyzed on a Nuclide 15-9O-SU 2.2 spectrometer and highly
active alpha-emitting elements are analyzed on a Consolidated Electrody-
namics Corporation 21-703 spectrometer equipped with a glove box. The
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analysis procedure closely follows that published by the National Bureau
of Standards (1).

During this quarter a total of twenty-eight samples were analyzed.
Twenty-one of these were irradiated UO2 fuel pellets from the Fuel
Engineering Branch for determination of fuel burnup by the U235 depletion
method. The uranium was chemically separated from the fission products in
the recently renovated General Chemistry Branch hot cell facilities and
analysed on the Nuclide spectrometer.

Six samples of purified uranium were received from the Nuclear
Materials Control Branch. Analyses were performed to verify isotopic
composition.

One sample of PuO2 microspheres from the Fuel Engineering Branch
was analysed to verify isotopic composition. The microspheres were
originally intended for Pu-graphite booster fuel in the Gentilly reactor
but are now being considered for Pu recovery.

2.6.3 Fuel Analysis

- D.E. Clegg, C.H. Knight, J.A. Schruder

2.6.3.1 Building 250 Hot Cell Facilities

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

A total of 27 irradiated UO2 fuel pellets were dissolved and the
uranium fraction separated and purified for mass spectrometric analysis.
These pellets were from experimental programs in the Fuel Engineering
and Fuel Materials Branches. A further 25 UO2 fuel pellets are now
being dissolved and purified and this eliminates the backlog of irrad-
iated UO2 fuel for burnup analysis.

A new shielded sliding gate on the disposal port on cell #3 has
been tested during transfers of highly active cell wastes and has proved
to be effective in minimizing the dose to workers during waste disposal
transfers.

A Mettler Gram-Atic balance, formerly used in the hot cells, has
been cleaned, calibrated and reinstalled inside cell #4.

At present there are requests for burnup determinations on 11
(Th,U)02 fuels and two (Th,Pu)02 fuels.

(1) Garner, E.L., Machlan, L.A. and Shields, W.R., 'Uranium Isotope
Standard Reference Materials', N.B.S. Spec. Pub. 260-27, 1971
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2.6.3.2 Uranium/Aluminum Samples

Quantitative uranium analyses on a group (36) of samples from 18
NRU fuel pencils submitted by the Workshops, Estimating and Planning
Branch which were partially reported in PR-CMa-51, section 2.6.3.2, have
been completed.

2.6.4 Analytical Support (Pu.Th)O; Pellet Production

- F.C. Miller, B. Hildebrandt, L.G. Shurrock, L. Sparkes

2.6.4.1 Colorimetric Analysis

A Brinkman colorimeter, with the optical cell incorporated in a
teflon tip at the end of an "eight foof'fibre optics lead, has been
purchased and is undergoing testing for use in a glove box to replace
the existing Spectronic "70" colorimeter. This fibre optics instrument
eliminates the use of sample cuvettes which are difficult to handle in
glove boxes. It also enables the use of samples as small as 1 mL with
negligible carryover from sample to sample.

A comparison of the capabilities of the instrument relative to a
Beckman "DU" Spectrophotometer for the determination of zirconium using
Alizarin Red S showed that although its sensitivity was not quite as
good as the "DU", linearity and reproducibility of results proved
adequate for routine colorimetric analysis. There aid not appear to be
any interference from ambient light in the laboratory. Further testing
of the unit as an end point indicator for use in the determination of
thorium with EDTA using xylenol orange or Alizarin Red S as indicating
reagents was carried out. Although the end points are detectable, the
precision of the method does not approach that of the Cu + + selective
electrode as described in PR-CMa-52.

2.6.4.2 Coulometric Analysis of Plutonium in Presence of Thorium

As a preliminary investigation of the effects of thorium on the
coulometric analysis of plutonium, a series of analyses was run in a fume
hood using an Fe-Th mixture since the electrochemistry of iron under these
conditions is similar to that of plutonium. It was found that Th:Fe
ratios up to 200:1 had no effect on the iron analysis by our normal
procedure for Pu in HC1 medium. This work has now been transferred to the
glove box and is being checked using a NBS plutonium standard.

2.6.4.3 Thorium Determination in Support of (Th,Pu)O2 Fuel

The evaluation of the RTS-822 autotitration unit for the
determination of thorium using an EDTA titration and a Cu(II) selective-
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ion electrode for end point determination (PR-CMa-52) continued. The
precision of the method has been slightly improved by the following
changes in the procedure: the sample and excess EDTA were weighed into
the titration cell and the excess of EDTA was restricted to less than
10% of the total EDTA; the concentration of the Cu(N03)2 used in the
backtitration was reduced to 2x10~3 nrol.L"! since the Cu(N03)2
solution is added by the automatic titrator with a reproducibility of
±0.4% which is one of the limiting factors on the precision of the
method.

The size of the Orion specific-ion electrode currently employed
prevents the use of the small electrochemical cell normally employed
with the RTS-822 unit. A standard Radiometric electrode has been
ordered and will enable the use of smaller volumes and should sharpen
the end point detection.

i

2.7 REPORTS AND PUBLICATIONS

2.7.1 Publications

Determination of Multifunctional Carboxylic Acids in the Presence of
Iron by Gas Chromatography
- R.M. Cassidy, R. Harpur, S. Elchuk
Journal of Chromatography 190 (1980) 188-192 (AECL-6794).

Trace Enrichment Methods for the Determination of Metal Ions by
High-Performance Liquid Chromatography
- R.M. Cassidy, S. Elchuk
Journal of Chromatographic Science, Vol. 18 (1980) 217-223 (AECL-6935).

2.8 LECTURES, CONFERENCES, MEETINGS, COURSES

2.8.1 Lectures and Conferences

Hydrogen and the CANDU
- M. Hammerl i
Presented to Summer Student Guides, 1980 June 3.

Heavy Water Recovery from Combined Electrolytic and Non-Electrolytic
Hydrogen Streams
- M. Hammerli, R.L. LeRoy, J.P. Butler, A.S. Denovan
Presented at the 3rd World Hydrogen Energy Conference, Tokyo, Japan,
1980 June 23-26.
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The following papers were presented at the 7th CRNL-WNRE Information
Exchange, CRNL, 1980 June 5-6:

Ion-Selective Electrode Determination of Boric Acid
- J. Gulens and P.K. Leeson

Applications of Ion Chromatography
- L.W. Green

Trace Enrichment Methods for the Determination of Metal Ions by HPLC
- S. Elchuk

Quantitative Analytical Methods in the Mixed Oxide Fuel Fabrication Line
at CRNL
- F. Miller

Identification of Radioiodine Chemicals Escaping from Charcoal Filters
- T.H. Longhurst

Determination of H- and D-in-Metals by Isotope Exchange-Mass
Spectrometry
- J.P. Mi si an. H. Herrington and L. Junop

Commercial Analyses - Panel Discussion
- B. Stewart, I.H. Crocker, S. Mclntyre, D. Boase, B. Hargreaves

The following papers were presented at the Chemical Inst i tute of Canada
National Annual Conference, Ottawa, Ontario, 1980 June 8-11:

Application of Inductively-Coupled Plasma Emission Spectroscopy to the
Analysis of Zirconium Alloys
- G. Jarbo, M.T. Hurteau, J.P. Mislan

Ion-Selective Electrode Determination of Boric Acid
- J. Gulens and P.K. Leeson

Some Marine Solution Chemistry and Electrochemistry of Cd, Cu and Pb
- L.W. Green, D.J. Green, J.A. Page, G.W. VanLoon

New Applications of High Performance Liquid Chromatography - The
Analysis of Nuclear Fuels and Components
- R.M. Cassidy and S. Elchuk

2.8.2 Meetings

Visited HSA Reactor's Ltd. for discussions on their electrolysis cell
development program and attended 2nd meeting of National Organizing
Committee for the 5th World Hydrogen Energy Conference, 1980 April 17.
- M. Hammerli

Attended lEA-Working Group Representatives' Canadian visit and progress
review meeting at the Atlantic Industrial Research Institute (Halifax)
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and IEA {Hydrogen Program) Executive Meeting in Montreal, A9S0
April 21-23.
- M. Hammerli

Attended progress review meetings at McMaster University (Hamilton) and
Gould Manufacturing of Can. Ltd. (Fort Erie) regarding IEA Contracts,
1980 April 28-29.
- M. Hammerli

Discussed application of the AECL hydrophobic catalyst in the
maintenance free battery for H2/O2 recombination with ITC (Ottawa)
1980 May 7
- M. Hammerli

Member of staff at AECL's exhibit at the National Museum of Science and
Technology, 1980 May 16-19 and May 23-27
- L.P.V. Corriveau

Attended 15th Meeting of Analytical Chemistry Subcommittee at Nova
Scotia Research Foundation, 1980 May 29
- R.M. Cassidy

Reviewed D2O Analytical Techniques, the use of Turbo Molecular Pumps
on D/H Mass Spectrometers and discussed training program at BHWP,
1980 June 9-11
- W.M. Thurscon
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Radioiysis of Liquid Systems

- J.W. Fletcher, F.C. Sopchyshyn and L.W. Thomson

(a) Gamma Radiolysis of Aqueous Solutions of Gadolinium Salts

- with S.D. Luck

Both the calculated and experimental steady state hydrogen yields are
similar in neutral and acidic solutions of Gd(N03)3 irradiated without
a vapour space. However under reactor conditions the hydrogen yields
increase in acidic solutions. Gamma radiolysis in cells with a vapour
space leads to larger initial hydrogen yields, more so for acidic
solutions than for neutral solutions. Further experiments in two phase
systems are planned to more closely simulate reactor conditions.

(b) Iodine Chemistry in Aqueous Solutions

Standard optical spectra with extinction coefficients have now been
compiled for the iodine species I", IO3", I2, I3", I and I2".
They can be used to reconstruct the optical absorptions observed in
various iodine solutions. Pulse radiolysis experiments in these systems are
continuing in order to obtain more reliable rate constant data.

We have not observed HOI directly. Preliminary results indicate that .
HOI is volatile but in millimolar solution in the presence of I" it
decays with a half-time of about a second. Its basic form 10" is more
stable and can be observed optically.

3.2.2 Photochemical Isotope Separation

- R.D. McAlpine, D.K. Evans, H.M. Adams and D. Anderson

(a) Multiphoton Decomposition of 2,2,2-Trifluoroethanol

Studies of the HF laser induced decomposition of 2,2,2-trifluoro-
ethanol (TFE), first reported in PR-CMa-52 (AECL-6944) have continued.
For a pressure of 2.67 kPa, the effect of average radiant energy fluence
on product yields has been studied by two methods. For method I, a 1 cm
long irradiation cell was placed at the focus of a 114 cm focal length
lens and neutral density filters were used to decrease the laser radiant
energy. Since the focal region extends for 3.4 era, the fluence along the
cell is constant, and can be obtained by dividing the laser radiant energy
by the focal area of the beam. For method II, the cell was placed at
various points within the converging part of the focussed beam, and the
fluence was taken as the average between that at the front and rear
windows of the cell. For method II, more TFE molecules were irradiated at
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lower fluences than for method I, at the cost of a changing fluence along
the cell. This change ts never more than a factor of 2, and is more
typically 30-50%. As is evident in Fig. 3.2.2.1, within the general
scatter of the results, both methods give comparable answers.

For a pressure of 2.67 kPa, the following empirical results are obtained:

log1Q fH = -(6.1+0.8) + (2.5+0.5) log10E (1)

log1Q fCQ = -(6.3±0.9) + (2.7±0.5) log10E (2)

where fx = (number of product molecules, X, per pulse) i (the number of
TFE molecules within the irradiation volume), E is the fluence, and error
ranges are given as 95% confidence levels. For decomposition of TFE, at a
pressure of 2.67 kPa any threshold fluence must be below 15 J/cm^. A
small extrapolation of earler absorption results for TFE (1), allows us to
express f^ and fco in terms of <n>, the average number of photons
absorbed per molecule.

fu = 4xlO'6(<n>)2"3 (3)
H2

f c 0 = 3xlO-6(<n>)2'5 (4)

For the range of fluences used in these experiments (13-100 J/cm2) <n>
ranges from ^9-74. For the high end of this range <n> corresponds to an
excitation almost 10 times the probable decomposition energy of TFE. This
could indicate that much of the absorbed laser energy is spread over
molecules outside the irradiation zone through collisional energy transfer
processes. (There are M O kinetic collisions during the laser pulse.)
Similar measurements are underway at low pressures to determine the
fluence dependence of product yield under near collisionless conditions.

(b) Multiphoton Absorption (MPA) of CO? Laser Photons by Fluoroform-d

Workers at Livermore (2) and Allied Chemical (3) have demonstrated
that the selective multiphoton decomposition of fluoroform-d (in a sample
with natural deuterium abundance) fulfills a number of the requirements
for a laser based D/H separation process. Using the variable pulse CO2
laser, we have commenced an MPA study of pure CDF3 to extend and further
examine these results-
Fig. 3.2.2.2 shows the dependence of both <n> and a (the absorption cross
section) on laser fluence, E for irradiation of 716 Pa of CDF3 by a 2 ns
pulse of the CO2 laser 10 nm R(26) line. The spectrophone was
calibrated using the uncorrected cross section of Marling, Herman and
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Figure 3.2.2.1 - The effect of laser radiant energy fluence on the fractional
yields of H2 and CO for HF Pj(7) laser induced decomposition
of 2,2,2-trifluoroethanol at 2.67 kPa; (0), Method I (see text)
and (A), Method I I .



Figure 3.2.2.2 - The absorption cross section (a) and the average number of
photons absorbed per molecule (<n>) as a function of laser
fluence for absorption of the CO2 P(26) line (2 ns pulse
width) by 716 Pa of CDF3.



- 55 -

Thomas (2) measured for E = J/cm2. For 0.003 < E < 2 J/cm2:

a(E) = (1.2*0.2) x 1 0- 2 0 E-( ° - 3 5 ± 0 - 0 5 ) (!)

which agrees well with that reported in (2). However, for E > 2 J/cm2:

o(E) = (8.3±2.5) x 10"21 E ^ * 3 1 0 - ^ (2)

There is a change in the functional dependence of o(E) at higher fluences
from that studied by Marling, Herman and Thomas (2). The reason for this
change in behaviour is under investigation.

Using a 10 ns FWHM pulse, and a pressure of 716 Pa of CDF3 (which
gives collisionless conditions), the absorption cross sections have been
obtained for various CO2 laser lines in the 10 R branch. These results
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Figure 3.2.2.3 - The cross section for absorption of various CO2 laser
lines (pulse width 10 ns) by 716 Pa of COF3 using the
following values of fluence, E: E = 10~2 J/cm2 0,
E = 10-1 j/cm2 A, E = 1 J/cm2 a, and E = 10
J/cnr #. The lines joining the points are for guidance
only, for small signal cross section use right hand
scale.

are shown, for selected values of E in Fig. 3*2.2.3 and are given in full
In Table 3.3.2.1. A comparison of the cross section for MPA with the
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conventional transmission spectrum shows that the MPa "spectrum" roughly
follows the small signal spectrum for all values of the laser fluence. No
apparent red shifting with increasing fluence of the CDF3 MPA
"spectrum", such as was observed for SF6, is seen (4). The red shifting
reported for SF6 was thought to be due to anharmonic bottle necking (4).
If this interpretation for SFs is correct, it is surprising that a
similar shift has not been seen for CDF3, which is expected to show a
comparable degree of anharmonic bottle necking.

(1) R.D. McAlpine, D.K. Evans and F.K. McCiusky, J. Chem. Phys. (in
press).

(2) J.B. Marling, I.P. Herman and S.C. Thomas, J. Chem. Phys. _72, 5603
(1980).

(3) S.A. Tuccio and A. Hartford, Chem. Phys. Letters J55, 234 (1979).
(4) V.N. Bagratashvili, I.N. Kryazev, V.S. Letokhov and V.V. Lobko, Opt.

Commun. 18, 525 (1976).

3.2.3 Laser Magnetic Resonance

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

No progress to report this quarter.

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

- Contract research by f*.J. McGlinchey, Department of Chemistry, McMaster
University

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. Sheehan

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

- P.R. Norton and J.W. Goodale
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CO Oxidation on Pt(111)

Work continued during the quarter on a study of the oxidation of CO
preadsorbed to various coverages on Pt(lll). The reaction was studied by
monitoring the change, A(J>, in work function, as a function of O2
exposure at temperatures in the range 298 to 373 K and CO coverages in the
range 0.1 <e< 0.4. At all temperatures the influence of the presence of
CO-islands was clearly evident. The apparent activation energy was ^ 20
kJ'mol"! and the rate was proportional to the 0.65 power of the
oxygen pressure. In separate experiments, the temperature dependence of
O2 adsorption was studied by monitoring A<j>, and the zero coverage
sticking coefficient (So) exhibited an activation energy of ^ 8
kJ-mol"'. The influence of surface steps upon the coexistence of
adsorbed 0 and CO was also evident in a comparison of the present study
(crystal orientation within 0.5° of (111)) and an earlier study (crystal
misaligned by ^ 2° from (111)).

Reduction of Adsorbed 0 on Pt(lll)

This study was completed and all elementary stages of the reaction
have been monitored. These are: (i) adsorption of the components of the
reaction {H2 and O2), (ii) reaction between Hg and O2 on the
surface to form adsorbed H2O and (iii) subsequent desorption of H2O
from the surface.

CO Oxidation on Pt(lOO)

Further experiments are in progress to investigate the oxidation of
CO preadsorbed on Pt(lOO). Earlier experiments indicated that under
certain conditions some of the adsorbed CO could be cracked to form
co-adsorbed C and 0. This is being reinvestigated by dynamic work
function measurements. The importance of order in the preadsorbed CO
layer and of the original state of the Pt(lOO) surface is being assessed.

Surface Studies of Monocrystailine Pt

- P.R. Norton with J.A. Davies, T.E. Jackman and D.P. Jackson, Solid State
Science Branch

Work was completed during the quarter on three separate but related
studies. These were a) a study of the Pt(100)(5x20) *=* (lxl) phase
transition b) temperature dependence of the RBS surface peak yields of
P t ( m ) and c) the surface relaxation of clean, hydrogen covered and
CO-covered (1x1) Pt(lOO) surfaces. For details see PR-CMa-53, Section
1.3.1.
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3.4 ISOTOPE CHEMISTRY

3.4.1 Deuterium Exchange of FTuoroform (CF3H) in Water

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

(a) Aqueous Solutions

The measured in-solution rate constant for exchange of CF3D in
1 mol-L"1 NaOH/̂ O at 68°C (6.06+0.04x10"6 s"1 for two runs)
was combined with earl ier data for CF3H exchange in 1 mol*L~1
Na0D/D20 (1.10±0.05xl0~5 s"1 for two runs) to determine the
react iv i ty rat io (CF3H, NaOD/D2O)/(CF3D, NaOH/I^O). The value of 1.8 at
68°C includes a primary kinetic isotope effect and a solvent isotope effect.

The above rat io was used with kinetic data and the activation energy
for CF3H exchange in NaOD/D2O solution (134 kJ-mol"1) to
estimate the rate constant for CF3D reaction at 0°C. I t was then
possible to correlate the reactivi ty of fluoroform with that of a series
of trihalodeuteromethanes (1), to allow prediction of pKa values
(relat ive hydrocarbon acidit ies) for the entire series. Selected pKa
values are: CF3D, 27; CCI3D, 15; CB^D, 11; CI3D; 11. These
molecules are of interest for laser chemistry studies of isotope-selective
decomposition processes.

(b) Water/Pimethysulfoxide (DMSO) Mixtures

The dependence of enthalpy, entropy, and free energy of activation
for CF3D exchange on solvent composition has been broken down into
contributions for transfer, of the reactants and the reaction transit ion
state, from pure water to the mixed solvents. In Figure 3.4.1.1 are shown
the results for the enthalpy terms. This shows that the major contribution
to the large increase in CF3D exchange rate constant with added DMSO (report
PR-CMa-52, AECL-6966) is the increased reactivi ty of the hydroxide ion. By
comparison, the transit ion state CF3""* -D+"-0H is l i t t l e affected
by the sol vent change.

(1) J. Hine, N.W. Burske, M. Hine and P.B. Langford, J. Am. Chem. Soc.
79, 1406 (1957).
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Figure 3.4.1.1 - The enthalpies of transfer from water of hydroxide ion,
the reactants R = "OH + CF3D, and the transition
state T for CF3D exchange. The bottom curve indicates
change in enthalpy of activation.

3.4.2 Isotopic Exchange Reactions in Protic Solvents

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

Electrical Conductance Study of Trimethylamine in Liquid H?S

A study of the electrical conductance of trimethylamine in liquid
H2S has been undertaken to determine the concentration of HS" ion in
solution. The results will be used in the analysis of proton exchange
studies reported in PR-CMa-50, AECL-6689.

Conductivity cell designs in the literature were not suitable for
this project since they were either designed for use at -78.5°C where the
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vapour pressure (v.p.) of H2S is low or sealed for use at room
temperature (v.p. = 2 MPa). A new valved glass cell was designed that
minimizes liquid H2S volume, has a low cell constant to enable
measurement of the high resistance H2S solutions, and allows changing
the amine concentration through the use of the Fisher and Porter valve
that can withstand pressure to ̂  5 MPa.

Preliminary results on the (CH3)3N/H2S system (Figure 3.4.2.1)
confirm the trend reported by Chipman and Kclntosh (1) for the specific

_ .040 -

4 6

CONCENTRATION, mol • L"

8

U IO ' 3 }

Figure 3.4.2.1 ~ The dependence of specific conductance, A, of HgS
solutions of trimethylamine on the stoichiometric
concentration of added trimethylamine at 25°C.

conductance, A, of tri-isopropyl and tri-n-butylamines. The specific
conductance increases with increasing trimethylamine concentration instead
of the normal decrease that is observed for aqueous salt solutions.

At 25°C with high concentrations of trimethylamine in H2S there is
significant decomposition of the solutions.

(1) H.R. Chipman and D. Mclntosh, Transactions of the Nova Scotian
Institute of Sciences, Vol. 16, Part 4, p. 189 (1926).

3.4.3 D? and H? Solubil ity in Cyclopentylamine (CPA)

- E.A. Symons and M.J. Clermont
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The two sets of data measured during a period of two years, including
recent checks, were f i t t ed by a computer program to give the following
second order equations as best f i t s over the temperature range -70 to
+25°C for the solubi l i ty of H2 and D2 respectively.

[H2] = J2.041 + 0.0178 (T,°C) + 0.0000452 (T,°C)2(xl0"4

[D2] = J2.235 + 0.0188 (T,°C) + 0.0000339 (T,°C)2[xl 0"4

The concentrations are expressed as mole fractions. The experimental data
and computed curves are shown in Figure 3.4.3.1. The solubi l i ty isotope
effect, which favours Dp over H2, was determined from the smooth
curves to be 8.3% at 25feC, 9.1% at 10°C, 10.1% at -20°C, and 9.2% at
-50°C.

2O.0 0.0 -20.0 -40.0 -60.0

TEMPERATURE , °C

Figure 3.4.3.1 - D2 and H2 solubility in cyclopentylamine as a
function of temperature. The bars on points indicate the
range of values for each set of measurements.

3.4.4 Isotope Ratio Measurements in Heavy Elements

- J.H. Rolston, E.B. Selkirk and E.A. Symons

A used Marian Mat UF5 uranium isotope mass spectrometer has been
obtained from Eldorado Nuclear Limited of Port Hope, Ontario and installed
in the laboratory. The instrument is being reconditioned and tests to
date indicate the resolution of masses 333 and 330 of UF3+ ions is
satisfactory but at present the ion sensitivity is down by a factor of 5
from performance specifications. An electromagnet capable of covering the
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complete mass range up to 500 mass units has been designed by J.H. Ormrod,
Accelerator Physics Branch. This should increase the versat i l i ty of the
instrument for isotopic analysis of compounds other than UF5.

3.4.5 Separation Factor for Deuterium Exchange Between Methanoi and Hydrogen

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

Measurements of the separation factor, a, between l iquid methanol and
hydrogen have been repeated with a higher concentration of deuterium
tracer in the l iquid and with a calibrated thermistor installed in the
vapour space of the glass exchange ce l l . Deuterium atom ratios of
molecular hydrogen were determined on the Vacuum Generators 601 mass
spectrometer. Excellent agreement with the earl ier study, using the
CEC-21-614 spectrometer, was noted for methanol atom fractions of 0.02 and
0.05. Temperature differences between the vapour space and the average
bath temperature varied from +0.3°C at -30°C to -0.05°C at +60°C. A total
of 180 data points have been f i t t ed to the equation

Ina = -0.3563 + 485.5/T + 16885/T2

where T is the absolute temperature. Values of a calculated from this
equation d i f fer by less than 1% from those obtained previously (PR-CMa-45,
AECL-6327).

The discrepancy between measured and theoretical values of the
equilibrium constant K](g) for deuterium exchange between methanol and
water vapours has been resolved. Fenby (1) has revised his earlier
theoretical calculation of K](g) at 25°C from 0.467 to 0.558 based on
the harmonic frequencies of Mallinson (2). A value of 0.596 was obtained
using the data of Schlegel, £t a]_. (3). These estimates are in
satisfactory agreement with the value 0.58 + 0.02 evaluated from our
measurements of the methanol-hydrogen separation factor (4) and confirm
that deuterium partit ioning favours the hydroxyl group of methanol over
that of water in both the l iquid and gaseous states.

(1) J.R. Khurma and D.V. Fenby, Aust. J . Chera. 32, 465 (1979).
(2) P.O. Mallinson, J. Mol. Spectrosc. 58, 194 ]T975).
(3) H.B. Schlegel, S. Wolfe and F. Bernardi, J . Chem. Phys. 67, 4181

(1972). ~~
(4) D.E. Clegg and J.H. Rolston, J.C.S. Chem. Comm. 1038 (1978),

AECL-6376.
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3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Multiphoton Absorption of HF Laser Photons by Molecules Containing a
Hydroxyl Group
- Robert D. McAlpine, D.K. Evans and F.K. McClusky
J. of Chem. Phys. (in press) 1980
Surface Relaxation of Clean, and Hydrogen Covered Pt(lll)
- J.A. Davies, O.P. Jackson and P.R. Norton
Solid State Communications (in press) 1980

Initial State and Transition State Solvent Effects: Reactions in Protic
and Dipolar Aprotic Media
- E. Buncel and E.A. Symons
Proceedings of the 5th International Symposium on Solute-Solvent
Interactions, Florence, Italy, 1980 June 2-6
Plenum Press (in press) 1980

3.5.2 Lectures

Some Laser Photochemical Studies at Chalk River Nuclear Laboratories
- D.K. Evans
Facultat fiir Physik, Universitat Bielefeld, Bielefeld, West Germany
1980 April 25

Experimental Measurements of HF Laser Induced Multiphoton Absorption and
Decomposition
- D.K. Evans and R.D. McAlpine
2nd International Conference on Multiphoton Processes, Budapest, Hungary
1980 April 14-18

Structure and Reactivity: Their Relationship on Platinum Surfaces
- P.R. Norton
Department of Chemistry, Ottawa University, Ottawa, Ontario
1980 April 25

Structure and Reactivity: Their Relationship on platinum Surfaces
- P.R. Norton
Chemistry Department, University of Toronto, Toronto, Ontario
1980 May 28
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In i t i a l State and Transition State Solvent Effects: Reactions in Protic
and Dipolar Aprotic Media
- E. Buncel (Queen's University) and E.A. Symons
5th International Symposium on Solute-Solvent Interactions, Florence,
I ta ly , 1980 June 2-6

The following papers were presented at the 63rd Canadian Chemical
Conference and Exhibition, Ottawa, Ontario, 1980 June 8-11:

Isotope Effects in Hydrogen Formation and the Spur Model in Water
Radiolysis
- A.W. Boyd, O.A. Miller and J.W. Fletcher

Pulse Radiolysis: A Technique to Solve the Chemistry of Alkali Metal
Solutions
- J.W. Fletcher and W.A. Seddon

Intramolecular Deuteron Exchange Studies in Cyclohexylamine-Ndj and
Other Alkylamines by 2H NMR
- J.D. Halliday and P.E. Bindner

Base-catalyzed Hydrogen Isotope Exchange Between Fluroform (CF3H) and
Water
- E.A. Symons and M.J. Clermont

The lectures l isted above may not be available in pr int .
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4.2 SURFACE CHEMISTRY

4.2.1 Hydrogen-Induced Cracking of Zirconium Alloys

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

The double cantilever beam (DCB) specimen of Zr-2^5% Nb, which
was continuing to crack in air at 17.8 MPa/m (16.2 ksWin) when last
reported (Section 4.2.1, PR-CMa-52, AECL-6966), was subsequently re-
evacuated and refilled with gaseous hydrogen at atmospheric pressure.
An increase in crack velocity was then observed and the crack propaga-
ted a further 4.5 mm. The stress intensity at this point was 15.2
MPa/m (13.8 ksi/Tn). When the ampoule was again evacuated, acoustic
emission continued and a small movement of the crack front was seen.
Following a refill with hydrogen no further visible crack movement
occurred and only two small bursts of acoustic emission occurred in the
first week. In the last two weeks neither acoustic emission nor crack
movement have occurred, despite a further cycle of evacuation and
refilling with hydrogen. This suggests that, contrary to the suggestion
in PR-CMa-52 (AECL-6966), there is no significant difference between
KJH for cracking in hydrogen gas and that for cracking by internal
hydrides, and that the value of K m at rooji temperatures for
this specimen is < 15.2 MPa/m (13.8 ksi/in).

A further Zr-2.5% Nb DCB has been started by filling with
hydrogen. The specimen had been stressed, in the absence of hydrogen,
for ^6500 hours after pre-cracking, and acoustic emissions from the
specimens showed that it had exceeded the initiation time for cracking
by delayed hydride cracking from internal hydrogen and that the pre-
crack was beginning to propagate by this process, although no visible
movement of the crack front was observed. Within one minute of
admitting hydrogen the acoustic emission increased by several orders of
magnitude and the crack tip was observed to move at a velocity
> 10"4 m.s"^. The specimen has subsequently had the hydrogen
pressure cycled through severa'i decreasing and increasing cycles while
the crack front velocity was monitored visually and the acoustic
emission count rate was recorded.

The crack velocity and count rate show a general tendency for
higher values at higher hydrogen pressures but no clear Pfu* pressure
dependence has been observed. In part this may result from the cyclic
variation of the acoustic emission rate (if this is equivalent to
instantaneous crack velocity) over relatively short periods of time
even at constant hydrogen pressure. This tendency is less obvious in
the visual observations of the crack front because of the discontinuous
nature of this movement, when observed on the specimen surface, and
hence the necessity to average over longer peroids of time to get a
meaningful velocity. The general trend of the velocity versus Kj
curve is similar to that for previous specimens. At low velocities and
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K-j, s 20 MPaî m (18 ksi/Tnf) the acoustic emission rate seems to have
become independent of the hydrogen pressure. This may imply that Stage
I crack growth is pressure independent and only Stage I I crack growth
shows a signif icant pressure dependence. This specimen is continuing
to show a sharp decrease in crack velocity at < 20 MPaSiii (18 ksi/Trf)
similar to that reported for a previous specimen (Section 4 .2 .1 ,
PR-CMa-50, AECL-6689), although in this instance we know that the
hydrogen pressure is not declining, as occurred with the earl ier
specimen which was contained in a small sealed ampoule.

4.2.2 Crack In i t i a t ion in Iodine Vapour

- B. Cox and V.C. Ling

When presenting the data on the effect of hydride cracks as
in i t ia tors for stress corrosion cracking (SCC) of the Zircaloys at the
4th In t . Conf. on Zirconium in the Nuclear Industry (ASTM-STP-681,
p.306, 1978), attention was drawn to the extreme planarity of the area
of transgranular cracking evident immediately around the cracked
hydride in i t i a t i on sites. This area, which extended over several grain
diameters in each direction, with a total area of 6-10 grains, was
suggested to be an area of very non-random distr ibut ion of grain
orientations. I t seemed possible that, in addition to the cracked
hydride i n i t i a to r , one might need coincidence with an area where a
cluster of grains with basal poles close to the tangential direction
existed in order to develop a large enough i n i t i a l crack to give a high
local stress intensity. Such a necessity for two coincident crack
start ing features might then explain why the number of SCC in i t ia t ion
sites was very much smaller than the number of radial hydrides at the
inside surface of the cladding, and why some batches of tubing with
radial hydrides at the inside surface were resistant to cracking.

I f the occurrence of collections of adjacent grains with
tangential basal poles is a feature of the overall structure of any
batch of cladding, and not a local variation in texture at the inside
surface of these batches, then i t should show up during texture
analysis as a greater than random density of poles in the tangential
direction of the basal pole f igure. To examine this possibi l i ty tan-
gential pole figures were obtained on those batches of tubing which had
been commonly used for iodine SCC tests. Because some of these batches
of tubing had been used up, not enough material was available for a
complete texture analysis. However, from longitudinal specimens we
obtained the texture coefficient for basal poles in the tangential
direction (thanks to J.E. Winegar, Metallurgical Engineering Branch).
The results are summarized in Table 4 .2 .2 .1 .

There Is some correlation between a high transverse basal pole
density and the frequency of radial hydrides at the inside surface, but
no better correlation with SCC susceptibi l i ty than for the frequency of
radial hydrides alone. Since the hydrides are at grain boundaries,
perhaps the boundaries between grains with similarly oriented tangen-
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Table 4.2.2.1

Susceptibility to S.C.C. and the density of

tangential basal poles in batches of Zircaloy

Batch

ML1-787
ML 1-788
ML1-789
ML1-790
MLl-791
ML 1-801
ML1-3034
ML1-7141

Frequency of Inner
Surface Radial Hydrides

High
High
High
Low

Medium
None
None
none

Susceptibility
to S.C.C. in I2

High
Very High
Resistant

Low
Very High
Resistant

High
Resistant

Transverse Pole
Texture Coefficients

(times random)
(0001)

-
3.93
5.29
5.27
4.37
3.49
3.24

O.82;1.3

(1015)
-

1.40
1.35
1.34
1.57
0.3
0.7
0.3
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tial basal poles provide preferential nucleation sites for the
hydrides. For the Zircaloys, the common intragranular hydride orienta-
tion is about 14-15° from (0001). This is close to (1017), which is
14.8° away from the basal plane. A further column for (10T5) about 20°
away from 0001 is added to Table 4.2.2.1 (1017 does not appear on the
diffractogram), and shows a better correlation between above random
pole density and occurrence of radial hydrides than for (0001). This
tends to confirm the supposition that the local grain orientation is
determining only the position of the hydrides, and that some other
factor must also be involved in determining the susceptibility of a
batch of tubing to iodine induced SCC.

4.2.3 Sensitivity Towards Oxygen in the Environment of the Oxidation of Heat-
Treated Zr-2.5 wt% Nb Alloy at 573 K

- N. Ramasubramanian

Samples in the B-quenched condition, carrying Chromel-Alumel
thermocouples spot welded to the large test areas, were oxidized in the
molten nitrate-nitrite eutectic, an environment in which oxygen is
available, at 573 K. The temperatures of the sample and the molten salt
bath were followed simultaneously until the surface of the oxidized
sample showed the presence of greyish oxide patches corresponding to
the occurrence of a transition in the kinetics. There were no transi-
ents in the temperature versus time curves traced for the sample and
the traces were identical to those obtained for the molten salt bath,
showing that there was no local self-heating of the specimen. There
were no abrupt variations in the rest potential of the sample through-
out the oxidation. Therefore, the accelerated oxidation and the
transition in the kinetics are not the result of an ionization or
electrical breakdown phenomenon in the oxide.

The results obtained may be explained in terms of a pronounced
and localized non-uniform oxide growth in oxygen containing environ-
ments. The niobium dissolved in the oxide undergoes the Nb^+ to Nb^+

transition providing conduction electrons. In oxygen containing
environments reduction reactions at the oxide surface lead to the
setting up of a barrier of adsorbed negative ions on the surface and a
positive space charge of Nb5+ ions in the oxide. This space charge
retards the migration of anion vacancies and slows down the oxidation
rate. This is in some respects opposite to the explanation offered
previously (Section 4.2.4, PR-CMa-51, AECL-6846). In the B-quenched
condition, the niobium in the alloy can be expected to be fairly
uniformly distributed; however, inhomogeneities in composition along
the rolling direction and localized segregation of niobium may occur.
The areas low in dissolved niobium thus oxidize faster than the
surrounding niobium-rich areas. The localized stresses at these areas
of fast oxidation lead to microcracking of the oxide and continued fast
oxidation. The oxidation spreads laterally from these areas to the
surrounding thin oxide film where a high concentration of anion
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vacancies (brought about by the retarding influence of the Nb5+ ions in
the oxide) exists.

4.2.4 Oxide on Loss-of-Cooiant-Accident (LOCA) Specimens of Zircalo.y-2

- R.A. Ploc and J.A. Roy

S. Sagat (Fuel Engineering Branch) has provided samples (EFB-25)
ramp heated (5°C/s) in air while under internal pressure (0.4 MPa). The
oxide that formed up to the fa i lure temperature (1331 K) was examined
in the scanning electron microscope. Though no internal t i n deposits
were seen in the cross section of the columnar oxide, there was a
tendency for the oxide to la tera l ly separate into two dist inct layers.
ct-Zr grains were seen immediately below the oxide f i lm .

4.2.5 Oxidation of Zr-2.5 wt% Nb at 573 K

- R.A. Ploc and J.A. Roy

As part of a series of oxidation tests on several reactor
materials, samples of Zr-2.5 wt% Nb have been cut from two pressure
tubes and from rol led sheet material (AW batch). These have been
oxidized in dried oxygen at 573 K for accumulated totals of 2, 4, 6, 10
and 18 days of exposure. Table 4.2.5.1 shows the number of samples
that display white oxide after various lengths of oxidation. Though the
weight gain curves for the pressure tube (PT) material and the AW
samples are v i r tua l ly indistinguishable the PT material obviously
experiences early t ransi t ion to "breakaway" due to i ts metallurgical
condit ion.

4.3 ELECTRON MICROSCOPY

4.3.1 ZrOp/Zr Crystal!ographic Relationship

- R.A. Ploc and J.A. Roy

(a) Oxidation of g-Zr (1120) and (1010)

In the previously reported results (Section 4 . 3 . 1 , PR-CMa-52,
AECL-6966) oxides were grown anodically on a-Zr samples. Since this
procedure produced a mixture of cubic and monoclinic ZrOg, an attempt
was made to eliminate the former phase to unambiguously determine any
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Table 4.2.5.1

Number of specimens experiencing breakaway
oxidation as a function of the accumulated

oxidation time. The designation A/B represents:
A=number of samples with white oxide, B=samples available

Duration of
Oxidation in

days

2

4

6

10

18

Specimens remaining

Pressure Tube Material

838(Front)

0/16

0/16

0/15

5/15

10/10

0

838(Back)

0/16

0/16

2/15

13/13

0

839(Front)

0/16

0/16

0/15

11/15

3/4

1

839(Back)

0/16

0/16

0/15

4/14

6/10

4

AW

0/16

0/16

0/15

0/15

6/14

8
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ct-Zr/a-ZrO2 crystallographic relationships. This was accomplished
by thermal oxidation of a-Zr single crystals in dried oxygen at 573 K
(2 days exposure).

Thin windows of oxide were produced by electrothinning the a-Zr
from one side only. The oxide grown on the a-Zr (1120) has been
extensively analyzed, by 3-dimensional sampling of the reciprocal
l a t t i ce , in the transmission electron microscope (TEM). I t was
determined that:

(001)ClOO]c//(1120)C0001]Zr

(001)[100]m//(0001)[1120]Zr

(010)[100]m//(0001)[1120]Zr

where c and m refer to the cubic and monoclinic phases of ZrOg,
respectively. Further, the oxide grows in such a way that a l l
possible combinations of spatial f i t t i n g of {001} and {010} occur. For
example, for a given oxide orientation, there is a 4-fold symmetry axis
parallel to the [1120] as well as a mirror plane parallel to the
(1120) - this refers to the oxide orientations present and not the
point group.

I n i t i a l work has also been performed on the a-Zr (1010). In this
instance, the anodic oxide f i lm strongly suggested the following rela-
tionships:

(101)C010]m//(1120)C0001]

(110)[001]c//(1120)[0001]

(Tio)[ni]c//(ii2o)[oooi]

In this instance, unlike the previous case of the oxidation of (7120)
there is only a two-fold symmetry axis. In order to better delineate
the cubic and monoclinic relationships, a-Zr (loTo) was oxidized in
dried o.-.ygen at 573 K and the oxide metal relationship examined in the
TEM. The oxide so produced revealed quite obviously different crystal-
lographic relationships which have yet to be determined.

(b) Orienting Single Crystals

Single crystals for studying the oxide morphology are oriented
to within less than 15' of the desired zone axis. They are mechanically
ground then acid etched to remove the grinding damage. It has been
found that the most critical step is the acid etch which must be
accomplished by simultaneously cotton swabbing the entire surface.
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Swabbing by sweeping over the surface produces a slight incline. With
this method crystals can be invariably orientated to < 15' of the
desired pole.

4.3.2 Electron Irradiation Damage in Zirconium

- G.J.C. Carpenter and J.F. Watters

Recent work [1] at the University of Birmingham (U.K.) has shown
that electron irradiation of zirconium at elevated temperatures (675-
775 K) in a high voltage microscope (HVM) can give rise to vacancy
character dislocation loops and also loops with <c>-component Burgers
vectors. Both results are unexpected, because vacancy loops formed
during irradiation are normally nucleated in displacement cascades,
which are absent during electron irradiation, and <c>-component loops
are not normally observed under neutron or ion irradiation.

The many micrographs that were obtained of electron damage
structures in zirconium and Zircaloy-2, using the HVM at AERE [2] have
therefore been re-examined to check for any evidence for similar damage
features to those observed at Birmingham. As a result, it has been
cc 'irmed that all loops that could be unambiguously characterized,
coiiiprising > 200 loops with diameters in the range 20 nm to 150 ran,
were of interstitial character. Evidence for <c>-component loops was
sought by examining images obtained using the operating reflections of
the type jj = 0002. Using specimens irradiated in the temperature range
375 K to 750 K, no convincing evidence for the occurrence of <c>-
component loops was found. Irradiated areas sometimes showed a few
defects in contrast but these defects did not behave in any systematic
manner in relation to damage dose or contrast conditions and are
attributable to the lack of a perfect 2-beam condition, resulting from
foil distortion caused by irradiation growth.

The reason for the difference in results between the two labora-
tories is believed to be related to the different vacuum conditions in
the two microscopes. Thus, the vacuum in the specimen cnamber of the
Birmingham HVM is between 1 and Z orders of magnitude worse than that
at AERE. Evidence that severe oxidation was occurring in the Birmingham
microscope was observed in the form of dislocation generation from the
stresses resulting from the expansion that accompanies oxidation. It
therefore appears that the vacancy and <c>-component loops arise from
these stresses, possibly in combination with specimen contamination
from absorbed impurities. The phenomenon may have implications for
zirconium alloys stressed in-reactor at elevated temperatures.

[1] M. Griffiths, M.H. Loretto and R.E. Smallman, to be published.
[2] G.J.C. Carpenter and J.F. Watters, PR-CMa-52, 4.3.3.
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4.3.3 Electron Gun Performance of the Siemens Elmiskop 101

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

By improving the vacuum, reducing oil vapours and adopting a new
cleaning process for gun components the lifetime of single crystal
pointed filaments has been extended from a matter of minutes, or at
best occasionally a few hours, to an average of 15-20 hours. Failure
now is normally due to positive ion erosion (sputtering) of tungsten
from the hot filament tip. This either reduces the beam brightness by
changes in the tip geometry, or causes the filament to "burn" out.

4.4 METAL PHYSICS

4.4.1 Irradiation Creep and Growth in Zirconium

(a) DIDO Test Programme

- G.J.C. Carpenter, J.F. Watters and R.A. Murgatroyd (United
Kingdom Atomic Energy Authority)

The results of the first series of single costal specimens are
being prepared for publication.

Irradiation of the second series of specimens, consisting of
single crystals with various deformation structures, is continuing at
353 K. The trends established in the initial measurements have been
maintained, viz. suppression of growth by a high density of <a>-type
dislocations and enhancement by twins and <c>-type dislocations.

Fabrication of the binary Zr-Sn growth specimens has been
completed. Specimens containing 0.1 wt% Sn and 1.5 wt% Sn have been
made and will be irradiated at 353 K and 553 K 'following machining of
their protecti>\ cassettes.

(b) NRX Test Program

- F. Santone and S.R. MacEwen

Irradiat ion growth r ig RX-60D, containing a specimen of cold-
worked Zircaloy-2, has been manufactured during the period and w i l l be
inserted in NRX f a c i l i t y #6 on July 10.

(c) Theoretical Calculations

- S.R. MacEwen

The computer programmes described in Section 4.4.1c, PR-CMa-52
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(AECL 6966) have been used to determine the effects of the following on
the mi-;.fit contribution to the dislocation bias factor:

(i) choice of diffusion equation (Laplace or Poisson);

(ii) choice of the outer boundary condition (sink, reservoir, or
reflecting;

(iii) the form of the dislocation-point defect interaction energy
(B/r or B sin <j>/r);

(iv) the magnitude of the misfit strain;

(v) inner and outer boundary radii.

The work is beincj prepared fur external publication.

4.4.2 Ion Simulation of In-Reactor Creep

- J.R. Parsons, C.W. Hoelke and R.A. Herring

100 keV neon ion irradiation of annealed, polycrystalline Ir
cantilever beam specimens resulted in a deflection of their free end
which could be correlated quite well with growth measurements made on
fast neutron irradiated specimens. Additional experiments are now in
progress to test the sensitivity of this ion simulation technique to
the texture, the dislocation density and the composition of cantilever
beam specimens cut from Zircaloy-2 and Zr-2.5 wt% Zr.

4.4.3 Mechanical Testing

- S.R. MacEwen, O.T. Woo, T. Trot t ier , J . Mecke and C. Cappello

(a) Bauschinger Effect

Ten tensile tests, at room temperature with constant true strain
rate, have been performed to determine the influence of compressive
pre-strain and crystallographic texture on the yield and work hardening
behaviour of Zircaloy-2. The specimens were machined from cubes (6 cm
an edge) which had been cut from a rolled slab and compressed either
0.5% or 3.0% in one of the three principal directions of the slab. (Work
done in collaboration with C.E. E l ls , Metallurgical Engineering Branch).

To further the analysis of the Bauschinger effect described in
Section 4.4,3, PR-CMA-52 (AECL-6966), the precipitate size distr ibution
in Zircaloy-2 specimens annealed at 873 K for 16 h has been determined
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using TEM. Figure 4.4.3.1 shows that the data can be described by a
log-normal distribution, with a mean particle diameter of 0.36 jam and a
volume fraction of 0.45%, respectively.

(b) High-Temperature Transient Creep

Mechanical testing at elevated temperatures (500-1000 K) has
been done previously on the computerized Instron using a calibration
curve to correlate the temperature of the center winding of the mini-
furnace with that of the center of the gauge length. Times of up to
three hours were required after the specimen attained constant tempera-
ture to allow the extensometer to stabilize. These procedures, while
satisfactory for fully annealed specimens of constant geometry, are not
acceptable for cold-worked specimens of variaMe shape. To circumvent
the first problem, the center winding of the furnace is now being
controlled by a 0.125 mm thermocouple spot-welded to the center of the
gauge length. To investigate the second, a series of experiments has
been done to relate the drift of the strain output, e*, which results
from changes in temperature of the remote extensometer, to the tempera-
ture, T, of its upper knife tdcjes. It is found that ln(e*+A) varies
linearly with T. The proportionality constant and the constant A can
be determined after a war; of as little as 600 s. Thus, it appears
feasible to do ctsep tests on coTd-worked specimens without a long
equilibration prior to the test, during which the cold-worked structure
would be annealed out.

(c) Recovery Kinetics

A Buehler Micromet microhardness machine has been set up,
aligned and calibrated, and is being used to compare the kinetics of
static recovery in Zircaloy-2 and crystal bar Zr. Tensile specimens,
deformed 3% or 8%, were cut into 1 mm thick discs with a diameter of
2.5 or 4 mm which were annealed for 1 h in vacuum (10~4 Pa) at
temperatures between 400 and 1100 K. Average microhardness (HVN) was
determined from ten indentations (with a 25 g load), with each inden-
tation confined to a single grain. Figure 4.4.3.2 gives results for
Zircaloy-2. With 3% tensile strain, there is a slight increase in
hardness for anneals between 473 and 673 K, presumably due to strain
ageing. Both specimens show significant recovery for temperatures above
725 K; by 950 K the recovery process is complete and recrystal lization
and grain growth are beginning to be observed. Data from crystal bar
Zr also show a slight increase in hardness between 475 and 675 K, and a
decrease for temperatures up to 950 K. Above 950 K there is a
pronounced grain growth and a slight increase in average hardness,
possibly due to oxygen pick-up during the anneal. The results are
complicated by a large anisotropy in the shape of the indentation and
by large grain-to-grain variations in hardness. For the sample
annealed at 1073 K, the HVN varied from 50 to 130, depending on the
orientation of the grain.
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4.4.4 Positron Annihilation Spectroscopy

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

(a) New programs have been written and successfully tested for the
storage and treatment of data from the positron annihilation spectro-
meter.

(b) A new source preparation technique has been successfully applied
to the production of a sandwich °°Ge positron source.

4.4.5 Diffusion in ct-Zirconium

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

A mechanical sectioning technique using a microtome for
ultra-fine-sectioning of metals (> 70 nm layers) is being developed
and tested. Results to date are promising. This should improve the
prospects for measuring self-diffusion in a-zirconium.

4.5 PUBLICATIONS, LECTURES 8 REPORTS

4.5.1 Papers & Publications

DEFORMATIOrt OF ALPHA-ZIRCONIUM IN THE VICINITY OF 0.5 Tm
- S.R. MacEwen, R.G. Fleck, E.T.C. Ho and O.T. Woo
Submitted to Metallurgical Transactions.

DETERMINATION OF A CUBIC ZrO2 LATTICE PARAMETER
- R.A. Ploc
To be published in Proc. of the 7th Annual Meeting of the Microscopical
Society of Canada (St. John's, Nfld., 1980 June 5-7).

A STUDY OF ELECTRON IRRADIATION DAMAGE IN ZIRCONIUM USING A HIGH
VOLTAGE ELECTRON MICROSCOPE
- G..J.C. Carpenter and J.F. Watters
Submitted to the Journal of Nuclear Materials.



- 82 -

4.5.2 Lectures

4.5.3

THE BAUSCHINGER EFFECT IN ZIRCALOY-II
-S.R. MacEwen, O.T. Woo and C.E. Ells
Presented at the Canadian Metal Physics Conference, Kingston, Ontario,
1980 June 8-10.

DETERMINATION OF A CUBIC ZrO2 LATTICE PARAMETER
- R.A. Ploc
Presented at the 7th Annual Meeting of the Microscopical Society of
Canada, St. John's, Nfld., 1980 June 5-7.

THE EFFECT OF THERMAL CYCLING ON THE MOVEMENT OF THE aZr/eZr+HYDRIDE
PHASE BOUNDARY IN COLD-WORKED Zr-2.5 wtX Nb ALLOY
- B. Cox and V.C. Ling
AECL-6883
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