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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T, A, Eastwood

Solid State Studies
When heavy target atoms, embedded in a solid host material,
are bombarded with other, energetic heavy ions, X-rays are emitted from
both target and projectile.
The total yield of X-rays varies with the
nature of the host material whilst the ratio of 'he yie'-Js from target and
projectile is indeppiv! •:;•;. ••.•! host material, as expected from current theories.
Experimental results for the range of heavy ions in a variety of
target materials indicate that current theoretical treatments can be used to
make reasonable predictions provided a judicious choice is made for the
electronic stopping power data used.
This appears to apply for both
elemental targets and chemical compounds.
Further work on the radiation damage produced by heavy ion
bombardment of ordered Zr^Al has shown that, in the early stages at least,
the number of damaged regions increases linearly with ion fluence.
Argon
ions are more effective than nitrogen or carbon ions in producing damage,
implying that, as expected, the important factor is the amount of energy
deposited in nuclear collisions rather than simply the total energy deposited.
Ion backscattering and nuclear reactions have been used to
measure the thickness and composition of carbon foils that had been
previously bombarded with heavy ions in the MP Tandem Accelerator.
It
has been shown that the thickening of the foils under bombardment, which
is Jaleterious to the Tandem performance, is caused by build up of carbon
contamination and not by migration, of the foil material itself.

Radiation Chemistry
The enrichment of light hydrogen observed in the radiolysis of
HpS-DgS mixtures decreases on increasing the concentration of neon
present in the mixtures.
This suggests that the isotope effect arises
from reactions of hot, light hydrogen atoms.

(ii)

The addition of sulphur hexafluoride has no effect on the nitrogen
yield from the Febetron radiolysis of nitric oxide at 100 kPa but reduces
the yield in 1:0 nitric oxide-xenon mixtures at the same total p r e s s u r e .
These results indicate that the reaction between positive and negative nitric
oxide ions is non-dissociative.

Heavy Water Processes
a)

H y d r o g e n - W* a t e r Process

Techniques have been developed for the examination of platinumcarbon catalysts by phofoelectron spectroscopy and the oxidation state of
the platinum deposit can now be ascertained.
This should enable us to
relate chemical properties to changes in methods of preparation.
b)

Photolytic Process

Studies ol the absorption in methanol of light of a particular
wavelength from our HF laser, as functions of p r e s s u r e and absorption
path length, have indicated that super-radiance of the laser gives rise to
departures from Beer's Law.

Analytical Chemistry
A method for determining parts per million of uranium in
thorium has been developed using X-ray fluorescence techniques,
A method to calibrate a Ge(Li) y- spectrometer for two-and threedimensional sources of non-standard shape has been established.
It depends
upon appropriate integration of radial efficiency curves determined, as
functions of distance from the detector and y r a y energy, for point sources
swept through space on a revolving arm.
The kinetic behaviour of the fluoride specific ion electrode has
been resolved into four concurrent, but separate diffusion and reaction
processes.
An equation has been deduced to relate apparent concentrations
of fluoride to the actual concentrations.
Spark source mass spectrometric analyses of five IAEA
biological trace element standards have been completed and compsx-ed with
the accepted values.
Agreement is within the limits expected for this type
of analysis.

(iii)

Materials Science
Both thermal and anodic oxide films formed on zirconium-tin
alloys contain high proportions of cubic zirconia; tin appears to be the
primary agent stabilizing this phase.
Iron, chromium and nickel present
additionally, in Zircaloy-2 for example, do not appear to influence the phase
content but do affect the epitaxy.
Examination of fractured hydrides in specimens from Zr-Nb alloy
pressure tubes in tne scanning electron microscope has demonstrated that
cracks initiate vviLhin the zirconium hydride platelets, during the delayed
hydride cracking phenomenon, rather than at the interface between the
hydride and a-zirconium phases.
Testing of Zr-Nb alloy specimens in the computerized Instron has
shown that work-hardening takes place during stress relaxation at the rate
normally observed during tensile testing.
This observation disposes of
the commonly made assumption that structure remains constant during a
stress relaxation test.
The effect of surface preparation on the tensile properties of
Zr3 A.1 is now tnoughc to be related to the density of surface microcracks
produced by the preparation treatment.
With abraded surfaces, the local
concentration of plastic strain beneath abrasion marks is important in
generating high surface crack densities,
Microcracking within the
specimen bulk, which initiates fracture, is restricted to grain boundaries.
These cracks form to relieve strain concentrations.
The crystal lattice defect structure of zirconium, titanium and an
alloy of the two metals has been studied as a function of temperature from
about 370 to 1700 K using positron annihilation techniques.
No evidence
for interactions between positrons and equilibrium vacancies waj found over
a temperature range of about 500 K below the a-to-|3 phase transition
temperature and this may reflect lattice relaxation effects.
The (3-titanium
data suggest t:iat a metastable defect structure remains after transition to
the (3-phase.
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- 41.2 ION PENETRATION
1.2.1

K X-Ray Production In Heavy Ion-Atom Collisions
- W.N. Lennard, I.V. Mitchell and D. Phillips
(a )

Zi ^

Z2

We have measured total K shell ionization cross
sections for projectile ions, Z lf incident on target
atoms, Z-, where the target atoms are implanted in a Si
host material. The Si serves to prepare an equilibrium
fraction of projectile (Zi) 2p vacancies which can be
transferred to the K shell of either Zj or 7,2 in a
subsequent collision via a 2p-~2pa rotational coupling;
this event is accompanied by the emission of a K X-ray
characteristic of the emitting atom (ion) .
The ionization cross section can be written

\l(Zi'V = J

r

where nv(Zj_) = number of projectile (Z-j_) 2p vacancies;
°rot (zi,Zj) = 2pTT-2pa rotational coupling cross section
(calculated by Taulbjerg and Vaaben^') ; 6j_j is a
parameter that differentiates symmetric and asymmetric
collision systems through the 2pr; vacancy occupation
probability. For Zj
= 0 for all
j_j = 1 and
asymmetric cases (i
j ) . Thus,
the
number
of 2pir
h
vacancies is nv(Zj_)/G if z i =
and nv(Zi)/3 otherwise.
To test the molecular orbital (NO) model, we have
made measurements using 4 MeV beams, (Zi), of Xe, Ga, Br,
Kr and Rb incident on Si targets implanted with ions Z ,
where Zi >_ Z 2 . By taking the ratio oj (Z i , Z2 ) /oj (Z; , Z i) ,
we remove the parameter n v (Zj) in equation (1). We have
calculated the quantity
,a I (Z lf Zx)
R1 =
(Z i , Z i)
rot
and show the results In Figure 1.2.1.1 as a function of
AZ/v where AZ = Z 2 - Zj. The solid line shows the MO
result. There appears to be a discrepancy which
increases with jAZj. It is not known if the theoretical
values of oro^_ become less accurate as the asymmetry of
the collision partners increases. The good agreement
for AZ/v near zero strongly suggests that the 2pii
vacancy occupation probabilities of 1/3 and 1/6 are
valid for low velocity collisions whex^e Zi « Z2 , as has
been found for light elements (Z "v- 10) .
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Figure 1.2.1.1
Experimental test of vacancy-transfer through 2pTr-2po
rotational coupling _n heavy ion-atom collisions
2 2 > 5j (Z % 35) at 4 MeV. The stolid line R 1 = 1 is
the predicted (MO) result, (•) are data.
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(b)

2i

<_ Z2

As discussed in detail in ear]ier reports
(PR-CMa-34, - 3 5 ) , vacancy sharing via 3d^-2p7T radial
coupling can lead to K X-ray emission also when Z\ < " 2 .
We have extended our measurements in two ways:
(i)
using different hosts into which target atoms
(Z2) were implanted, we find no dependence of the
asymmetric/symmetric K X-ray yields on host materials (Mg,
Al, Si, T i ) .
(ii) raeasurements made at higher energies
(E < 43 MeV) with Be projectiles are consistent with the
results obtained using 4 MeV projectile beans.
Our data for the 3d^-2pir vacancy sharing
probability, W^, have been fitted to an expression of the
form
T7

=

A

i

,_

I •) )

1 + exp(-.-AZ/vT

following Meyerhof (-*) r ancj the results are summarized in
Figure 1.2.1.2 (iZ = Z 2 - Zi and v is in atomic units).
The data for small values of Az/v are recent results for
E > 4 MeV. We obtain a best fit with y = 1.18. The
simple theory of Meyerhof predicts a value •, = 1.25.
Thus far, no conflict with a MO model of 3d""-2pfi radial
coupling has been found for the velocity region
< 0.14.
(c)

2pa-lso Vacancy Sharina

In the case where Z\ -/ Z7 , K X-rays are observed
from both Zi and Z?, although they are emitted
predominantly by the lower-2 collision partner.
Meyerhof'3^ has predicted that the ratio of K-shell
vacancy production, R = a K (H)/a K (L)
(where K and L
denote heavy and light collision partners), is given by
R =
where AZ = Z H - Z L . Our experiments, as described in (a)
and (b) , for both Zx > Z 2 and Z 2 < Z •, , yield the values
of R shown in Figure 1.2.1.3. For this range of Z-values,
Meyerhof' s theory yields (3 = 3.03 (v in atomic units) .
The best fit to cur data is for 3 = 2.98, in good agreement with the results of Meyerhof( ^ and Stolterfoht
et al (2>.
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Figure 1.2.1.2
The 3dit-2pTT vacancy-sharing probability W^ is shown as a
function of asymmetry AZ and velocity v. The solid curve
is described by W A =
z
Data are for
1 + exp (1.18 AZ/v) '
heavy ion-atom collisions Si < Z 2 with Z ^ 35. The
independence of W^ from the host material has been tested
with four materials.

0. 0

Figure 1.2.1.3
The 2pa-lsa vacancy sharing ratio R, extracted from K
X-ray intensities, is plotted as a function of AS/v.
Data are shown as solid points (•) fitted by a curve of
the form R = exp [-gAZ/v] where 6 = 2.98.
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1.2.2

(1)

K. Taulbjerg and J. Vaaben, Proceedings of IX
International Conference on the Physics of
Electron and Atomic Collisions. Seattle, (1975) p.1054

(2)

N. Stolterfoht, P. Ziem and D. Ridder, J. Phys. B 7_,
L409 (1974) .

(3)

W . E . Meyerhof, Phys. Rev. Lett. 3±, 1341

(1973).

Range Distribution of Heavy Ions
- D.C. Santry, R.D. Werner, F. Brown
Measured heavy ion ranges are compared to values
calculated using the computer program described in
PR-CMa-31, section 1.7.2. The energy dependence of the
electronic stopping power (Se) used in the calculations
showed a monotomic increase with atomic number of the
projectile (Z t ) . The work of Ormrod et a i d ) indicated,
that a periodic dependence of Se occurred in carbon for
Si < 20. Since we had measured the range of heavy ions
in carbon it was of interest to compare our results with
calculations based on normal Se values and values
derived from Ormrod et a i d ) . A comparison of the energy
dependence of argon ranges (Z = 18) in carbon is given in
Figure 1.2.2.1. At 120 keV, the lowest energy of our
measurements, there is little difference between the two
calculations.
Only at energies above 300 keV would it
be possible to experimentally resolve any differences.
Our measured ranges tend to support the data of Ormrod
et a i d ) . However, in our work argon doses of 3 to
5 X 1 0 1 5 ion/cm 2 were required and we have yet to
establish that such high doses in carbon do not distort
the range distributions. Argon occurs at the peak of an
oscillation in Se values while Mg occurs at a minimum.
We plan to continue the investigation by measuring the
ranges of ions in carbon.
One other feature of ion range measurements which we
examined recently was the ability of the computer program
of Gibbons et al'^.) to calculate range values for
compounds.
The program assumes the Bragg additivity
rule which relates the stopping power of a compound to
that of its constituents.
In table 1.2.2.1 are compared
the measured and calcualted ranges of 0.3 MeV Sb-121
ions in C, A l , Si and some compounds of these elements.
In general there is good agreement between measured and
calculated values. The similarity of range values for
Sb ions in these materials implies that measured ranges
would be insensitive to impurities of carbon or oxygen.
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Table 1.2.2.1

Range of 0.3 MeV Sb-121 lens

2
Range (pg/cm )
Target

Measured

Calculated*

C

25. 4

23 . 3

Al

28. 4

27 . 3

Al_0., (anodic)

26. 2

26 . 4

Al^O.. (alumina)

21. 0

26 . 4

Si

26. 2

26 . 8

SiC>2 (quartz)

17. 5

25 .4

SiC

25. 5

25 . 6

*

J,F. Gibbons

el al (see reference 2)
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The anomalous ranges measured for alumina and quartz
might be due to the highly insaltating properties of these
materials, since normal range values were obtained for
A 1 2 O 3 formed by anodic oxidation on Al metal.
Beam
current measurements made on alumina and quartz indicated
charge buildup during the implantation of Sb. It might
be expected that such an effect would retard the incoming
beam.
A similar effect was observed during the analysis
with He ion backscattering which produced a large
background rate in the surface barrier detector.
Measurements on alumina and quartz required a factor of
ten reduction in the He beam analyzing current.

1.2.3

(1)

J.II. Ormrod, J.R. MacDonald and K.E. Duckworth,
Can. J. Phys. 43, 275 (1965).

(2)

J.F. Gibbons, W . S . Johnson and S.W. Mylroie,
Projected Range Statistics, 2nd edition, 1975,
Ilalsted Press.

Depth Distribution of

132

X e Ions Implanted

Into

Al 2 O 3 ,/Ar
- W.N. Lennard and H.H. Plattner
In order to look for anomalous range distributions
for implanted atoms when the implant straddles a metaloxide interface, v/e have implanted 1 3 2 X e at 120 keV into
anodically oxidized Al (surface AI2O3 thickness =
10 y g / c m 2 ) . Using the technique of glancing angle
Rutherford backscattering to improve the depth
resolution over normal incidence, we have not observed a
double-humped range distribution such as that reported
by Barcz et al(D for 120 keV Ag implanted to straddle a
SiO 2 /Si interface.
By tilting the target at various angles to the
detector, we measured the projected range of the 1 3 2 Xe
ions assuming the target was amorphous A 1 2 O 3 . Bragg' s
Law (for additivity of stopping powers) and the dE/dx
values of Chu and Ziegler^) f O r 2 MeV ''He'1" were assumed.
Figure 1.2.3.1 shows the energy of the backscattering
"He ions as a function of the target tilt angle, 6. The
smooth curve is a best fit of the function
E(G) = a - bRpsece + cR p 2 sec 2 6

(1)

to the data, where R p = projected range. Equation (1) is
correct to first order in the parameter Rp. The values
of a, b and c depend on the He stopping power in the
target, the backscattering kinematics and the incident
11
He* energy, which was 2 MeV in this case.
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80 —
Rp = 12.5 i 0.6 pg /cm

600

550

CHANNEL NO.

Figure 1.2.3.1
Energy (channel number) of backscattered Hie ions as a
function of target tilt angle,
The curve is a best fit of the function
E(9) = a -

Z
+ cRp
Rp sec
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We obtained the result R = 1 2 . 5 + 0 . 6
g /cm .
The tables of Winterbon(3) yi§id a value R p = 11.2 g /cm
The usefulness of this technique to determine very
quickly whether an impurity is located on a surface or at
some depth beneath the surface is obvious.

1.2.4

(1)

A. Earcz, A. Turos, L. Wielunski, W . Rosinski and
B. Wojtowicz-Natanson, Rad. Eff. _2J5, 91 (1975).

(2)

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

(3)

K.B. Winterbon, "Ion Implantation Range and Energy
Deposition Distributions V o l . II: how Incident Ion
Energies", Plenum Press (1975).

Surface Relaxation_Studies of Pt and Ni Crystals
- J.A. Davies and D.P. Jackson in collaboration with
P.R. Norton and R.L. Tapping r Fhysical Chemistry Branch
The modified low-temperature g o n i o m e t e r - c y o s h i e l d
assembly (section 1.2.7 in PR-CMa-33) is now working
satisfactorily and the platinum surface-relaxation
measurements, using MeV helium-ion channeling, are
continuing. A suitable recipe compatible with the
cryoshields's ultra high vacuum system, has also been
developed for obtaining clean surfaces on nickel crystals.
Preliminary channeling studies on (111) nickel show a
significant increase in the surface peak for nonperpendicular {e.g. 110 ) incidence, suggesting that an
appreciable surface relaxation effect may be present.
However, the interpretation is not as simple as in the
previous Pt (111) study, because in Ni the shadow cone
radii for MeV helium are much smaller and so lattice
vibration effects are probably not negligible.
More
detailed scattering calculations are being performed in
order to permit a more quantitative interpretation to be
made.

1.2.5

Crystal Blocking Lifetime Measurements for the
Compound System

16

6

+ W

J.S. Forster (Nuclear Physics), W.M. Gibson (Bell L a b s ) ,
K. Jorgenson (Aarhus U n i v e r s i t y ) , D. Kellewe (Rutgers
University), I.V. Mitchell (Solid State Science B r a n c h ) ,
and D. Ward (Nuclear P h y s i c s ) .
See PR-P-109:2.17, AECL-5508.
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1.2.6

2.5 MV Positive Ion Van der Graaff
- J. Lori
The Sargent Welch Turbo Molecular pump Model 3102D
has now completed twelve months of continuous troublefree operation. The Van der Graaff was operated for 2248
hours in the year 1975 and the operation schedule for
recent months is as follows.
Month

1.2.7

Operating Time
(hours)

Routine Checks
(days)

Other Lost Time
(days)

December

177

0

0

January

170

1

0

February

187

0

0

High Voltage Mass Separator
- G.A. Sims
During the last three months, the lens system on
the K.V.M.S. had to be removed from the terminal. It
required cleaning because of electrical breakdown between
the various lens components. This shorting is caused by
a conductive coating that is deposited in the lens system
from the source charge materals. The use of metallic
zinc as charge material appear to be particularly
troublesome in this regard.
A new design of terminal steerers has been
fabricated and tested on the bench. These will be
installed at the time of the next major shutdown.
Apart from the previously mentioned lens troubles,
the operation of the H.V.M.S. has been satisfactory and
a total of 24 5 "beam on" hours have been logged during
the period.
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1.3

1.3.1

ELECTRON MICROSCOPY

Charge Density Waves in Tantalum Disulphide
- J.R. Parsons and C.W. Hoelke
This progress report is concerned entirely with our
recent completed work on charge density waves in TaS2The purpose of this work was to show how the presence
or absence of charge density waves in the transition
metal dichalcogenide TaS2 affects multi-beam crystal
lattice images. Axial illumination, optimum-defocus
lattice images were obtained from 2K-TaS2 and from both
the 1 T 2 and 1 T 3 phases of lT-TaS2.
The experimental lattice images together with their
corresponding electron and optical diffraction patterns
are shown in Figure 1.3.1.1 (Note that all the optical
diffraction patterns have a concentric series of weak
white rings around the transmitted beam. These arise
from local thickness variations in the cleaved specimens
which produce a defocussing-dependent granulation in the
image structure.)
(a)

2H-TaS2 Lattice Image

This is a projection onto the cleavage plane of the
basic, undistorted trigonal-prismatic structure. Ta
atom positions are seen as a network of white dots
arranged at the apices of equilateral triangles 0.287 nm
in height. The electron and optical diffraction patterns
correspond exactly.
(b)

l T 2 - T a S 2 Lattice Image

In this phase rhombohedrally stacked charge density
waves produce periodic matrix distortions which are
responsible for the satellite reflections shown in the
electron diffraction pattern. When these satellite
reflections together with the six {1010} matrix
reflections nearest the transmitted beam are all r e combined the resulting, optimum-defocus, lattice image
shows a honeycomb pattern of hexagons superimposed on
the resolved lattice of Ta atoms. Each row of hexagons
is rotated about 14° from the corresponding (1010) plane
in the resolved Ta lattice. Verification of the
accuracy of this lattice image structure is obtained by
noting the correspondence between its optical and
electron diffraction pattern on which this 14° rotation
is also marked.
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Figure 1.3.1.1
TaS 2 lattice images together with their corresponding
electron and optical diffraction patterns, left-and
right-hand sides respectively.
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(c)

lT3-TaS2 Lattice Image

In this phase the electron diffraction pattern
indicates a conventional hexagonal superlattice of side
/I"9 a, where a is the lattice spacing, i.e. between each
matrix reflection there are 19 superlattice reflections.
When these satellite reflections together with the six
{1010} matrix reflections were recombined the resulting
lattice image structure shows directly this hexagonal
superlattice of "frozen-in" charge density waves superimposed on the matrix lattice. Further, in this case
the periodic distortion of the basic lattice is each that
the satellite reflections, seen in both the electron and
optical diffraction pattern, are rotated about 23° from
the basic lattice reflections.

1.3.2

The Nature of Damage Regions in Irradiated Ordered Alloys
- L.M. Kowe and M. Rainville
Imaging with <110> superlattice reflections revealed
disordered regions in ordered ZrsAl which was bombarded
successively at 40 K with 2.0, 1.5, 1.0 and 0.5 MeV A r +
ions (see Pr-CMa-35, section 1.3.3). The diameter of the
disordered regions ranged from 1.0 - 8.0 run with a peak
in the distribution occurring at 2 - 3 nm. Additional
investigations, with fluences varying from 1 X 1 0 1 1 to
5 X 10
A r + ions cm" 2 have shown that the number of
disordered regions/cm3 increases linearly with increasing
Ar + ion fluence. Studies have been extended to include
C + and N + ion bombardments. Preliminary investigations
reveal that disordered regions are also present and that
the number of disordered regions produced per incident
ion increases as the energy deposited in nuclear
collisions increases (i.e. increases in progressing from
C + to h+ to A r + ions). When imaged with fundamental
reflections, the C + and N + ion-bombardment foils revealed
defects having black-white strain contrast. These defects
had a spherically symmetrical strain field, as previously
found in A r + ion-bombarded foils.

1.4

1.4.1

RADIATION DAMAGE AND METAL PHYSICS

Backscatterinq Measurements of the Interaction of Cu
Atoms with Interstitial Al Atoms in an Al-0.14 at. %
Cu Crystal
- M.L. Swanson, L.M. ''owe and A.F. Quenneville
In all the dilute Al alloys which have been
investigated, it has been found that solute atoms which
contract the lattice are strong traps for Al selfinterstitial atoms (PR-CMa-35).
The trapping
configuration was generally the <100> mixed dumbbell, with
the solute atom displaced ^ 0.1 run in 2 <100> direction.
Only in the case of Mn solutes (lattice contractions 0.47
atomic volumes per Mn atom) were the soluue atoms
displaced far enoyf 1 ' (£ 0.12 run) to produce a peaking
effect in the <110^ channels.
In this case, the
calculations of Barrett ( D have shown that the observed
peak-to-valley ratio of the ^110> Mn yield, 1.5,
corresponds to 0.14 run displacements of Mn atoms in <100>
directions.
We have now observed <110> peaking effects
for displaced Cu atoms in an Al-0.14 at. % Cu crystal.
The lattice contraction caused by the addition of Cu to Al
is also large, 0.38 atomic volumes per Cu atom.
When
approximately 50% of the Cu atoms had been displaced by
trapping Al interstitial atoms, the peak-to-valley ratio
of the Cu yield was 1.4 for a <110> angular scan along a
{110} plane, and 1.7 for an angular scan along a {100}
plane.
The Cu atom displacements annealed out near 200 K,
as was observed for the other Al alloys.
It can be concluded that the theoretical calculations
concerning the stability of mixed d u m b b e l l s ^ ) , based on
a simple size effect, are qualitatively correct; ti.d
largest displacement of solute atoms is predicted for the
smallest solute atoms
(1)

J.H. Barrett, private communication.

(2)

P.H. Dederichs, private communication.
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1.4.2

Backscattering Measurements of the Interaction of Fe Atoms
with Interstitial Ai Atoms in an Al-0.05 a t . % Fe Crystal
- M . L . Swanson, L.M. Howe and A . F . Quenneville
Mossbauer spectroscopy of irradiated dilute alloys
of Al with 5 7 C o ( 5 7 Fe) have shown that the trapping of Al
self-interstitial atoms by the 5 7 C o ( 5 7 Fe) atoms prcduces
an isomer-shifted l i n e d ) .
In this way, the trapping
characteristics of the Co atoms and the vibrational
properties of the Al-Fe complex were investigated.
It was
assumed that the Al-Fe trapping configuration was the
<^100> mixed dumbbell, by inference from our earlier Al-Mn
r e s u l t s ^ ' . We have now confirmed from backscattering
measurements that Fe atoms are displaced into <110>
channels by trapping Al interstitials near 50 K, and that
the trapping configuration is stable up to 200 K.

1.4.3

(1)

G. V o g l , W. Mansel and W. V o g l , J. Phys. F:
Physics 4, 2321 (1974) .

Metal

(2)

M . L . Swanson and F. Maurv, Can. J. Phys. 5 3 , 1117
(1975).

Measurement of the Displacement of B Atoms in Si Crystals
Using the ' l l B(p,a) B Be Reaction
- M . L . Swanson, L.M. Howe, J.A. Davies and
A.F. Quenneville
Room temperature irradiation of Si crystals which
were doped with 10
- 1 0 2 0 B atoms/cm 2 either from the
melt or by implantation followed by diffusion, causes the
B atoms to be displaced from lattice s i t e s ^ ' 2 ) .
W e have
extended these measurements to lower temperatures by
irradiating a diffusion-doped crystal at 4 0 K with protons
or He ions.
The low temperature irradiation displaced B
atoms into <111> channels, and no further displacement:
occurred during isochronal annealing to 300 K. Thus we
have not been able to establish that the displacement of
B atoms is due to interaction with specific irradiationinduced defects.
(1)

J.A. Davies, J. Denhartog, L. Eriksson and
J.W. Mayer, C a n . J. Phys. 45_, 4053 (1967).

(2)

J.C. North and W.M. Gibson, A p p l . Phys. Letters
16, 126 (1970) .

- 21 1.5
1.5.1

NUCLEAR METHODS OF ANALYSIS

Microanalysis of Irradiated Carbon Foils
- I.V. Mitchell, W.N. Lennard, J.R. Parsons and M. Braun*
with K.R. Andrews and A.B. McDonald, Nuclear Physics
Branch
There had long been speculation about the causes of
carbon foil degradation and failure under heavy ion
bombardment. Improved performance of C foil strippers, in
particular, has an obvious relevance to heavy-ion
accelerator performance.
We have analyzed stripper foils that had been
bombarded over an apertured area with heavy ions
(60 MeV I, 560 particle-p C . cm " ? ) from the CRNL MP
Tandem accelerator. To distinguish between the original
foil material and any additional carbon contamination
the foils used were enriched to 97% in l3C (cf. the
natural abundance of 1.11%). Foils of ^ 10 jjg .cm 2 and
20 \sg .cm 2 were obtained from AECL-Commercial Products.
Backscattering analysis with MeV energy H e + beams
from the 2.5 MV van der Graaff accelerator failed to
reveal any evidence for anomalous impurities in or near
the areas irradiated by the heavy ion beam. Nuclear
microanalysis for C and 0 was performed using the
12
C(d,p) 1 3 C, 13 C(d,p)'*C and l1sC (d,a)]! B and 1 6 O(d f p) 1 7 O
reactions, with excellent discrimination between all
three isotopes.
The nuclear reaction measurements showed clearly
that the carbon films were indeed thicker in the
irradiated region and that the thickness increase was due
solely to * 2 C build-up, not to * 3 C redistribution or to
oxygen completing. The absolute increase was the same for
the 10 y g / c m 2 foils as for the 20 )jg . cm" 2 foils.
Within the lateral resolution of the beam (0.5 mm diameter)
the 12 C profiles confirmed to the visibly darker region
of the irradiated foil. However, it is also obvious that
the total increment in C thickness (^0.5
g . cm 2 ) does
not account for these optical changes. These same changes
can be generated by exposing C foils to intense light
(J. Gallant, private communication) and, as selected area
transmission electron microscopy studies showed,
correspond to phase changes in carbon film,i.e. C foil
"blackening" cannot be taken as evidence for proportionate
foil thickening.
* Permanent address - Research Institute, Stockholm,
Sweden
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Further tests will be made on foils that have been
exposed to greater fluences of heavy ions.
1.5.2

Microanalysis of a Catcher Foil
- I.V. Mitchell, W.N. Lennard and D. Phillips
At the request of J.S. Fraser (Accelerator Physics)
we looked for surface deposits on an aluminum foil that
had been used as a catcher in a preliminary electron
sputtering experiment. The sputtering target consisted
of a copper block silver-soldered to a copper post.
Using the method of Rutherford backscattering of 2 MeV
He ions we identified not one but two surface impurities
and mapped their distribution along the catcher.
The true identity of the impurities became apparent
when the He + beam-induced X-ray spectrum from the catcher
was analyzed. Fe. Cu, Zn and Ag were all found to be
present with the latter two accumulated to coverages in
excess of 1 0 1 7 atoms.cm 2 . The true sputtering yield
from Cu had therefore been totally obscured by
contributions from the silver solder. Surprisingly, no
Cd showed in the X-ray spectrum (silver solder: 45% Ag,
15% Cu, 16% An, 24% C d ) .
The electron target assembly is being redesigned to
prevent contamination of this type occuring.

1.5.3

Use of Rutherford Backscattering to Study the Mobility of
Foreign Atoms During the Anodic Oxidation of Aluminum"
- W.D. Mackintosh, F. Brown and H.H. Plattner
The advent of the High Energy Mass Separator (HVMS)
has permitted some extensions to the study of the mobility
of foreign atoms during the anodic oxidation of aluminum.
Previously, using low energy implantation some species
were found to be located close to the outer surface of
the oxide after anodizing. This implies that they move
at about the same rate as Al, but a similar result would
be obtained if they moved faster than Al but failed to
pass into the electrolyte. However if thick preformed
oxides (50 - 60 ;jg/cm2) implanted with foreign atoms at
energies of 300 keV (implant depth % 40 pg/cm2) are used,
then, on subsecjuent thickening the implants will lie an
appreciable distance beneath the surface even though
they move faster than Al.
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The mobilities of Sb, Se and Te have now been
investigated in this manner. Oxides ^ 60 yg/cm 2 thick
were formed on prepared Al surfaces, implanted with
2 X 1 0 1 5 atoms cm" 2 of the foreign atoms at 300 keV,
and then the oxide was thickened to ^ 100 |jg/cmz. T'.ie depth
of the implant after thickening and the oxide thickness
were determined by Rutherford backscattering analysis.
All these implants were found closer to the surface
after thickening the oxide layer. That is to say, they
had moved outwards from the position they would have
occupied had they been immobile. The immobile position
was calculated assuming that 4/10 of the oxide grew by
outward migration of the Al^ 1 '. The migration number
(defined as the ratios of the distance moved to oxide
thickness grown) for Sb and Te was 0.5 for both species.
However, Se behaved differently, spreading widely
throughout the oxide. Using the centre of the distribution
as a basis for calculation, the migration number was 0.1.
The migration numbers for Sb and Te were considerably
higher than those previously determined with shallow
implants (50 keV). This discrepancy has prompted some
further investioations.
The immobile position used in the migration number
calculations is based on experiments with noble gas
markers described in Reference 1. We have now repeated
these earlier experiments taking advantage of the
greater implant ranges obtainable with the HVMS.
(1) Xe was implanted to a dose of 2 X 1 0 1 5 ions.cm" 2 at
300 keV (range ^ 31 yg/cm 2 ) into an oxide layer 58 yg/cm 2
thick which was subsequently thickened to 108 yg/cm 2 .
The transport number for Al obtained was 0.30 whereas the
original experiments gave 0.4 0 + 0.02.
(2) Specimens covered by ^ 60 yg/cm:' of oxide were
irradiated with 2 X 1 0 1 5 argon ions.cm" 2 at 300 and at
2000 keV and at dose rates of 300 and 900 nA to produce
various amounts of damage. Xe was then implanted at
40 keV and the usual backscatterina measurements made.
The transport number was 0.36 + 0.02 for all.
(3) We implanted 2 X 1 0 1 5 Sb atoms-cm" 2 at 300 keV into
oxide covered specimens then implanted Kr atoms at the
same energy. The transport number was 0.20 + 0.02.
Using this as a basis for calculation, the migration
number of the Sb was 0.36.
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It should be emphasized that these results are of
a preliminary nature and further experiments -./ill be
required to confirm and explain these differences in
transport numbers.
(1)

1.5.4

F. Brov/n and W.D. Mackintosh, J. Electrochem. Soc. ,
120, 1096 (1973) .

The Movement of Foreign Atoms During the Anodic
Oxidation of Silicon
- W.D. Mackintosh and H.H. Plattner
In PR-CMa-33 section 1.5.5, we reported that Au
implanted in Si retreats before an advancing oxide front
when the Si was anodized. However, we have now found
this behaviour to be quite different if the specimen is
annealed after implanting and before anodizing. When
annealed at 800°C for 1-1/2 h in vacuum, the Au largely
disappears from the specimen during the oxidation stage
(presumably into the electrolyte) with < 10% of the
original implant remaining at the oxide/metal interface.
All previous experiments were carried out using
p-type silicon crystals. We have now found that in
n-type silicon, Au also remains at the oxide/metal
interface when implanted specimens are anodized, but does
not if the implanted specimens are annealed before
oxidation.
We have also obtained Rutherford backscattered
spectra with the H e + beam aligned along the <111> axis
of Si crystals. The crystals had been implanted with Au,
anodized and the oxide removed by a four minute etch in
0.5M HF. We found that these had a disordered region
at the surface containing more oxygen than is normal
for the natural oxide cover of Si crystals. None of the
Au appeared to occupy substitional positions in the
undamaged lattice beneath the disordered region.

1.5.5

Structures of Anodic Oxides
- J.P.S. Pringle
Investigations over the last several years have
established that anodic tantalum oxide thickens via the
migration of both tantalum and oxygen, and that the
transport numbers are in a ratio of approxamately one to
three. Because of the differing valences, however, the
ratio of the corresponding atom movements is approximately
one to seven and a half. Similar observations apply to
the anodic oxides on niobium and tungsten.
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Any mechanism that attempts to explain these and
related observations must take the nature of the oxides
into account. No direct evidence for the structures of
the anodic oxides exists, since the X-ray and electron
diffraction measurements reported in the literature all
give diffuse haloes; this suggests that the structures
contain much disorder. The most reasonable assumption
about the structures of the anodic oxides, therefore, is
that they are highly disordered versions of the structures
of the corresponding crystalline oxides, and this
suggested a consideration of the average properties of
such structures. Much information is now available on
the crystal structures of these oxides and their related
phases, from which the following points, amongst others,
emerge.
i)
Several phases of definite stoichiometry have been
identified in the NbjOs-WO3 phase diagram, and all those
stable at the highest temperatures have structures
related to the ReOa lattice. These are of two types;
those based on crystal shear, and those based on rotary
stacking faults. When the volume per oxygen atom, V o ,
is plotted as a function of stoichiometry, M 0 x , the
points all lie very close to the straight line
V o = - 2.39x + 25.4

(X 10" 3 nm 3 )

(1)

as determined by least squares.
ii) Similar phases exist in the Ta 2 O 5 -WO 3 system, though
here the structures are built up from wavy chains of
pentagonal bipyramids, not octahedra as in the ReO 3
structures. A similar relationship between V o and x
applied however, namely
V o = - 12.8x + 4 9.6

(X 10~ 3 nm 3 )

iii) At room temperature, the structure of WO3 is a
monoclinic distorted form of the ReO_33lattice, with a
volume per oxygen atom of 17.62 X 10 nm . A lattice
parameter for the hypothetical cubic ReO 3 form has
appeared in the literature, based on extrapolation of the
lattice parameters for various cubic MyWO3 bronzes to
y = 0, M being a metal. The volume per oxygen calculated
from this parameter is 18.07 X 10~ 3 nm 3 in reasonable
agreement with the 18.19 X 10~ 3 nm 3 calculated with
x = 3.0 in ecruation (1) for the niobium series.

1.6
1.6.1

PUBLICATIONS, LECTURES AND REPORTS

Publications
Lifetime of the 1.39 MeV 2+ Level of
Contributions to E2 Transition Rates

18

Ne:

Two Body

- A.B. McDonald, T.K. Alexander, J.S. Forster, 0. Hausser,
F.C. Khanna and I.V. Mitchell, Nucl. Phys. A258, 152
(1976) .
Cross Section Measurements for the Reactions of Fast
Neutrons with Indium
- D.C. Santry and J.P. Butler (Physical Chemistry Branch),
Can. J. Phys. (in press)
A Comparison of Sectioning Methods Used to Measure
Concentric Profiles in Anodic Oxides
- J.P.S. Pringle, Can. J. Phys. 54, 56 (1976).
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2.2

2.2.1

Emission

ANALYTICAL CHEMISTRY

Spectrography

- G. Jarbo, H. Herrington, P. Faught
(1) Analytical Methods
a) Powder Sample?
In order to quantify the analysis of powder samples
by direct excitation, appropriate standards have to be
prepared ar.d new techniques developed.
Work has been
proceeding to adapt the 'Webb' technique(1) for this
purpose. As the sample to buffer {graphite-lithium
fluoride) i-vtio ;.s small the matrix is essentially
graphite. Varying amounts of a commercially available
mixture of 49 element oxides (Spex Mix 1000) have been
used to prepare a graded series of standards.
Different
instrument parameters have been tested as well as
varying environments for the electrodes. Excitation in
a chamber with a flowing argon/oxygen atmosphere seems
most promising.
Instead of the commercial product,
preparation of our own oxida mix containing fewer but
more relevant elements nas been undertaken.
Consideration is also being given to the inclusion of a carrier
such as silver chloride in the buffer.
The above method using commercially available
standards has been successfully applied to the analysis
of alumina powder samples.
(1) Webb, M.S.W. and Wordingham, M . L . , AERE-R-5799,
A Versatile Spectrographic Method for the Analysis
of a Wide Range of Materials.
b) Emulsion Calibration
The computer program for the automated emulsion
calibration has been extended to utilize data obtained
from spectra prepared with a seven step filter in
addition to that from the rotating pin sector.
(2) Direct Reader
Mechanical adjustments have been made to optimize
the effectiveness of the shock mounts of the instrument.
Certain exit slits are in need of relocation and are

being checked by photography for correct position. A
bracket has been designed to facilitate this and at the
same time ensure correct angularity of the slit housing
with respect to the focal curve.
Work on the glove box is almost complete. The
switch gear for selection of either of two arc stands
has to be completed and installed.
2.2.2

X-Ray Fluorescence (XRF) Spectrometry
- G. Jarbo, P. Faught
(1) Determination of Uranium in Thorium Matrix
A method has been developed for the XRF determination
of ppm quantities of uranium in a thorium matrix. The
sample solution is made 3 M in hydrochloric acid and
passed seven times through a strong base ion exchanger
loaded paper (chloride form). Uranium, as the chloride
complex, is retained on the paper while the thorium, is
washed through. Uranium on the paper is determined by
counting the U L a line. Calibration curves are prepared
from standards prepared by spotting measured amounts of
standard uranium solutions on ion exchanger papers.

2.2.3

Analytical Support for Heavy Water Process Programs
This work is described in internal CRNL reports.

2.2.4

Electroanalysis
- J. Gulens
(1) Metals by Voltammetry
Results of the preliminary round robin test for the
voltammetric determination of several trace levels of
Cd, Pb, Cu and Zn in water, organized and coordinated by
ASTM, have been received. The interlaboratory standard
deviations and relative accuracy for Cd and Pb were good,
but poor for Zn and Cu. The results from this laboratory
compared favourably with the overall trend. Our results
were, with only 3 exceptions, located about the median
and bounded by the upper and lower quartiles. The nonflame atomic absorption spectroscopic results were similar.
The round robin testing will be repeated, with further
participation by our laboratory.
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2.2.5

Atomic Absorption

Spectrometry

- M. Hurteau, D. Bellavance
(1) Precision of Measurements with Flameless Atomization
A series of measurements has been made using the
Varian CR-60 carbon rod atomizer and AA-5 spectrometer
to determine the precision of measurements (1 a) for
several elements in the parts per billion concentration
range. Twelve determinations were made at each element
concentration using standard solutions freshly prepared.
The results obtained were as follows:

(ng/ml)
5
10
20
50
100
200
500
1000

Coefficient of Variation ( %)
Al
Cr
Cc1
Fe
Ni
Cu

11. 5
8. 7

12.8
11.7
3.8
2.1

10. 0
8. 8
6. 4
2. 3

7,.9
4..6
1..7
1..2

5.5
3.1
2.1
1.6

25. 7
20. 9
9.
3. 1

5 _1
1. 8
1. 2

(2) Determination of Refractory Metals by Flameless
Atomic Absorption
A prominent factor limiting sensitivities in the
determination of refractory m e t a l s using carbon :od
atomization is the formation of carbides which are
thermally stable. In an attempt to extend the useful
range of this analysis for such m e t a l s , two approaches
are being tried:
i) use of a tantalum furnace in place of the carbon rod,
ii) formation of a carbide coating on the inside of the
carbon rod furnace.
The tantalum furnace showed promise for increased
sensitivity but a furnace constructed to give the same
resistance as the carbon furnace w a s physically too weak
and collapsed after only a few r u n s .
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Some preliminary work only has been done on the
formation of a carbide coating on the carbon furnace.
The coatings are formed by introduction of a solution
of a suitable metal salt (La, Ti, Ta) into the furnace,
evaporating to dryness and heating to form carbide (see
Anal. Chem., 47, No. 8, 1258 (1975)). Results are too
few yet to evaluate the method.
2.2.6

Fuel Studies
i

- T.H. Longhurst
Investigations are being made in the Fael Materials
Branch into the impregnation of fuel pellets. Pellets
of UO2 were contacted with solutions of uranium in nitric
acid and water and submitted for analysis to determine
what gases are evolved when these pellets are heated.
A furnace system was connected to the vacuum system
of the quadrupole mass spectrometer for stepwise heating
of the pellets with continuous monitoring of gases
evolved. The data obtained have not been completely
processed yet but qualitative results indicate the
presence of H 2 0, C 0 2 , NO, N 2 0 . Sulfur dioxide was also
observed but this is suspected to be an artifact of the
apparatus due to the H2S background present in the instrument .

2.2.7

Analysis Requests
Type of Sample

Received
from

No. of
Samples
770

Heavy Water
Programs

Miscellaneous

System
Materials

NPD heavy water

6

Retentates from reverse osmosis tests

3

Fuel decrudding solutions
X-5 crud solutions
X-5 graphite leachings
NPD resin solutions
Buffer solution
Zr-Nb rod
Zr-N.b alloy
Gas standards
Fuel
Engineering

Zr alloys
Fission gas

Fuel
Materials

Uranium solutions
Enriched U 0 2
Impregnated U 0 2 pellets
Natural UO2 pellets

54
8
7
3
1
6
6
33
108
22
22
1
8
10

Type of Analysis Done
Gas chromatography,
liquid chromatography,
mass spectrometry,
emission spectrography,
U.V. absorption, total
organic carbon (TOC),
Si, Ca, Fe, Al, Na,
Ft, S, Cl, POCl, F, La, pH, conductivity, TOC,
emission spectrography
Na, Ca, Mg, Al, Fe,
Mn, Cu, Si, PCU
Fe, Ni, Cu, Co, Cr
Fe, Ni, Cu, Co, Cr
Fe, Ni, Cu, Co, Cr
Fe, Ni, Cu, Co, Cr
PH
Nb
H 2 , D2
Mass spectrometry
H2, D2
Mass spectrometry
Free acid (HNO 3 ), U
Fe
Th
Ca

Type of Sample

Received
from

Metallurgical ^r-Nb pressure tube
Engineering
Archive Pickering pressure tubes
Pickering-4 pressure tube
Zr-Nb alloys
XL alloy (Zr)
Stainless steel

No. Of
Samples
20
12
5
66

4
13

Type of Analysis Done

Nb
Nb
Nb
H 2 , o2
H2, N2,
H2

o2

General
Chemistry

Standard Ag solution

Materials
Science

Zr-Al alloy

4

Crystal bar Zr

2

Al, O 2 , emission
spectrography
Fe

Physical
Chemistry

Be metal
Solution of unknown composition

3
1

O2
Fe, Cu, Ni, Cr, Ag

Accelerator
Physics

Powder
Helium

1
2

Emission spectrography
Mass spectrometry

Chemical
Operations

U solution (from Commercial Products)
4
1

Fe, Ni, Cr,
emission spectrography
Total organic carbon (TOO
Emission spectrography

D2O
Precipitate from dissolution of UO 2

Ag

12
1

Cl, Mg, Si
Emission spectrogr phy

Mechanical
Equipment
Development

Water samples
Deposit from stainless steel pipe

Process
Systems
Design

Aluminum nitride capsule

Ni, K, B, Si,
emission spectrography

Protective

Unknown material

SiO2
Total number of samples = 1 , 2 2 4
Total number of analyses = 3,840
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2.3

HYDROGEN-WATER EXCHANGE

W.H. Stevens, A.S. De.iovan
This work is described in an internal CRNL report.

2.4

2.4.1

RADIOACTIVITY MEASUREMENTS

Calibration of Ge(Li) y-Spectrometer Efficiency for
Two and Three-Dimensional Sources
- W.J. Edwards
Ge(Li) spectrometers employed in quantitative work
are customarily calibrated for y~efficiency, as a function
of energy, at a few standard positions along the
detector's axis of symmetry. At each position a series
of sources of known energy and independently standardized
y-rate are measured to provide the characteristic
efficiency vs. energy response curve. For accurate work
these measurements must be repeated for each shape or
source geometry anticipated amongst the unknown samples.
Some commonly used standard-source geometries include
near point sources, small diameter discs and solutions
of fixed volume in standard cylinders.
Such calibration curves serve well for the analysis
of unknown radioactive sources originating in the laboratory where the material is directly under the experimenter's
control and can usually be coerced into one or the other
of the calibrated source geometries. For other unknowns
however, e.g. gas sources in cylinders of various heights
and radii, pieces of pipe, flat plates etc., the problem
of what the effective detector efficiency is frequently
reduces to some form of "guestimate".
In this laboratory, while the number of unknowns of
any particular non-standard geometry is small,
collectively sources of uncalibrated geometry form a
significant portion of the measurements. In order to
improve the estimate of the yefficiency for such sources
a simple procedure has been developed for the calibration
of Ge(Li) spectrometry for spatially extended sources.
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The apparatus for this calibration consists only of
a small clockwork electric motor of low speed (20 rpm)
mounted above the crystal with the shaft of the motor
coincident with the crystal axis, and pointing down
toward the crystal. A very light weight arm (0.010 Al)
^10 cm in length, is mounted on the motor shaft at a right
angle so that when the motor turns the arm traces a disc
parallel to the surface of the detector. This rotating
arm is suitably notched to hold small ysources at
fixed radial distances from the axis. A set of y-sources
uncalibrated but containing essentially single Y~ em itters
covering the desired energy range, is placed on the arm
and a y~sp e ctrum measured with the motor rotating. The
sources are then moved to different radial positions and
the process is repeated until each y-emitter has been at
each radial position. The motor is then raised to place
the arm at another axial position and the process is repeated.
The number of sources into which the activity is distributed is not important but each material must be measured
at each radial position. The function of the rotating arm
is of course to average irregularities in the radial
sensitivity.
(Ge(Li) detectors can not be relied upon
to have a uniform radial sensitivity for several reasons.
Some are inherently asymmetric, e.g. square planar
detectors and trapezoidal detectors made from loaf-shaped
ingots, while co-axial detectors may be mounted slightly
off center with respect to the outer container or, as
in the case of the present detectors, have relatively
massive mounting hardware, clamps and electrical contacts
on one side of the crystal.)
After the spectra are processed the results are obtained as relative radial efficiencies which are then
normalized to the known (previously calibrated) efficiency
at zero radial displacement. The resulting radial
efficiency curves have basically a sinh shape which is
fitted as a piece-wise function by a small computer
program. Fig. 2.4.1.1 shows some of the curves obtained
for low and medium y e
The difficulty of estimating the efficiency for, say,
a cylinder of gas of arbitrary radius and length from the
zero radius efficiencies alone is readily inferred from
the differences in the shape of the curves as a function
of axial distance. This is so pronounced in Fig. 2.4.1.1(a)
that at larger radii the curves cross over, and it is
possible in special cases to observe an increase in
efficiency by moving the source axially away from the
crystal.
(As the axial distance increases for sources at
large radii the solid angle becomes smaller but a larger
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fraction of the radiation passes through the top of the
crystal housing which has better transmission.)
Efficiencies for extended sources are obtained by
integration of the radial efficiencies over the volume
of the source by a small computer program.
2.4.2

Counting Room Equipment
- W.J. Edwards
The tube-type electronic unit for the end window (3proportional counter has become unserviceable for lack
of replacement parts. It has been replaced with
transistorized equipment assembled from various spare
units accumulated over the years. This equipment has
been tested and is performing satisfactorily.

2.4.3

Kinetics of the Fluoride Specific Ion Electrode
- R.C. Hawkings, L.P.V. Corriveau
One objective of our work on fluorides has been to
investigate methods to reduce contamination with fluoride
ion (P~) of solutions held in polytetrafluoroethylene
(PTFE) containers (PR-CMa-27) . The fluoride-specific
ion electrode (FSIE) was used to measure F released.
Some degree of success with a leaching procedure reduced
the F~ concentration of samples below the generally
accepted lower working limit for the FSIE of 10~ 6 M.
The work of Baumann
has shown that, in the
presence of fluoride-complexing cations, the FSIE responds
theoretically to free fluoride one to three decades
below 10~ 6 M, the accepted limit in non-complexing solutions. This encouraged us to attempt measurements in
the submicromolar range.
Our investigations soon revealed an apparent external
source of fluoride contamination (PR-CMa-29) which
seriously interfered with our measurements. At the same
time it became apparent that a second limiting factor was
our lack of understanding of the kinetics of the FSIE.
This is a crucial factor because it is known that the
time to equilibrium increases with decreasing F concentration. Below 10~ 6 M this time is of the order of hours.
It therefore becomes essential to be able to calculate
the equilibrium EMF from kinetic data. In the decade
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which has elapsed since introduction of the FSIE by
Frant and Ross in 1966(2), a number of papers have
been published which purport to relate the time-response
characteristic of the FSIE to various equations. The
most recent of these is a kinetic study in fast flow
and automatic systems by Mertens et al.(3) .
We have found that these equations do not fit our
FSIE time-response characteristics in a general way.
After extensive measurements of the time-EMF response
characteristic of FSIE in our laboratory we have derived
an empirical equation which fits our data, under all but
extreme conditions of F concentration change (>10 3 ),
to within ±0.2% from about ten minutes after immersion
of the electrode out to forty minutes or lonqer (PR-CMa-33)
With the aid of this empirical equation we have been able
to identify two major sources of contamination of our
solutions. The first proved to be the PTFE coated
magnetic stirrers which are used almost universally. We
eliminated this problem by the fabrication of polypropylene
covered magnetic stirrers. The second source of contamination_was the use of ion-exchanged water. Small amounts
of F are best removed by triple distillation.
The utility of this equation and control of contamination was demonstrated in the measurement of changes in
F~ concentration as small as a few percent above a blank
of 1 ng F /g of solution (%5 x 10~ 8 M fluoride) using
kinetic data between ten and forty minutes to calculate
the equilibrium EMF and hence the solution concentration
of F~ (PR-CMa-34).
In the course of these measurements we observed that,
under some conditions, our empirical equation was able to
fit the data from times as early as two to three minutes.
We continued our investigations of the time-response
characteristic in an attempt to gain sufficient understanding of the kinetics of the FSIE to permit the calculation of equilibrium EMF data from kinetic data taken
over a much shorter time interval.
Our current concept of the kinetic or dynamic response
of the fluoride-specific ion electrode to a change in
solution fluoride ion concentration is as follows:
Immediately following immersion in a fresh solution
having a different fluoride ion concentration - or other
instantaneous change in concentration - the electrode will
respond by four distinct concurrent processes. The first,
and most rapid, of these is probably the hyperbolic
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relationship described by Mertens et al.
. This process is believed to become substantially complete within
the first three to four minutes, and may be related to
electrical characteristics of the LaF 3 crystal itself.
Next, a diffusion controlled response becomes apparent,
which may persist, in the sense that it does not reach
99.8% of equilibrium for at least thirty to forty
minutes under extreme conditions of concentration change,
i.e. "vlO11. This diffusion process is believed to be the
restoration of a F~ concentration gradient across a
'dead' or unstirred layer of liquid and/or gel between
the bulk solution and the surface of the LaF 3 crystal
following a change in F~ concentration in the bulk solution. The FSIE is believed to respond only to the F~
concentration at the interface between the LaF3 crystal
and the unstirred film and/or gel layer.
Usually concentration changes are limited to about
two orders of magnitude. In such cases the diffusion
process ceases to be rate controlling after approximately
ten minutes. The mechanism described by our empirical
equation then becomes rate controlling. This process is
believed to be a restoration of chemical equilibrium
between F~, La+ 3 , 0H~, and such complexing agents as
1-2-cyclohexane diamine-NNN'N'-tetraacetic acid (CDTA)
used to free F~ from cations such as Al+ 3 . Our model
has this reaction zone in the 'dead' or gel layer
immediately adjacent to the LaF 3 crystal. Thus the
reaction is dependent upon F supplied by diffusion and
acts to control access of F~ to the surface of the LaF 3 .
The fourth process is a minor one which we attribute
to the dissolution of LaF3 in the solution with_some small
contribution (<10%) from the concentration of F by the
evaporative loss of water. This process has been followed
for times >10't min (>7 days) during which the increase
is linear with time. In view of the low solubility of
LaF3 a dissolution process could be expected to be approximately linear in the early stages. The rate observed is
approximately 1 x 10"1* ng F~ min" 1 m l " 1 . Thus, one
hundred minutes after immersion of the electrode ^ 1 0 ~ 2
ng F has been_added to the solution. At the level of our
blank (1 ng F / g ) , and volume of our solution (60 m l ) ,
this represents a 1% increase every 100 min. This in
turn sets a lower limit to the practical application of
the FSIE under our conditions of measurement, and provides an additional incentive to obtain, in the shortest
possible time, all kinetic data necessary to calculate the
corresponding solution concentration.
Since all these processes proceed concurrently, more
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rapid determinations are not possible unless these processes can be linked in a single, soluble, mathematical
expression. In collaboration with S.A. Kushneriuk,
Theoretical Physics, efforts are beinq made to link the
equations for these processes. A major obstacle to this
link-up lies in our empirical expression. This expression
is:
C

= C
u.

where C

+ (C.-C ) [(l-exp(~At))/At]
S

1

o

= the concentration indicated by the electrode
at any time 't' after immersion in a solution
having a concentration C

C. = che apparent initial concentration
A = a rate constant.
In current usage we solve simultaneously for C , C
and A for each solution measured. Cj_ is a variablJ
because the other processes continually change its value.
Consequently the rate constant A appears to be a complex
function of the concentration difference, (C.-C ) .
1

S
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2.4.4

Counting Room
A total of 188 samples was received.
analyzed as follows:
decay curves beta
gross beta

3
130
133

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

16
123
139

These were

DISTRIBUTION OF BETA ANALYSES

1
Loop

X-1

Decay

3

Gross

20

X-3

X-4

X-5

x-6 : u-i

U-2

U-5

18

18

j
r

18

18

6

18

j1 4

i... .

_ j ..

DISTRIBUTION OF GAMMA ANALYSES
1

Loop

Analyses
for

X-2

U-1

26

1

\

U-2
1

NRU

Special
Analysis

NPD

30

42

23
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2.5

2.5.1

DEUTERIUM ANALYSIS

Deuterium Analyses
- W.M. Thurston, R.TC. Jones, M.T-'.D. James
The following is a summary of analyses performed
over the period December 2, 1975 - March 10, 1976 No. of Samples
34,548
500

Branch

Program

Physical Chemistry
General Chemistry

H 2 -H 2 O Exchange
H2S-D/H Analytical
Development
Infrared Monitor Working Party
Chemical Engineering Packing Tests
General Chemistry
Interlaboratory
Comparisons
General Chemistry
Miscellaneous

66
100
41
59
35,314
2.5.2

Heavy Water Analysis - Cooperation with Production
Plants
- VJ.M. Thurston, R.w. Jones, M.w.D. James

This work is described in internal CRNL reports.

2.6

2.6.1

ELECTROCHEMISTRY

Electrochemical H/D Separation
- M. Hammerli, W.J. Olmstead
This work is described in internal CRNL reports.
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2.7

2.7.1

MASS SPECTROMETRY AND FUEL ANALYSIS

Spark Source Mass Spectrometry
- I.H. Crocker, C.H. Knight
(1) Trace Analysis Standards Program
Spark source mass spectrometric analyses of five
IAEA biological trace elemental standards have been
completed. The standard materials were (1) dried animal
whole blood, (2) calcined animal bone, (3) milk powder,
(4) wheat flour and (5) dried potatoes. All samples
were ashed in a low temperature oxygen plasma asher,
slurried with a weighed quantity of silver spike, and
pressed into electrode pairs in the standard polyethylene isostatic mold. The spark source mass spectrometer analyses were done with photoplate recording,
the total ionic charges recorded being in a uniformly
graded series from 3 to 1 0 ~ 1 3 coulombs to 3 x 10~ 7
coulombs. The results are compared in Tables 2.7.1.1
to 2.7.1.5 with the IAEA values. The agreement observed
is normal for this type of elemental determination.
In addition to the above standards, a "natural graphite
standards kit" obtained from Ultra Carbon Corporation,
Bay City, Michigan, was analyzed for ten elements in our
continuing efforts to achieve as accurate trace analyses
as the spark source technique will permit. This standard
was prepared from a large volume of mined graphite containing natural impurity levels. The particle size of
this graphite was reduced to an average 1 0 " 1 5 m by a
jet-milling process and it was thoroughly homogenized.
Eight elemental concentrations were certified by multiple
analytical techniques - isotope dilution, spark source
mass spectrometry, neutron activation analysis, emission
spectrography and atomic absorption spectrophotometry.
These analyses were performed by Accu-Labs Research,
Inc., Wheat Ridge, Colorado. Two other elements were
tentatively certified pending additional analyses.
The ratios of the values determined on our instrument
to those reported by Accu-Labs provide relative sensitivity
factors (RSF's) which can be used to correct results
from other determinations of trace elements in graphite
matrices. The RSF's determined are listed in Table 2.7.1.6.
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Table 2.7.1.1
Dried Animal whole Blood

(ppm by Weight)

No.

Element

CRNL Result

IAEA Result

1
2
3
4
5

Cobalt
Copper
Iron
Zinc
Manganese

0.55
47
1800
55
120

0.42
45
3400
89
123

Table 2.7.1.2
Calcined Animal Bone

No.

Element

1
2
3
4
5
6
7

Arsenic
Chromium
Copper
Iron
Lead
Zinc
Manganese

(ppm by Weight)

CRNL Result
4
700
30
1300
5.5
270
60

IAEA Result
1.2
683
6.8
1500
8.8
183
32

Table 2.7.1.3
Milk Powder

No.
1
2
3

4
5

Element
Cobalt
Copper
Iron
Zinc
Rubidium

(ppm by Weight)

CRNL Result
0.6
6
100
60
30

IAEA Result
0.02
2
41
39
35
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Table 2.7.1.4

Wheat Flour

No.

Element

1
2
3
4
5

Chromium
Copper
Iron
Zinc
Manganese

(ppm by Weight)

CRNL Result
0
6,5
45
25
50

Table

Element

1
2
3
4
5

Copper
Iron
Zinc
Sodium
Rubidium
Manganese

0.04
5.8
84
33
35

2.7.1.5

Dried Potatoes

No.

IAEA Result

(ppm by Weight)

CRNL Result
5.2
30
13
1300
8
8

IAEA Result
4.2
19
12
1700
6.1
2.4

Table 2.7.1.6
Relative Sensitivity Factors for Elements in a
Graphite Matrix (-*-)

Element

Pb

RSF

1.0

Ba

Cu

0.20

0.53

Cr

Ni

Zn

Fe

Si

1.0

1.4

1.8

0.38

0.73

(1) by photoplate detection, average of four analyses
(2) tentative

certification

Al

As(

0.60

0.53
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(2) Identification of Pelletron Accelerator Ion Source
Contamination (with I.V. Mitchell)
Deposits that formed on the source parts of the
Bldg. 320 High Voltaqe Mass Separator with KBr and NaBr
samples were analysed by SSMS and found to be mostly W,
with smaller amounts of Fe and Cr, and trace concentrations of several other elements. The deposits were
assumed to have arisen from vapourization of the source
heating filaments.
2.7.2

Uranium Fuel Burnup Measurements
- I.H. Crocker, J.A. Schruder, S.R. Bokwa, S.V. Jobin
Isotopic analyses of 25 samples of starting material
and irradiated pellets were completed for Fuel Engineering
and Fuel Materials Branches. Twenty-nine irradiated
pellets were dissolved and the uranium content purified
for mass spectrometric analysis. The analytical
shielded cell #3 in Bldg. 250 was inoperative for a
short time during this period for routine maintenance
and cleanup.

2.7.3

Plutonium Fuel Burnup Measurements
- I.H. Crocker, S.R. Bokwa
Investigation of the feasibility of separating
uranium, plutonium and rare earths from gross fission
products using the three-column procedure outlined in
PR-CMa-34 was continued. The decontamination factors
obtained to date are listed below (DF = 3,y activity
of the original solution/5,y activity of the separated
fraction).
Uranium fraction
Plutonium fraction
Rare Earth fraction

DF = 'v 30
DF = ^375
DF = ^100.

Certain disadvantages of the procedure were observed
during this study:
(l)_Loading of the sample on the first column (Dowex 1x4,
NO3 form) had to be done very slowly to ensure the
adsorption of uranium in a narrow band at the top of the
column. Failure to do so resulted in premature breakthrough or excessive tailing of the uranium fraction.
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(2) Because of the inferior adsorption of uranium on
Dowex-1 in nitric acid, the decontamination of uranium
from fission products was poor. Further purification of
this fraction prior to mass spectrometric analysis is
required.
This preliminary separation takes approximately two hours to perform.
(3) When the time required to isolate the neodymiurn
fraction from the adjacent rare earths is added, the
entire procedure is far too slow.
We are therefore looking for simpler, more rapid
procedures to reduce the radiation exposure of the
analyst.

2.7.4

Thermionic Source Mass Spectrometry
- I.H. Crocker, J.A. Schruder, S.R. Bokwa, S.V.

Jobin

The Nuclide 15-90-SU 2.2 and the CEC 21-703 both
operated reasonably well during the period.
Some
operating time has been lost with the 15-90 because of
unexpected HV breakdowns in a high voltage section r e placement part for one of the two thermionic sources in
daily use. The original HV section suffered a ceramic
bolt breakaqe and was removed from service for cleaning
and repair. The HV breakdowns are probably due to more
degassing from the new part than was expected, inasmuch
as it was carefully cleaned and baked before use.

2.7.5

Analytical Support - Plutonium Fuel Fabrication
Line
- I.H. Crocker, F.C. Miller, L.G. Shurrock, B.W. Hildebrandt
This work is described in an internal CRNL report.

2.8

2.8.1

REPORTS, PUBLICATIONS, LECTURES

Reports
(1) An Automated Wavelength Selection fjr Flame
J.P. Mislan, M. Hurteau, R.W. Ashley
AECL-5311 (January 1976)

Spectroscopy

(2) Data Acquisition and Processing for Flame Spectrophotometry Using a Programmable Desk Calculator
fl.T. Hurteau, R.W. Ashley
AECL-5383 (February 1976)
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2.8.2

Publications
(1) A Selective Method for Elemental Sulfur Analysis
by High-Speed Liquid Chromatography
R.M. Cassidy
J. Chromatograph^, V o l . 1 1 7 , p. 71-79, February 1976
(2) Peak Power and Heavy Water Production from
Electrolytic H 2 and 0 2 Using CANDU Reactors
M. Hammerli, W.H. Stevens, W.J. Bradley, J.P. Butler
Conference Proceedings, 1st World Hydrogen Energy
Conference, T. Nejat Veziroglu, ed., The University
of Miami P r e s s , Florida, 197 6
(3) The Electrochemistry of Os(III) Ammines
vart II. O s ( N H 3 ) 5 C 1 2 + , O s ( N H 3 ) 5 I 2 + , Os(NH 3 )s
J. G u l e n s , J.A. Page
J. Electroanal. Chem. 67 (1976) 215-230
(Research done prior to joining AECL)

2.8.3

Lectures
(1) Peak Power and Heavy Water Production from
Electrolytic H 2 and O 2 Using CANDU Reactors
M. Hammerli, W.H. Stevens, W.J. Bradley, J.P. Butler
Presented by M. Hammerli at the 1st World Hydrogen
Energy Conference, M i a m i , F l a . , March 1-3, 1976
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3.2
3.2.1

RADIATION CHEMISTRY

Pulsed Electron Radiation Chemistry
- A.W. Boyd, R.D. McAlpine and O.A. Miller
(a)

Isotope and Dose Rate Effects in the Gas Phase
Radiolysis of H 2 S and D 2 S

The results of some of our earlier studies on this
system have been reported previously in progress reports of this series. Work on the system is now complete and a summary of our findings is given here.
Hydrogen yields for the irradiation of pure
samples of H 2 S or D 2 S using various Jose rates are
given in Table 3.2.1.1. Using Gammacell dose rates
(4 x 1 0 1 6 eV g"1 s"1) G(H 2 ) from H 2 S is 7% higher than
G(D 2 ) from D 2 S. This difference could arise from an
isotope effect for the primary formation of H or D
(or H 2 or D 2 ) or it could arise in one or more of the
complex secondary processes. However we can rule out
two of these secondary processes as contributors to
this isotope effect. At the dose rates used, dissociative neutralization processes are not important
and these can be ruled out. In addition, abstraction
reactions between an H atom and H 2 S cannot lead to an
isotope effect in the total G values, i.e., [G(H2) +
G(D 2 ) + G(HD)]. This is because abstraction is much
faster than any other possible H atom reaction in the
system, and hence all H or D atoms must suffer this
fate only. For dose rates up to 2 x 1 0 2 7 eV g"1 s" 1 ,
after correction for the isotope effect observed at
lower dose rates (Line 5, Table 3.2.1.1) no additional
isotope effect is observed. However' for the highest
dose rate used, 2 x 1 0 2 8 eV g"1 s" 1 , ( A G ) c o r r . = 1.0.
The observed change here in ( A G ) c o r r . compared to
lower dose rate experiments is larger than experimental error, and a new source of isotope effects on
the yield is evident.
It has been suggested(1) that the variation of
G(H 2 ) at high dose rates may be explained in terms of
competition between the dissociative neutralization
of various clustered ions such as H 3 S + (H2S) and
H 3 S + ( H 2 s ) n where n > 1. H 3 S + (H 2 S) is thought to give
two H atoms per neutralization, while the more highly
clustered (n > 1) ions give less than two. Since
these more highly clustered ions become less important as dose rates increase, the overall H 2 yield

TABLE 3.2.1.1
Dose Rate Dependence of the G Values for H 2 and D 2 from
Febetron and Gammacell Irradiations of Pure H 2 S and Pure D 2 S
Dose Rate
4 x 1 0 1 6 eV

1 x 1 0 2 G eV

2 x 1 0 2 7 eV

2 x 1 0 2 8 eV

g-1 s-1

g-1 s-1

g-1 s-1

g-1 s-1

1.

Pure H 2 S G(H 2 )

7.3 a ± 0.3

11.1 ± 0.4

11.8 ± 0.4

13.0 ± 0.4

2.

Pure D 2 S G(D 2 )

6.8b ± 0.3

10.8 ± 0.4

10.9 + 0.4

11.5 ± 0.4

3.

G(D 2 ) + 0.5c

7,3

11.3 ± 0.4

11.4 ± 0.4

12.0 ± 0.4

4.

AG = Line 1 - Line 2

+0.3

+0.9

+1.5

5.

< A G ) c o r r > = Line 1 - Line 3

- 0.2

+ 0.4 -

+ 1.0

a

± 0.3

+0.5
0

Assumed from Febetron yields for H 2 S + S (see Ref. 1)
Measured in a Gammacell compared to G(H 2 ) = 7.3
G(H 2 ) - G(D 2 ) at Gammacell dose rates
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will correspondingly increase. As the zero point
energy of clustered ions such as D 2 S + (D 2 S)n is somewhat lower than the corresponding protio species, H 3 S+
( H 2 S ) n , one might expect the more highly clustered
species to be more numerous in D 2 S than in H 2 S. At a
given dose rate, this effect could result in a lower
value of G(D 2 ) than of G ( H 2 ) . The results for a dose
rate of 2 x 10 2S eV g~1 s~l are consistent with these
suggestions.
As we have previously reported, separation factors
[a = (H/D)p ro d. v (H/D) reac t.Jhave been obtained for
various values of X D (the mole fraction of D 2 S) , dose
rate and temperature, as well as with the addition of
SF 6 All of the observed a values (0.2 < X D < 0.8)
fall on the following empirical straight line.
a(x D ) =(1.18 ± 0.04) + (1.07 ± 0.09)xD

[1]

The lack of a dependence of a on sample temperature over a range of 195K to 300K we have previously
interpreted as indicating that the a values were determined by the reaction of hot H or D atoms (symbolized H* and D * ) . We have performed a new series of
experiments which supports this conclusion. A mixture
of 70% D 2 S/30% H 2 S was made up. To this mixture was
added various partial pressures of neon to give a
total pressure of ^ 100 kPa. The a values obtained
for these D 2 S/H 2 S and neon mixtures are given in
Figure 3.2.1.1. As the fraction of neon is increased,
a decreases. We interpret this to indicate that, in
the most neon-rich mixtures, H* or D* collide with
about 9 neon atoms before they contact an H 2 S molecule
(or HDS or D 2 S ) . Now the observed a values, which are
different from those observed for pure D 2 S/H 2 S mixtures, arise from somewhat moderated H and D atoms.
This is consistent with the conclusion that the a
values given in equation [1] are characteristic of H*
and D*.
The results of this study are being prepared for
publication.
(1)

A.W. Boyd, C. Willis and O.A. Miller, Can. J.
Chem., 51, 1228 (1973).
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Figure 3.2.1.1 - Separation Factors for a 70% D 2 S/30% H 2 S
Mixture as a Function of the Atom Fraction
of Added Neon at 300K and for a dose rate of
„-]
2 x
eV g _1
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(b)

Nitrogen Yields from Nitric Oxide

We have recentlyd) compared physical data (ion
pair yields, ionization and excitation cross sections,
rate constants) and stable product yields in the irradiation of simple inorganic gases. The contributions
to stable product yields from neutralization and from
other precesses were determined by measuring yields in
Febetron irradiations with and without SF 6 . The high
intensity pulses thus obtained suppress charge transfer
to products and we have found that with SF 6 dissociative neutralization of the positive ion does not occur.
The agreement between the yields predicted by the
physical data and found chemically is in general very
good.
Nitric oxide provides another test of this agreement. Although there is considerable information on
electron cross sections and reaction rates the radiation chemistry data are fairly sparse. Harteck and
Dondes (2) obtained a yield of primary decomposition of
G(-NO) = 3.45 ± 0.35 with ^ 80 kPa of NO using fission
fragments at a dose rate of ^- 1 0 1 9 eV g~1 s~1 and a
dose of i 6 x 1 0 2 1 eV g" 1 . Hochanadel et al(3) measured the yield of N 0 2 at 100 kPa using Febetron pulses
and obtained G(NO 2 ) = 9 . 8 (corrected to G(0 3 ) = 12.8)
over dose rate and dose ranges of 1 0 2 6 - 1 0 2 7 eV g~l s"1
and 6 x 1 0 1 B - 6 x 1 0 1 9 eV g' 1 , respectively.
It is thus of interest to measure product yields
from NO in the presence of SF
Our values for nitrogen yields from the irradiation of NO are given in Table 3.2.1.2. As can be
seen the addition of SF6 to pure NO does not change
the value of G(N2). To understand this behaviour we
varied the dose, dose rate and pressure and irradiated
NO-Xe mixtures.
The following reactions allow us to explain the
lack of effect of S F G and to compare our yields with
the physical data.
*

N+ + 0 + e

[1]

MO ~

[2]

NO "~—» NO + + e

[3]

N O ~"~—*•

[41

N + + NO

NO*
t•

G = 1. 2
G = 2. 4

* N + 0
NO+

+ N

TABLE 3.2.1.2
Nitrogen Yields from the Febetron Radiolysis of NO

No.

Sample
Composition

Dose Rate 1
eV -1 s"

1

100 kPa NO

7. 5 X 10 2 6
7. 5 X 1 0 2 6

2

100 kPa NO

3

100 kPa NO

7. 5 X 10

4

100 kPa NO, 0.5 kPa SF 6

7.5

5
6

100 kPa NO, 0.5 kPa SF 6
100 kPa NO, 0.5 kPa SF6

X

26

1026
26

7. 5 X 10
7. 5 X 10 2 6

No. of
Pulses

Dose
eV q-1
3 .8 x 10 1 9

1

4. 3 ± 0.1

3

3. 7

5

3. 7

x 10"

1

x 10 >»

2

19

4

4.2 + 0.1
4.0
3. 7

2

1.14 x 10 °
1.9 x 1 0 2 0
3.8
7.6

G(N2)

1 .52 x 1 0

i

7

10
10

2 0

1027

10?

8

20 kPa NO

2 X 10
2 X 1027

9

40 kPa NO

2

10

10 kPa NO

2 0

2V

60 kPa NO

0

1
1

10. 9

o

8. 0

1

1

2 X 10

2/

2

10 c

1

5. 4
4. 6

27

2 0

1

4. 1

2. 7

x 10 1 9

5. 8 a

2. 7

x 1019

1
1

11

100 kPa NO

2 X 10

12

10 kPa NO, 9 0 kPa Xe

13

10 kPa NO, 9 0 kPa Xe, 0.5 kPa SF6

5 X 1026
5 X 10 2 6

10

These are the yields for only the energy absorbed by the Xe.

1.,4a
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[5]

N + NO

*

N2 + 0

[6]

0 + 2NO

*

[7]

NO + + e

• N + 0

[8]

e + 2NO

>

[9]

NO + + NO~

—-»

2NO

[10]

NO + + SF?

—-»

NO + Pr

[11]

Xe + + NO

1• NO + + Xe

NO2 + NO

NO~ + NO

The yields of reactions [1] and [2] are based on the
ion pair yield and ionization cross sections (4).
Reactions [4] to [6] are fast and should be the only
pathways for N + , N and 0. The lack of effect of SF6
in samples 4 to 6 is explained by the competition between the known reactions [6] and [7] and by assuming
reaction [9]. Since [8] 5s a three-body reaction [7]
will be favoured at the low pressures of MO in samples
7 to 10 and 12 and 13. Reaction [10] is consistent
with the results for samples 12 and 13 and with the
previous work(l). The difference between the yields
in 12 and 13 is 4.4. The ion pair yield in Xe is
G(Xe+) = 4 . 5 and this suggests that reaction [11] goes
to completion and that reaction [8] is suppressed in
these samples. The yield of reaction [3] from samples
1, 4 or 11 is 4.2 ± 0.2 - 1.2 {reaction [1]) = 3 ± 0.2.
The maximum yield of nitrogen predicted from these
samples and reactions [2], [4] and [7] is G(N 2 ) = 4.2
+ 3.6 = 7.8. The results in 7 and 8 are similar to
the anomalous increase in yields at low pressures that
we have observed previously(5). The dose dependence
shown by the yields of 2, 3, 5 and 6 is unresolved.
Our yield of G(N 2 ) = 4.2 z 0.2 is slightly lower
than that derived from Ref. 3 (G(N2) = 1/2 G(NO 2 ) =
4.9 ± 0.2.
Vork on this system is continuing.
(1)

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

(2)

P. Harteck and S. ")ondes, J. Chem. Phys., _2J7
546 (1957).

- 62 (3)

C.J. Hochanadei, J.A. Ghormley and P.A. Ogren,
J. Chem. Phys., 50^ 3075 (1969).

(4)

L.J. Kieffer, Gordon H. Dunn, Rev. Modern Phys.,
Vol. 39, No- 1 (1966), Ref. 7 (c) therein.

(5)

A.W. Boyd, D.A. Armstrong, C. Willis and O.A. Miller,
Radiât. R e s . , 4 0 , 255 (1969).

3.2.2

Pult^e Radiolysis of Liquid Systems
- W.A. Seddon, J.W. Fletcher, F.C. Sopchyshyn and
J.J. Jevcak

3.2.2.1

Alkali Metal Solutions in Mixed
(a)

Liquid

Solvents

Ammonia/Ethylamine

Deuterated solvents have been prepared to facilitate the location of optical absorption maxima.
In
C2H5ND;, at room temperature A m a x for e^ occurs at
> 1960 nm. The addition of ^ 4 mole% N D 3 shifts this
maximum to 1600 - 1650 nm, the wavelength expected for
eg in pure ND3. This shift occurs at a much lower concentration than is found in mixed polar solvents(1)
but is comparable to that observed in mixed polar/
non-polar solvents(2).
However, this shift to the ammoniated spectrum
is not accompanied by a corresponding increase in Ge
for el characteristic of the transition from ethylamine to ammonia. To see such an effect requires concentrations > 25 mole% N D 3
This indicates that the
optical absorption transition and the escape probability of the geminate electron from the spur are governed
by different solvent/electron interactions.
Further
studies are underway utilizing the solvent base in
deuterated mixtures.
3.2.2.2

Hydrazine
Hydrazine is an interesting solvent in that its
physical properties resemble both water and liquid
ammonia(3,4).
it is a highly polar liquid with a
dielectric constant of 51.7 and a dipole moment of
6.1 x If)" 3 0 C m (1.83 D) at 298 K. Alkali metals are
readily soluble in hydrazine but unlike liquid ammonia
(and amines) do not produce stable blue solutions.
However, on dissolution, w e do observe an intense blue
colour at th" surface of the alkali metal indicating
the transient formation of solvated electrons.
Surprisingly little information is available on the
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optical properties of eg in hydrazine although an
absorption band with no clearly defined maxima below
1100 nm has been reported(5).
Figure 3.2.2.2.1 shows the transient optical
spectrum observed at 293K immediately after a 0.3 ps
pulse in pure hydrazine and in solutions containing
0.1 M sodium hydrazide. In each case the band maximum occurs at 9850 cm" 1 (1015 nm) with 1 a band width
at half height, Av^/2 = 6100 ± 100 cm" . Increasing
the temperature shifts the maximum towards lower
energies with a temperature
coefficient of -0.001 eV
deg~* (-12.5 cm" 1 deg" 1 ) over the range 280 - 318 K .
In the presence of an electron scavenger such as
biphenyl the absorption band is eliminated with the
concomitant formation of the biphenyl radical anion.
The
of polar
spectrum
of e^ in
reaction

3.2.3

above behaviour is typical of eg in a variety
solvents and leaves little doubt that the
in Figure 3.2.2.2.1 is due to the production
hydrazine. Further studies in the yield and
kinetics are in progress.

(1)

F.Y. Jou and L.M. Dorfman, J. Chem. Phys. 5_8_
4715 (1973).

(2)

R.R. Hentz and G.A. Kenney-Wallace, J. Phys. Chem.
76_, 2933 (1972).

(3)

L.F. Audrieth and B.A. Ogg f The Chemistry of
Hydrogen, J. Wiley and Sons, Inc., N.Y. 1951.

(4)

Comprehensive Inorganic Chemistry, Exec. Ed.
A.F. Trotman-Dickenson, Pergamon Press Ltd.,
Vol. 2 (1973).

(5)

N.A. Slavinskaya, B.M. Kozlov, N.V. Petrukhin,
S.A. Kamenetskaya and S. Ya. Pshezhetskii, High
Energy Chem., £(1) 57 (1974).

Photochemical Isotope Separation
- R.D. McAlpine, D.K. Evans, F.K. McClusky and
P.J. Mason
(a)

Laser Absorption Measurements

The economics of deuterium separation put quite
severe limitations on photon utilization for laser
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PRESSURE

( kPa)

Figure 3.2.3.1 - Ln IQ/1 versus pressure measured for methanol
vapour with the HF Pi(6) line using a 50.5 cm
cell (B) and a 13.5 cm cell (C). A is the
extrapolation of the linear region of B.

isotope separation (LIS) of this isotope. We estimate that ^ 90% utilization of the exciting IR photons
is likely to be required. The pathlengths required to
achieve this depend critically on both the effective
absorption cross sections and the partial pressures
of the deuterium containing species. The effective
cress sections depend on the laser line used, the
magnitude of the transition matrix element and both
the temperature and pressure of the absorbing gas.
To some extent all of these factors can be optimized
and judicious choice of conditions may increase effective cross sections by several orders of magnitude.
We have now completed a study on the absorption
of various lines of the HF laser by methanol. At 300 K
and for pressures up to 11 kPa we observe the following effective absorption cross sections: (2.51 ±
0.04) x 1 0 ~ 2 0 cm 2 , (3.92 ± 0.06) x 10~2° cm 2 and
(4.98 ± 0.03) x 1 0 " 2 0 cm2 for the HF Pi (7), P 2 (3) and
Pi (6) line respectively. Since the energy of the
initial ground state level is not known we are not
able at this time to determine the absolute (temperature independent) cross sections.
Such effects as Lorentz homogeneous line broadening (1) can lead to non-Beer's Law behaviour for laser
absorption measurements. Curve B in Figure 3.2.3.1
shows behaviour which is qualitatively similar to what
would be expected from homogeneous pressure broadening.
However if absorption measurements are carried out in
a shorter cell (Curve C, Figure 3.2.3.2) we see proper
Beer's Law behaviour. The apparent non-Beer's Law
behaviour in this case we have shown to arise from
artifacts due to a component of "super radiance" in
the HF laser lines. The fact that an experimental
artifact can so strongly affect results such as these
does not appear to have been recognized before, and
some reported experiments in the literature may be in
error due to this. This work is currently being prepared for publication.
(1)

G.A. Laguna and E. Storm, J. Appl. Phys. , 4_6_
5049 (1975).
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3.3
3.3-1

HYDROGEN-WATER EXCHANGE

Kinetic Studies of the Isotopic Exchange Between
Hydrogen and Water
- J.P. Butler, J. den Hartog and F.W. Molson
- J.H. Rolston, D.E. Clegg and L.W. Thomson
The results of the research in Section 3.3.1
are given in an internal CRNL report.

3.3.2

Surface Studies by X-ray and UV Photoelectron
Spectroscopy
- P.R. Norton, R.L. Tapping and J.W. Goodale
(a)

American Society for Testing Materials (ASTM)
Round-Robin ESCA Studies of High Purity Silica,
Alumina and Synthetic Zeolite

At the request of ASTM committee D-32 on catalysts and the Task Group on surface analysis of catalysts,
high purity samples of silica, alumina and synthetic
zeolite were examined by ESCA using both AlKct and
MgKa X-rays. The samples were dusted onto gold plated
grids and the experimental binding energies and intensities (relative to the Al(2p), si (2p) and Al(2p)
lines for the alumina, silica and zeolite respectively)
of the various constituents are given in Tables
3.3.2.1, 3.3.2.2 and 3.3.2.3. The spectrometer was
calibrated by reference to the Au bf~i/2 line at 83.6 eV.
Under irradiation there is some charging of the samples
and the charging correction (given below each table)
to be subtracted from the listed binding energies (BE)
or kinetic energies (KE) for Auger electrons was estimated by reference to thin films (1 nm) of A 1 2 O 3 , SiO 2
or impurity carbon on the catalyst surfaces.
In the tables, the peak height intensities, I,
and the areas, A, of a given line are reported relative to the same parameters for the reference line.
The areas and peak heights were measured above straight
baselines joining points subjectively judged to be the
starting and ending points for the peaks (usually 2
to 3 FWHM from the peak centre). Both areas and intensities were corrected for the 1/KE dependence of
the sensitivity of the spectrometer and the areas are
estimated to be good to ± 10%, intensities to ^ + 5%.
FWHM were measured at half height above this baseline.
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TABLE 3.3.2.1
Conoco "Catapal" SB Alumina; Sample #8772-H
40 mA, 12 kV
AlKa X-rays
Line

1,n

B E + (eV)

FWHM (eV)

Al(2s)

77.2
122.0

1.00
1.2

1.00
1.35

C(ls)

287.1

0.5

O(ls)
O(KLL Auger)

534.0
504.6 (KF)

4.6
0.6

0.45
6.0
2.0

Al(2p)

2..5
3. 1
\, 2. 4
3. 2

Without compensation for charging; to correct for this
effect 1.3 - 2.3 eV should be subtracted.

TABLE 3.3.2.2
Davison C-950 Silica Gel
Excitation; AlKa, 40 mA, 12 kV
Line

BE +

(eV)

^isi (2p)

A/A

Si(2p)
Si(2s)

104.8
156.0

1.00
0.8

1 .00
1 .0

C(ls)

286.4

0 .4

O(ls)
0 (KLL Auger)

534.4
504.6 (KE)

0.55
4.3
0.4

No charging compensation.

4 .4

FWHM

(eV)

2. 5
3. 1
-v. 1. 8
2. 6

1 .3

In the range 1.6 to 3.2 eV.
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TABLE 3.3.2.3
Davison C-510, Activated Ma, Type A Molecular Sieve
Excitation AlKa, 40 mA, 12 KV
Line

B.E.+ (eV)

I/IAl(2p)

A/A

Al{2p)

FWHM

1 .00

1.00

2.2

120.0

1 .0

1.3

2.8

Si(2p)

103.2

1 .5

1.3

2.0

Si(2s)

154.4

1 .1

1.3

2.6

C(ls)

286.4

3.6

3.2

1.7

O(ls)

532.8

11 .6

10.6

2.1

O(KLL Auger)

506.6

0 .9

2.1

-

1074.0

3 .3

2.7

2.1

Al(2p)

75.2

Al (2s)

Nads)
Na(KLL Auger)

987.0 (KE)

No charging compensation.

Approximately 1.6 eV.

(ev;
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This study is now complete. The data have been
forwarded to the ASTM committee D-32 on catalysts and
the results obtained from various laboratories will
be compared.
,b)

Examination of Kldorado Nuclear U O 2 , Sample
#336-3024A

At the request of Dr. T.W. Zawidzki, A UO; sample
was examined by ESCA with a view to determining the
sulphur content on the surface region. Mass spectrometric analysis indicated an overall composition
of ^ 0.3 atomic percent. The conclusions of the ESCA
examination are as follows: i) The sulphur content
of the surface region has been estimated by reference
to the oxygen (K level) intensity. The sulphur signal
was ^ 15 times that expected for a uniform distribution
of sulphur at a concentration of 350 ppm by weight
(r" 0.1 atomic percent). The sulphur signal is estimated to be ^ 5 to 10% of a monolayer (^ 1 x 10 11( S
atoms/cm 2 ). For the present sample with a specific
surface area of 5.7 m /g, this would mean that at least
50% of the total sulphur was present in the top 1 nm
of the solid.
ii) Two forms of sulphur were detected. The major component (at 1317.1 eV kinetic
energy) is undoubtedly sulphur as sulphate. The other
sulphur line at 132 3.4 eV is either free sulphur or
sulphide. The ratio of sulphate to sulphur (sulphide)
is 3.3:1; i.e., 77% sulphate, 23% sulphur (sulphide).
(c)

Examination of Pt-Carbon Catalysts (with
J. den Hartog and J.P. Butler).

A satisfactory method of mounting Pt-C catalysts
has been developed which enables the samples to be
retained on the probe under temperature cycling between 273 and 625 K. The catalyst is lightly pressed
into a coarse stainless steel sintered disc.
These studies are continuing, but preliminary
data indicate that it is possible to determine the
oxidation state of the platinum on the carbon support
and hence follow the reduction of the impregnated salt
through to the metallic state. Significant lineshape changes also occur during this process. It is
hoped that information derived from these studies on
characterized Pt-C catalyst will enable ESCA measurements to determine the weight loading and metal dispersion on unknown catalyst samples. The studies
should also give information on the effect of varying
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preparatory procedures on the metal dispersion of the
finished catalyst.
(d)

Surface Relaxation Studies of Platinum and
Nickel Crystals (with J.A. Davies and
D.P. Jackson, Solid State Science Branch, see
PR-CMa-36, Section 1.2.4.)
3.4

ISOTOPE CHEMISTRY

3.4.1

Conductivity and Ultraviolet-Visible Spectrophotometry
of Methylamide/Methylamine Solutions
- E.A. Symons and J.D. Bonnett

3.4.2

Thermal Decomposition of Methylamine
- E.A. Symons and J.D. Bonnett
The results of the research in Sections 3.4.1
and 3.4.2 are given in internal CRNL reports.

3.4.3

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

(PMA)/

The preparation of rigorously dried CH3NH2 has
been reported (PR-CMa-34). However the apparatus used
in the previous study was unsuitable for the accurate
determination of the concentrations of PMA in the solutions added to the NMR tubes. Accurate, non-destructive
measurements of low concentrations of PMA can be
,/ accomplished by UV/Vis spectrophotometry.
A self-contained system for the preparation and
analysis of PMA-AM solutions, with attached optical
and NMR tubes has been constructed and tested. PMA
has a suitable absorption maximum ^ 300 nm but to
avoid overlap with absorption decomposition products
the absorption at 350 nm is monitored. Over the concentration range of interest, 10" 2 to 10" 6 M, Beer's
Law has been shown to hold.
The *H NMR spectrum of dried amine from this apparatus showed a previously unresolved splitting of
the protons of the methyl group (Figure 3.4.3.1 A ) .
The proton spectrum of CH 3 ^H 2 appears as A 3 B 2 even
though the chemical shift to coupling constant ratio
<5/J = 16. The only change in going to lower tempera-

Figure 3.4.3.1 J
H NMR spectrum of the methyl group region of rigorously dried
CH3NH2 showing the second order effects in the A3B0 system.
A - 297K, B - 213K.
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ture (Figure 3.4.3.1 B) is a broadening of the
spectrum {1>tU guadrupolar effects). When lltN is decoupled, the lines narrow, but no significant
shifts occur. A single line is observed when the
amino protons are irradiated. These experiments confirm that the splitting is due solely to the second
order effects of an A3B2 spectrum and that no unusual
spectral changes appear in the range of temperatures
being considered for rate studies on the amine to
amide proton exchange.
3.5
3.5.1

REPORTS, PUBLICATIONS AND LECTURES

Publications
Peak Power and Heavy Water Production from Electrolytic H 2 and O2 Using CAND'J Reactors
- M. Hammerli, W.H. Stevens, W.J. Bradley and J.P. Butler
Proceedings of 1st World Hydrogen Energy Conference,
Miami, Florida, 1 - 3 March, 1976.
Cross Section Measurements for the Reactions of Fast
Neutrons with Indium
- D.C. Santry and J.P. Butler, Can. J. Phys. (in press).
An In-situ Demountable, UHV-Compatible Hel Filter
For Photoelectron Spectroscopy
- P.R. Norton, R.L. Tapping and J.W. Goodale
Review of Scientific Instruments (in press).
X-ray and Filtered UV Photoelectron Spectroscopic
Study of CO Adsorbed on Ni(100) and (111) Surfaces
- P.R. Norton, R.L. Tapping and J.W. Goodale
Chem. Phys. Letters (in press).

3.5.2

Lectures
Peak Power and Heavy Water Production from Flectrolytic H 2 and O 2 Using CANDU Reactors
- M. Hammerli, W.H. Stevens, W.J. Bradley and
J.P. Butler, 1st World Hydrogen Energy Conference,
Miami, Florida, 1 - 3 March, 1976.
Laser Isotope Separation
- D.R. Smith, Department of Chemistry, University of
Cambridge, England, 27 January, 1976; Department
of Chemistry University of Nottingham, England,
9 February, 1976; Department of Chemistry, University of Birmingham, England, IS February, 1976;
Liverpool Polytechnic, 3 March, 1976; and AFIRE,
Harwell, England, 31 March, 1976.
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M A T E R I A L S S C I E N C E BRANCH
4.1

Head
Secretary

Professional

Staff

Carpenter1
Cragnolino2
Hood
MacEwen
Ploc
N. Rama subramanian
E.M. Schulson

. J. C.
G.
G.M.
S.R.
R.A.

STAFF

B. C o x
J. V a i l l a n c o u r t

Technical
V.C.
M.A.
J.A.
F.
R. J.
S.B.
T.P.
J.F.

(Miss)

Staff

Ling
Miller
Roy
Santone
Schultz
Thomas
Trottier
Watters

(1)

Leave of Absence for one year at
the A E R E , Harwell, England, commencing
September 1 5 , 1975.
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4.2.1

SURFACE CHEMISTRY

Lowest Temperature for Thermal Oxide Growth on Zirconium Alloys
- B. Cox and V.C. Ling
The observation of large areas of first order interference colour oxide (usually "straw" coloured) on the fracture
surface of cracked tubes from Pickering Generating Station,
and in some laboratory tests, has raised the question of
whether these oxides could have formed during the "cold" shutdown period or could only have formed during operation.
Operating temperatures are in the range 250-290°C (523-563 K ) ,
while shutdown temperatures have seldom exceeded 100°C (37 3 K)
except for transitory periods during startup and shutdown.
The lowest temperature of previous corrosion tests in
the laboratory (PR-CMa-32, Section 4.2.1) was 200°C (473 K ) ,
and then interference colour growth was relatively slow
(3-5 days to reach 1st order "straw" colour). Very long periods
at temperatures around 100°C had not previously been investigated. We have now exposed standard chemically polished corrosion coupons of Zr-2.5 wt% Nb alloy batch Bg at 100°C for a
total of 120 days. Comparison with controls held at room temperature showed no difference in surface reflectivity or colour.
Further specimens are being exposed in the temperature range
125-175°C (398-448 K) to establish the lowest temperature at
which thickening of the air-formed oxide film if, observed.

4.2.2

Growth of Hydride Precipitates in a Stress Gradient
- B. Cox and V.C. Ling
Coarsening of hydride precipitates in regions of high
hydrostatic tensile stress is considered to be one of the
stages in the delayed hydride cracking of Zr-2.5 wt% Nb alloy
specimens. The kinetics of this coarsening process are
poorly established, experimentally, however. Simpson and Ells
(J. Nucl. Mat., 1974, j^2, 289) have reported that hydride
particles grew at the corners of microhardness indents within
six months at room temperature. This technique promised to
be a simple method of studying a number of variables affecting
the coarsening kinetics of hydride precipitates. Accordingly,
a number of Zr-Nb alloy specimens given a variety of treatments
were prepared, each specimen being given four well spaced
microhardness indents. The specimens were held at 100°C (373 K ) .
After 240 days at 100°C there are still no signs of
any hydrides growing at these microhardness indents, contrary
to our expectations from previously reported studies. In our
experiments the rpecimens have as-received hydrogen contents
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(^ 10 ppm), whereas the previous work may have been done on
specimens with artificially increased hydrogen contents
(details were not given). However, Coleman (Metallurgical
Engineering Branch) reports a similar failure to grow hydrides
at microhardness indents in Zr-Nb specimens containing up to
100 ppm H 2 .
4.2.3

Corrosion of ZraAl-Base Alloys
- E.M. Schulson and T.P. Trotter
(a)
Preliminary results suggested that small additions
of boron improved the corrosion resistance of Zr3Al-base
alloys. To explore the point further, three alloys were
prepared containing 8.6 wt% Al: O - boron; 10 ppm boron;
and 100 ppm boron (nominal). These were transformed (24 h/
1160 K) and then exposed to 0.1 MPa steam at 675 K. After
60 days, the results for the three alloys are similar. It
must thus be concluded that boron, per se, has little effect
on the short-term corrosion resistance of Zr^Al. Possibly,
boron additions alter the rate of the Zr + Zr2Al ->• Zr 3 Al
peritectoid transformation and, hence, the aZr content of the
final product. If so, then the preliminary results may have
reflected variations in the alloy phase content.
Experiments are continuing to determine whether boron
affects the long-term behaviour.
(bj

25i^a^"-io0 in_Pressurized Water

Further to PR-CMa-35 (^.2.3), the single phase alloy
(Zr 8,95% Al; annealed 240 h/j.160 K) continues to show excellent corrosion resistance. After 210 days, all ZrsAl specimens
show a uniform, green interference colour, indicative of an
oxide thickness of = 550 nm. The corresponding weight gain is
15 mg/dm 2 , an increase of only 3 mg/dm 2 over the past 80 days.
In comparison, the Zircaloy-2 control specimens have a black
oxide and a weight gain of 28 mg/dm 2 . The oxidation rate of
Zr 3 Al is thus about one-half that of Zircaloy-2, at least after
210 days.
4.2.4

Corrosion of Mild Steel in Water at 413 K and a H 2 S Pressure
of 2 MPa
- N. Ramasubramanian and S.B. Thomas
A few preliminary experiments were carried out under
static conditions in a stainless steel autoclave. In each
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experiment two samples, 26 cm 2 in total area, were corroded
in 300 ml water at 413 K and a H2S pressure of 2 MPa for 2 h.
It took lh h for the temperature to reach and become steady
at 413 K. At the end of the experiment the autoclave was
quenched in cold water, the pressure released, and opened;
this operation took \ hour.
The air in the autoclave was purged by allowing the
H2S to bubble for 6 min. In these experiments a milky deposi-"- of sulfur was present on the autoclave walls at the end
of the experiment. In another set of experiments the autoclave was evacuated using a rotary pump, charged with H2S,and
the pressure was adjusted after bubbling H2S for 6 min.; no
sulfur deposit was found in these experiments. In all experiments the solution stayed clear and was analysed for F e 2 + by
the o-phenanthroline complexing method.
The iron in solution varied from 25 to 30 umol/litre
and the weight gain as sulfur varied from 50 to 60 mg/dm 2 .
The weight gain corresponds to a deposit thickness of ^ 3\im.
The corroded samples were analysed for sulfur by the H2S
evolution method and the results agreed well with the weight
gain data.
Unlike the deposits obtained at room temperature in
HzS s=.turated (atmospheric pressure) water (PR-CMa-34,
4.2.5c), these deposits from the autoclave tests could not
be stripped completely; however, thin surface layers were
removed during successive stripping with Bioden wetted in
methyl acetate.
The sulfide deposit was greyish black and covered
with bronze coloured crystallites on the surface. These
sparkling crystallites were mostly rectangular in shape;
15 to 25 pm x 5 to 7 pm in size. The samples from the second
set of experiments, in which the autoclave was evacuated
prior to H2S admission and no sulfur was present at the end
of the experiment, also showed the presence of these cry? tallites.
The deposits will be examined by X-ray and electron
diffraction techniques. In the present experimental set up
the time taken to bring the autoclave to the experimental
temperature is rather long. This will be modified, by
coupling with another autoclave, so that samples kept at
the experimental temperature could be exposed to the corroding
medium preheated to the same temperature.
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4.2.5

Anodic Formation of Platinum Sulfides
- N. Ramasubramanian
Anodic sulfidation of sputtered platinum films was
carried out in 0.1 M aqueous solutions of perchloric acid
and sodium sulfate saturated with H2S. The diffraction
patterns of the sulfide films were compared with those
obtained irom films grown in H2S saturated 0.1 M aqueous
solutions of sulfuric acid and sodium perchlorate, and
0.1 M sodium perchlorate in acetonitrile. As revealed by
electron diffraction, the main product is the monosulfide
in acid solutions (pH = 1 ) , and the disulfide in salt solutions (pH = 4) .
The sulfide films grown on platinum foils were cathodically reduced in a 0.1 M solution of sodium perchlorate
in acetonitrile. Well-defined peaks, at -0.9 V (SCE), were
obtained during reduction of the interference coloured films.
From the charge equivalence of these peaks the thickness of
the films was estimated and found to be in the range of 2.5
to 10 nm.

4.2.6

Ancdic Oxides Formed on Zircaloy-2
- R.A. Ploc and M.A. Miller
Anodic oxides formed in 85% H 3 PO^ at current densities
above 3 mA/cm 2 appear normal except for the lack of {100} c
and {110} c ring reflections in their electron diffraction SAD
patterns. An oxide formed at 9 mA/cm z in oxalic acid (1 N)
was investigated by electron diffraction but the results were
inconclusive. Further investigation is necessary to deduce
whether increasing the current density at which anodization
takes plaoe decreases the amount of electrolyte ion incorporation into the oxide and hence decreases the {100} c and
(110} c reflection intensities.

4.2.7

Thermal Oxidation of Zr-5 wt% Sn
- R.A. Ploc and M.A. Miller
A coupon of a Zr-5 wt% Sn alloy was oxidized at 250°C
for 6 days yielding a 'color thickness' of 42 nm and a weight
gain equivalent to 54 nm. The oxide displayed the etch pattern
produced by chemical polishing. The oxide crystallites were
50 nm average diameter though much thinner, as evidenced by
the multitude of Moire fringes in the thicker areas of the film
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(i.e., at terrace edges). In flat, uniformly thin regions
between terrace steps the oxide contained a continuous distribution of small crystallites (1-1.5 nm. diameter), clearly
revealed in dark-field TEN studies. Interspersed between
these regions were larger oxide crystallites. SAD patterns
showed roughly equal quantities of cubic and monoclinic ZrO?.
In one instance micropores (^ 2 nm diameter) and an inclusion
in a grain boundary were seen.
4.2.9

SEM Examination of Solution Deposited Corrosion Products
- R.A. Ploc and D.H. Lister (System Materials Branch)
A test section of 3/8" (0.95 cm) OD Incoloy boiler
tube material was subjected to 300°C (573 K ) , pH 10 coolant
water in the Bldg. 250, H5, reactive corrosion products
test loop. The inside surface of the tube was examined
in the SEM and many examples of solution grown and deposited
corrosion products in the form of 0.1 to 0.5 urn octahedrons
were found.

4.2.9

SEM Examination of Hydride Flakes in Pressure Tube Material
- P..A. Ploc and J.F.R. Ambler (Metallurgical Engineering
Branch)
A cantilever beam test specimen was taken from a
Pickering Generating Station Reactor #4, back end, tube
(#798) and stressed at 105 ksi (718 MPa); thermally cycled
twice to 500 K; slow cooled to 350; held for 100 hours; and
then was stressed at 120 ksi (828 MPa) for 190 hours. A section along this beam revealed many hydride plates two of
which were 57 and 6 3 pra in length. SEM examination clearly
showed cracks running along the mid-plane of the platelet,
rather than at the hydride-matrix interfaces. The maximum
crack opening was near the mid-length of the hydride platelet.

4.2.10

SEM Examination of Fracture Surfaces
- R.A. Ploc and C.E. Coleman (Metallurgical Engineering Branch)
(a)

CW_Zr-2^%_Nb

Two stress-rupture specimens which had been stressed
at 65 kpsi (450 MPa) and held until failure, one at room
temperature and the other at 300°C (573 K ) , were examined.
In both instances the samples failed by ductile fracture and
by shear at the edges; the shear being more pronounced in the
room temperature specimen. No evidence was found for any
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brittle fracture features on the fracture face,
(b)

CW_Zr~2

Fracture surfaces from round notched bars of Zr-2
pressure tube material stressed (Ki = 17 MPa/m) at 350 K to
failure were examined. At the center of the sample,failure
was ductile while in a region about 0.02 mm around the circumference failure was by a combination of brittle and duetiles mechanisms. The brittle features were typical of
those expected for a delayed hydride cracking process.
4.2.11

SEM Examination of Areas Neighbouring Rolled Joints in
Zr-2';% Mb Pressure Tubes
- R.A. Ploc and M.A. Miller
Chemically polished areas have been examined adjacent
to the limit of rolling of four experimental joints (provided
by C.E. Ells, Metallurgical Engineering Branch). Areas
approximately 1.8 x 10~ z cm wide by 1.6 cm long from the end
of the burnish mark (1) made by the rollers, inboard along
the length of the tube were examined at a magnification of 450X,
both before (by replicas) and after pressure/temperature
cycling. Numerous micro-cracks were found in the metal
surface ranging from 1.8 to 35 ym in length. More microcracks were found in the over-rolled than in the properly
rolled joints. More micro-cracks were found in pressure tube
front-ends than in back-ends (defined by the direction of
the original tube extrusion); and cracks were on average
longer in front-ends than in back-ends. The micro-cracks
had been present after rolling, but before the repeated
temperature/pressure cycling, and wh">re the same micro-crack
was examined both before and after cycling no change in
appearance was seen. Details will be reported elsewhere.

(1) P.A. Ross-Ross et al, AECL-5261 (1976)
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4.3

4.3.1

Mechanical

METAL PHYSICS

Testing

- S.R. MacEwen and F. Santone
(a)

Hardware problems in the computerized Instron prevented
testing for most of the past three months.
Electrical
noise, of unknown origin, caused random interrupts to
be generated in the computer.
These in turn altered
test control flags and in most cases caused the run
to shut down automatically.
The problem has been rectified by changing the resistors which control the voltage
to the latching gates on the utility interrupt board.
Instron personnel are considering the problem further.

(b)

Experiments are being designed to measure the stress
dependence of the crack velocity in Zr-2^% Nb using
the constant stress rate facility of the computerized
Instron.
Specimens have been machined from pressure
tube material with a geometry that makes the stress
intensity at the crack tip independent of the length of
the crack.
Grips and pull rods have been designed and
machined, an oil bath has been constructed, and modifications have been made to a standard Instron extensometer to allow it to be pinned directly to the "constantK" specimen in such a way as to measure the crack
opening displacement (COD).
The machine constants
required to deform a constant-K specimen under computer
control have been determined, and an as-received specimen
has been deformed at a constant COD rate at room temperature.
It was observed that cracking in the chevron
area of the specimen began at 240 kg and continued propagating as the load increased to 650 kg. The crack,
however, did not propagate into the main bulk of the specimen. Rather, excessive bending of the specimen arms occurred,

(c)

Workhardening, and the influence of workhardening on
stress relaxation, are being measured in specimens
cut from the transverse direction of a Zr-2 ! j% Nb
pressure tube.
(Specimens supplied by A. Causey, Metallurgical Engineering Branch.)
In one series of experiments stress relaxation tests were done repeatedly from
the same initial stress. After a fixed period of relaxation the specimen was reloaded to the exactly the
same initial stress, and was allowed to relax again.
Figure 4.3.1.1 shows a typical result for a specimen
deformed to 690 MPa. A common assumption made in the
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Multiple stress relaxation tests from a
constant initial stress in Zr-255% Nb pressure
tube.
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analysis of stress relaxation data is that the stru ;ture remains constant during the test. If so, there
should be no difference between curves in a series
from the same starting stress. Such is not the case
for Zr-21s% Nb. Rather, the envelope of the stress
relaxation curves reflects the macroscopic workhardening
behaviour, as shown in Figure 4.3.1.1. Thus the rate
of stress relaxation reflects both the strain rate sensitivity and the workhardening, and a given curve cannot,
therefore, be analyzed simply in terms of the stress
dependence of the flow stress.
(d)

4.3.2

The activation energy for steady-state creep in a-Zr
has been determined at three stress levels. Each specimen was held at a constant stress,and creep curves
were obtained at six temperatures in the range 875940 K. Although the activation energies obtained were
slightly lower than those reported previously (PR-CKa-33,
Section 4.4.4), the stress dependence of the creep
activation energy remains larger than can be explained
in terms of a recovery controlled creep mechanism.

Data Analysis for the Computerized Instron
- S.R. MacEwen
The programme DERIV, written to differentiate digitized
experimental data (PR-CMa-34, Section 4.3.2) has been modified
to include a check for the goodness of fit of the polynomial.
If the local polynomial approximation to the data is inadequate
the derivative at the point of interest is determined using a
third order spline fitting routine. A second programme, LOPAS,
has been written to be used as a low pass filter prior to
DERIV. The data are multiply smoothed
(using a routine provided by J.M. Blair, Mathematics and Computation Branch) until
it is found that at least one smoothed point has moved to
the limit of the error bar of the raw data provided by the user.

4.3.3

Irradiation-Produced Point Defects
- S.R. MacEwen
It is becoming increasingly evident that the trapping
of mobile irradiation-produced point defects at immobile solute
atoms can play an important role in the swelling and creep
behaviour of a metal. To study the influence of defect trapping on flux enhanced climb, ZEUS has been modified to include
equations to describe two solute species each of which can
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trap either vacancies or interstitials. Multiple trapping,
that is the formation of complexes containing two vacancies
or two interstitials with a solute atom, is allowed. The
trapping characteristics of a given solute are defined by
trapping cross-sections and binding energies.
Equations and modifications required to describe the
behaviour of mobile di-vacancies have also been added.
4.3.4

The Strength and Ductility of Zr 3 Al
- E.M. Schulson and J.A. Royfa)

Surface_Effects

Further to PR-CMa-34 (4.4.6), the origin of the reduction in UTS and ductility of Zr 3 Al by surface abrasion can be
explained as follows: That micro-cracks form early in the
deformation process and then blunt implies that the effect
of surface treatment is more than promotion of crack nucleation. Thus, nucleatfon is not the critical event in the fracture process. Instead, it is believed that the surface effect
is related to the density of surface cracks. For a given
tensile strain it seems probable that because of the concentration of plastic strain beneath abrasive marks, specimens
having mechanically prepared surfaces have crack densities
higher than those having strain-free (i.e. annealed) surfaces.
Consequently, the bridges of metal between the non-propagating
cracks on the strained surfaces are shorter and, thus, rupture
at lower tensile loads so producing a partially circumferential
notch from which failure begins.
This explanation is consistent with the apparent notch
sensitivity of Zr 3 Al (PR-CMa-34; 4.4.6).
T§mE§£§£y£!=_§Dd_Stra^n_Rate_Ef fects

(b)

Further to PR-CMa-35 (4.3.6) it has been established
that:
i)

Aside from variations in the elastic modulii, the yield
stress (0.2% offset) is essentially temperature independent, notonly from 295 to 775 K as previously reported,
but to temperatures as high as 1075 K. Tests at higher
temperatures were not practical due to inadequacies in
the gripping technique.
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ii)

When corrected for variations in the shear modulus,
C, the normalized work hardening rate 1_ £_£ , contrary
G 3c
tc the earlier statement (PR-C1^-35), is essentially
temperature insensitive from 29 5 to 525 K; at higher
temperatures it decreases with increasing terrperaturc.
Correspondingly, the effect of strain rate on both the
flow stress and 1_ 3_c is negligible below 525 Y; at
G 3e
higher temperatures, the higher the strain rate, the
higher is the work hardening rate and the higher is
the flow stress. This behaviour shows that plastic
flow is thermally activated above = 525 K, but not
below, and that dynamic recovery occurs during high
temperature deformation.
Mechanistic studies are currently in progress using
incremental strain rate change tests to determine
activation volumes at elevated temperatures.

iii)

iv)

4,3.5

The low temperature work-hardening rate for Zr 3 Al is
about four times that for common fee polycrystals
not possessing the LI2 superlattice; i.e. ~ C/10 versus
G/40 at e = 0.1. This behaviour is a reflection of
the strength of the a<110> superlattice dislocation
interactions with themselves and with the superlattice.
The ductility of ZraAl, as measured in terms of reduction in area at fracture, undergoes a marked increase
above - 875 K. Below, AA/A O ' 6.3 to 0.4 whereas above,
t.-.A/Ao - 0.9 to 1.0. Correspondingly, fracture chances
from the characteristic 'flat' fracture at low temperatures and the 45° shear fracture at 675 to 875 K to
necking above 87 5 K.

Fracture of Zr 3 Al
- E.M. Schulson and J.A. Roy
Further to PR-CMa-35 (4.3.7) it has been established
that micro-cracking is restricted to the vicinity of the grain
boundaries, particularly near multiple-intersection boundaries.
This suggests that the cracks form to relieve strain concentrations which develop in these regions to retain contiguityThat contiguity appears not to be retained in every case by
slip on systems other than the primary {111} <110> set implies
a marked latent hardening of such systems by primary glide, a
phenomenon known to occur in other LI2 superlattices (e.g. N
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Victoria and Vidoz, phys. stat. sol. 2_8(1968) 131). Unfortunately, single crystals of ZrsAl cannot be easily made, so
that this hypothesis cannot be readily tested.
4.3.6

The Recovery and Recrystallization of Zr 3 Al
- E.M. Schulson and J.A. Roy
(a)
Upon considering the origin of the short-term and
long-term hardness maxima reported in PR-CMa-34 (4.4.7) and
confirmed in PR-CMa-35 (4.3.8), it appeared possible that
structural changes occurring within the second phase aZr
particles (10? by volume in one of the alloys) might be
important. Thus, separate experiments were performed in
which a Zr 3% Al alloy (essentially 100% ct-Zr) was cold-rolled
co a true strain of e = 0.14 and annealed at 973 K. Subsequent
hardness tests at closely spaced intervals of annealing time
showed no maximum, simply a slowly decreasing change from
300 Vi:r; in the as-rolled condition to 270 VHN after 48 h.
The previously noted features are thus characteristic cf Zr?Al.
Analysis of the previously obtained (PR-CMa-35; 4.3.8)
tensile data suggests that the short-term hardness maximum
is associated with an increase in the work-hardening rate
and the long-term maximum, with the occurrence of Luders
yielding and possibly with a yield drop which may not have
been seen in the present tests because of misalignment but
v-'hich is known to characterize the yielding of other finegrained LI 2 phases, Ni 3 Fe, Ni 3 Mn end Cu 3 Au (Morris et al,
Acta Met. 22 (1974) 801).
•b)

K

5i^YStaiiizationKinetics

Examinations of recrystallization kinetics have now
beer, completed for four temperatures: 833, 898, 973 and 1073 K.
As previously noted (PR-CMa-35; 4.3.8), the behaviour satisfies
Avrami kinetics at each temperature. An Arrhenius plot of the
time for 50% recrystallization yields an apparent activation
energy of 2.2 eV, similar to that obtained from similar plots
of rimes for 50% hardness recovery. Although diffusion data
are not available for comparison, it is suspected that this
energy corresponds to the activation energy for self-diffusion
of either Al or Zr in Zr 3 Al.
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Solid State Studies
When heavy target atoms, embedded in a solid host material,
are bombarded with other, energetic heavy ions, X-ra/s are emitted from
both target and projectile.
The total yield of X-rays varies with the
nature of the host material whilst the ratio of the yie.'ds from target and
projectile is independent of host material, as expected from current theories.
Experimental results for the range of heavy ions in a variety of
target materials indicate that current theoretical treatments can be used to
make reasonable predictions provided a judicious choice is made for the
electronic stopping power data used.
This appears to apply for both
elemental targets and chemical compounds.
Further work on the radiation damage produced by heavy ion
bombardment of ordered Zr^Al has shown that, in the early stages at least,
the number of damaged regions increases linearly with ion fluence.
Argon
ions are more effective than nitrogen or carbon ions in producing damage,
implying that, as expected, the important factor is the amount of energydeposited in nuclear collisions rather than simply the total energy deposited.
Ion backscattering and nuclear reactions have been used to
measure the thickness and composition of carbon foils that had been
previously bombarded with heavy ions in the MP Tandem Accelerator.
It
has been shown that the thickening of the foils under bombardment, which
is deleterious to the Tandem performance, is caused by build up of carbon
contamination and not by migration of the foil material itself.

Radiation Chemistry
The enrichment of light hydrogen observed in the radiolysis of
H3S-D2S mixtures decreases on increasing the concentration of neon
present in the mixtures.
This suggests that the isotope effect arises
from reactions of hot, light hydrogen atoms.

The addition of sulphur hexafluoride has no effect on the nitrogen
yield from the Febetron radiolysis of nitric oxide at 100 kPa but reduces
the yield in 1:0 nitric oxide-xenon mixtures at the same total pressure.
These results indicate that the reaction between positive and negative nitric
oxide ions is non-dissociative.

Heavy Water Processes
a)

Hydrogen-Water Process

Techniques have been developed for the examination of platinumcarbon catalysts by photoelectron spectroscopy and the oxidation state of
the platinum deposit can now be ascertained.
This should enable us to
relate chemical properties to changes in methods of preparation.
b)

Photolytic Process

Studies of the absorption in methanol of light of a particular
wavelength from our HF laser, as functions of pressure and absorption
path length, have indicated that super-radiance of the laser gives rise to
departures from Beer's Law.

Analytical Chemistry
A method for determining parts per million of uranium in
thorium has been developed using X-ray fluorescence techniques.
A method to calibrate a Ge(Li) Y - s P e c t r o m e t e r for two-and threedimensional sources of non-standard shape has been established.
It depends
upon appropriate integration of radial efficiency curves determined, as
functions of distance from the detector and y-ray energy, for point sources
swept through space on a revolving arm.
The kinetic behaviour of the fluoride specific ion electrode has
been resolved into four concurrent, but separate diffusion and reaction
processes.
An equation has been deduced to relate apparent concentrations
of fluoride to the actual concentrations.
Spark source mass spectrometric analyses of five IAEA
biological trace element standards have been completed and compared with
the accepted values.
Agreement is within the limits expected for this type
of analysis.

(Hi)

Materials Science
Both thermal and anodic oxide films formed on zirconium-tin
alloys contain high proportions of cubic zirconia; tin appears to be the
primary agent stabilizing this phase.
Iron, chromium and nickel present
additionally, in Zircaioy-Z for example, do not appear to influence the phase
content but do affect the epitaxy.
Examination of fractured hydrides in specimens from Zr-Nb alloy
pressure tubes in the scanning electron microscope has demonstrated that
cracks initiate within the zirconium hydride platelets, during the delayed
hydride cracking phenomenon, rather than at the interface between the
hydride and a-zirconium phases.
Testing of Zr-Nb alloy specimens in the computerized Instron has
shown that work-hardening takes place during stress relaxation at the rate
normally observed during tensile testing.
This observation disposes of
the commonly made assumption that structure remains constant during a
stress relaxation test.
The effect of surface preparation on the tensile properties of
Zr 3 Al is now thought to be related to the density of surface microcracks
produced by the preparation treatment.
With abraded surfaces, the local
concentration of plastic strain beneath abrasion marks is important in
generating high surface crack densities.
Microcracking within the
specimen bulk, which initiates fracture, is restricted to grain boundaries.
These cracks form to relieve strain concentrations.
The crystal lattice defect structure of zirconium, titanium and an
alloy of the two metals has been studied as a function of temperature from
about 370 to 1700 K using positron annihilation techniques.
No evidence
[or interactions between positrons and equilibrium vacancies was found over
a temperature range of about 500 K below the a-to-(3 phase transition
temperature and this may reflect lattice relaxation effects.
The P-titanium
data suggest that a metastable defect structure remains after transition to
the p-phase.
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• 41.2 ION PENETRATION'
1.2.1

K X-Ray Production In Heavy Ion-Atom Collisions
- W.N. Lennard, I.V. Mitchell and D. Phillips
(a)

Z i > Z2

We have mtasured total K shell ionization cross
sections for projectile ions, Zi, incident on target
atoms, Z 2 , where the target atoms are implanted in a Si
host material. The Si serves to prepare an equilibrium
fraction of projectile (Zj) 2p vacancies which can be
transferred to the K shell of either Z : or 7,2 in a
subsequent collision via a 2p-rr-2pa rotational coupling?
this event is accompanied by the emission of a K X-ray
characteristic of the emitting atom (ion).
The ionization cross section can be written

°I(Zi'V =1 W

°rot(Zi'V (I-T^T7)

(1)

where nv(Zi) = number of projectile (Z^) 2p vacancies;
a
rot (zi/"j)= 2p7T-2pa rotational coupling cross section
(calculated by Taulbjerg and Vaaben '^' ) ; 6^-; is a
parameter that differentiates symmetric and asymmetric
collision systems through the 2piT vacancy occupation
probability. For Zj_ = Zj , 6±j = 1 and 6j_j = 0 for all
asymmetric cases (i ^ j) . Thus, the number of 2pir
vacancies is nv(Z^)/6 if Z^ = Zj and nv(2i)/3 otherwise.
To test the molecular orbital (MO) model, we have
made measurements using 4 MeV beams, (Zi), of Xe, Ga, Br,
Kr and Rb incident on Si targets implanted with ions Z ,
where Zx _> Z 2 . By taking the ratio aj (Z i , Z2) /oj (Zi , Z i) ,
we remove the parameter nv(Zi) in equation (1). We have
calculated the quantity
.aJ(Z1,Zi)
x o1(Zl~,Z2)
R

'

=

2 orot(ZlfZ2)/orot{ZlfZ1)

and show the results in Figure 1.2.1.1 as a function of
AZ/v where AZ = Z 2 - Z 1 ( The solid line shows the MO
result. There appears to be a discrepancy which
increases with |AZ | . It is not known if the theoretical
values of oro^ become less accurate as the asymmetry of
the collision partners increases. The good agreement
for AZ/v near zerc strongly suggests that the 2pir
vacancy occupation probabilities of 1/3 and 1/6 are
valid for low velocity collisions where Zx « Z 2 , as has
been found for light elements (Z ^ 10) .
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1.0 |—

2. 0 \~

0. 2

Figure 1.2.1.1
Experimental test of vacancy-transfer through 2pTi-2pa
rotational coupling l.n heavy ion-atom collisions
Z 2 > Si (Z ^ 35) at 4 MeV.. The solid line R1 = 1 is
the predicted (MO) result, (•) are data.
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(b)

Zi <_ Z2

As discussed in detail in ear]ier reports
(PR-CMa-34, -35), vacancy sharing via 3d7T-2pir radial
coupling can lead to K X-ray emission also when Zi < S 2 .
We have extended our measurements in two ways:
(i)
using different hosts into which target atoms
(Z2) were implanted, we find no dependence of the
asymmetric/symmetric K X-ray yields on host materials (Mg,
Al, Si, Ti).
(ii) measurements made at higher energies
(E <_ 4 3 MeV) with Be projectiles are consistent with the
results obtained using 4 MeV projectile beams.
Our data for the 3dF-2p7i vacancy sharing
probability, W^, have been fitted to an expression of the
form
W

AA

==

1 + exp(yAZ/v)

(2)

following Meyerhof(3)r and the results are summarized in
Figure 1.2.1.2 (AZ = Z 2 - Z] and v is in atomic units).
The data for small values of AZ/v are recent results for
E > 4 MeV. We obtain a best fit with y = 1.18. The
simple theory of Meyerhof predicts a value y = 1.25.
Thus far, no conflict with a MO model of 3dTr-2piT radial
coupling has been found for the velocity region
< 0.14.
(c)

2po-lso Vacancy Sharing

In the case where Zi ^ Z 2 , K X-rays are observed
from both Zi and Z 2 , although they are emitted
predominantly by the lower-Z collision partner.
Meyerhof(3) has predicted that the ratio of K-shell
vacancy production, R = aK(H)/aK(L)
(where H and L
denote heavy and light collision partners), is given by
R = exp[-3AS/v]
where AZ = ZJ.J - Z L . Our experiments, as described in (a)
and (b), for both Si > Z 2 and Z 2 < Zj, yield the values
of R shown in Figure 1.2.1.3. For this range of Z-values,
Meyerhof's theory yields £ = 3.03 (v in atomic units).
The best fit to our data is for g = 2 . 9 8 , in good agreement with the results of Meyerhof( > and Stolterfoht
et al ( 2 ).
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10

AZ/v (a . u .Figure 1.2.1.2
The 3dTT-2p7r vacancy-sharing probability W^ is shown as a
function of asymmetry AZ and velocity v. The solid curve
is described by W» =
z
Data are for
1 + exp (1.18 AZ/v)*
heavy ion-atom collisions Zi < 2 2 with Z ^ 35. The
independence of W A from the host material has been tested
with four materials.
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0. 0

Figure 1.2.1.3
The 2pa-lsa vacancy sharing ratio R, extracted from K
X-ray intensities, is plotted as a function of AZ/v.
Data are shown as solid points (•) fitted by a curve of
the form R = exp [-$AZ/v] where B = 2.98.
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1.2.2

(1)

K. Taulbjerg and J. Vaaben, Proceedings of IX
International Conference on the Physics of
Electron and Atomic Collisions, Seattle, (1975) p.1054

(2)

N. Stolterfoht, P. Ziem and D. Ridder, J. Phys. B 7_,
L409 (1974).

(3)

W.E. Meyerhof, Phys. Rev. Lett. 3_\, 1341 (1973).

Range Distribution of Heavy Ions
- D.C. Santry, R.D. Werner, F, Brown
Measured heavy ion ranges are compared to values
calculated using the computer program described in
PR-CMa-31, section 1.7.2. The energy dependence of the
electronic stopping power (Se) used in the calculations
showed a monotomic increase with atomic number of the
projectile (Zi). The work of Ormrod et a i d ) indicated,
that a periodic dependence of Se occurred in carbon for
Zi < 20. Since we had measured the range of heavy ions
in carbon it was of interest to compare our results with
calculations based on normal Se values and values
derived from Ormrod et a i d ) . A comparison of the energy
dependence of argon ranges (Z = 18) in carbon is given in
Figure 1.2.2.1. At 120 keV, the lowest energy of our
measurements, there is little difference between the two
calculations. Only at energies above 300 keV would it
be possible to experimentally resolve any differences.
Our measured ranges tend to support the data of Ormrod
et a i d ) . However, in our work argon doses of 3 to
5 X 1 0 1 5 ion/cm 2 were required and we have yet to
establish that such high doses in carbon do not distort
the range distributions. Argon occurs at the peak of an
oscillation in Se values while Mg occurs at a minimum.
We plan to continue the investigation by measuring the
ranges of ions in carbon.
One other feature of ion range measurements which we
examined recently was the ability of the computer program
of Gibbons et al"^) to calculate range values for
compounds. The program assumes the Bragg additivity
rule which relates the stopping power of a compound to
that of its constituents. In table 1.2.2.1 are compared
the measured and calcualted ranges of 0.3 MeV Sb-121
ions in C, A l , Si and some compounds of these elements.
In general there is good agreement between measured and
calculated values. The similarity of range values for
Sb ions in these materials implies that measured ranges
would be insensitive to impurities of carbon or oxygen.
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Figure 1.2.2.1
Energy dependence of argon ion ranges in carbon.
O

measured

—

calculated using a normal electronic stopping power formula
calculated using electronic stopping power data of
J.H. Ormrod

et al (see reference 1 ) .
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Table 1.2.2.1

Range of 0.3 MeV Sb-121 Ions
2
Range (yg/cm )
Target

Measured

Calculated*

c

25.4

23.3

Al

28.4

27.3

A12O3

(anodic)

26.2

26.4

Al-0..

(alumina)

21.0

26.4

26.2

26.8

17.5

25.4

25.5

25.6

Si
SiO 2

(quartz)

SiC

*

J.F. Gibbons

el al (see reference 2)
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The anomalous ranges measured for alumina and quartz
might be due to the highly insultating properties of these
materials, since normal range values were obtained for
AI2O3 formed by anodic oxidation on Al metal. Beam
current measurements made on alumina and quartz indicated
charge buildup during the implantation of Sb. It might
be expected that such an effect would retard the incoming
beam. A similar effect was observed during the analysis
with He ion backscattering which produced a large
background rate in the surface barrier detector.
Measurements on alumina and quartz required a factor of
ten reduction in the He beam analyzing current.

1.2.3

(1)

J.IT. Ormrod, J.R. MacDonald and K.E. Duckworth,
Can. J. Phys. A3_, 275 (1965).

(2)

J.F. Gibbons, W.S. Johnson and S.W. Mylroie,
Projected Range Statistics, 2nd edition, 1975,
Halsted Press.

Depth Distribution of
AI2O3/AI

132

X e Ions Implanted Into

- W.N. Lennard and H.H. Plattner
In order to look for anomalous range distributions
for implanted atoms when the implant straddles a metaloxide interface, we have implanted 1 3 2 X e at 120 keV into
anodically oxidized Al (surface A 1 2 O 3 thickness =
10 u g / c m 2 ) . Using the technique of glancing angle
Rutherford backscattering to improve the depth
resolution over normal incidence, we have not observed a
double-humped range distribution such as that reported
by Barcz et a l ^ ) for 120 keV Ag implanted to straddle a
SiO 2 /Si interface.
By tilting the target at various angles to the
detector, we measured the projected range of the 1 3 2 X e
ions assuming the target was amorphous A 1 2 O 3 . Bragg's
Law (for additivity of stopping powers) and the dE/dx
values of Chu and Ziegler(2j for 2 MeV 1*He+ were assumed.
Figure 1.2.3.1 shows the energy of the backscattering
''He ions as a function of the target tilt angle, 6. The
smooth curve is a best fit of the function
E(0) = a - bRpSec9 + c R p 2 s e c 2 e

(1)

to the data, where R p = projected range. Equation (1) is
correct to first order in the parameter Rp. The values
of a, b and c depend on the He stopping power in the
target, the backscattering kinematics and the incident
11
He* energy, which was 2 MeV in this case.
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Figure 1.2.3.1
Energy (channel number) of backscattered
function of target tilt angle,
The curve is a best fit of the function
E(6) = a -

+ cRp
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He ions as a
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We obtained the result R = 12.5 + 0.6 g /cm .
The tables of Winterbon^ 3 ) yield a value R p = 11.2 g /cm
The usefulness of this technique to determine very
quickly whether an impurity is located on a surface or at
some depth beneath the surface is obvious.

1.2.4

(1)

A. Barcz, A. Turos, L. Wielunski, W. Rosinski and
B. Wojtowicz-Natanson, Rad. Eff. 2S_, 91 (1975),

(2)

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

(3)

K.B. Winterbon, "Ion Implantation Range and Energy
Deposition Distributions Vol. II: Low Incident Ion
Energies", Plenum Press (1975).

Surface Relaxation Studies of Pt and Ni Crystals
- jr.A. Davies and D.P. Jackson in collaboration with
P.R. Norton and R.L. Tapping, Physical Chemistry Branch
The modified low-temperature goniometer-cryoshield
assembly (section 1.2.7 in PR-CMa-33) is now working
satisfactorily and the platinum surface-relaxation
measurements, using MeV helium-ion channeling, are
continuing. A suitable recipe compatible with the
cryoshields's ultra high vacuum system, has also been
developed for obtaining clean surfaces on nickel crystals.
Preliminary channeling studies on (111) nickel show a
significant increase in the surface peak for nonperpendicular (e.g. 110 ) incidence, suggesting that an
appreciable surface relaxation effect may be present.
However, the interpretation is not as simple as in the
previous Pt (111) study, because in Ni the shadow cone
radii for MeV helium are much smaller and so lattice
vibration effects are probably not negligible. More
detailed scattering calculations are being performed in
order to permit a more quantitative interpretation to be
made.

1.2.5

Crystal Blocking Lifetime Measurements for the
Compound System

x6

6 + W

J.S. Porster (Nuclear Physics), W.M. Gibson (Bell Labs),
K. Jorgenson (Aarhus University), D. Kellewe (Rutgers
University), I.V. Mitchell (Solid State Science Branch),
and D. Ward (Nuclear Physics).
See PR-P-109:2.17, AECL-5508.
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1.2.6

2.5 MV Positive Ion Van der Graaff
- J. Lori
The Sargent Welch Turbo Molecular pump Model 3102D
has now completed twelve months of continuous troublefree operation. The Van der Graaff was operated for 2248
hours in the year 1975 and the operation schedule for
recent months is as follows.
Month

1.2.7

Operating Time
(hours)

Routine Checks
(days)

Other Lost Time
(days)

December

177

0

0

January

170

1

0

February

187

0

0

High Voltage Mass Separator
- G.A. Sims
During the last three months, the lens system on
the H.V.M.S. had to be removed from the terminal. It
required cleaning because of electrical breakdown between
the various lens components. This shorting is caused by
a conductive coating that is deposited in the lens system
from the source charge materals. The use of metallic
zinc as charge material appear to be particularly
troublesome in this regard.
A new design of terminal steerers has been
fabricated and tested on the bench. These will be
installed at the time of the next major shutdown.
Apart from the previously mentioned lens troubles,
the operation of the H.V.M.S. has been satisfactory and
a total of 245 "beam on" hours have been logged during
the period.
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1.3.1

ELECTRON MICROSCOPY

Charge Density Waves in Tantalum Disulphide
- J.R. Parsons and C.W. Hoelke
This progress report is concerned entirely with our
recent completed work.on charge density waves in TaS2The purpose of this work was to show how the presence
or absence of charge density waves in the transition
metal dichalcogenide TaS2 affects multi-beam crystal
lattice images. Axial illumination, optimum-defocus
lattice images were obtained from 2H-TaS2 and from both
the IT2 and IT3 phases of lT~TaS2.
The experimental lattice images together with their
corresponding electron and optical diffraction patterns
are shown in Figure 1.3.1.1 (Note that all the optical
diffraction patterns have a concentric series of weak
white rings around the transmitted beam. These arise
from local thickness variations in the cleaved specimens
which produce a defocussing-dependent granulation in the
image structure.)
(a)

2H-TaS 2 Lattice Image

This is a projection onto the cleavage plane of the
basic, undistorted trigonal-prismatic structure. Ta
atom positions are seen as a network of white dots
arranged at the apices of equilateral triangles 0.287 ran
in height. The electron and optical diffraction patterns
correspond exactly.
(b)

lT 2 -TaS 2 Lattice Image

In this phase rhombohedrally stacked charge density
waves produce periodic matrix distortions which are
responsible for the satellite reflections shown in the
electron diffraction pattern. When these satellite
reflections together with the six {1010} matrix
reflections nearest the transmitted beam are all recombined the resulting, optimum-defocus, lattice image
shows a honeycomb pattern of hexagons superimposed on
the resolved lattice of Ta atoms. Each row of hexagons
is rotated about 14° from the corresponding (1010) plane
in the resolved Ta lattice. Verification of the
accuracy of this lattice image structure is obtained by
noting the correspondence between its optical and
electron diffraction pattern on which this 14° rotation
is also marked.
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2H-TaS2

Figure 1.3.1.1
TaS2 lattice images together with their corresponding
electron and optical diffraction patterns, left-and
right-hand sides respectively.

- ]j

(c)

lT3-TaS2 Lattice Image

In this phase the electron diffraction pattern
indicates a conventional hexagonal superlattice of side
/T9 a, where a is the lattice spacing, i.e. between each
matrix reflection there are 19 superlattice reflections.
V7hen these satellite reflections together with the six
{1010} matrix reflections were recombined the resulting
lattice image structure shows directly this hexagonal
superlattice of "frozen-in" charge density waves superimposed on the matrix lattice. Further, in this case
bhe periodic distortion of the basic lattice is su.ih that
the satellite reflections, seen in both the electron and
optical diffraction pattern, are rotated about 23° from
the basic lattice reflections.

1.3.2

The Nature of Damage Regions in Irradiated Ordered Alloys
- L.M. Howe and M. Rainville
Imaging with <110> superlattice reflections revealed
disordered regions in ordered Zr3Al which was bombarded
successively at 40 K with 2.0, 1.5, 1.0 and 0.5 MeV Ar +
ions (see Pr-CMa-35, section 1.3.3). The diameter of the
disordered regions ranged from 1.0 - 8.0 run with a peak
in the distribution occurring at 2 - 3 ran. Additional
investigations with fluences varying from 1 X 1 0 " to
5 X 10
Ar + ions cm"2 have shown that the number of
disordered regions/cm3 increases linearly with increasing
Ar + ion fluence. Studies have been extended to include
C + and N + ion bombardments. Preliminary investigations
reveal that disordered regions are also present and that
the number of disordered regions produced per incident
ion increases as the energy deposited in nuclear
collisions increases (i.e. increases in progressing from
C + to N + to Ar + ions). When imaged with fundamental
reflections, the C + and N + ion-bombardment foils revealed
defects having black-white strain contrast. These defects
had a spherically symmetrical strain field, as previously
found in Ar + ion-bombarded foils.
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RADIATION DAMAGE AND METAL PHYSICS

Backscattering Measurements of the Interaction of Cu
Atoms with Interstitial Al Atoms in an A1-6TJ4 at. %
Cu Crystal
- M.L. Swanson, L.M. Howe and A.F. Quennev^lle
In all the dilute Al alloys which have been
investigated, it has been found that solute atoms which
contract the lattice are strong traps for Al selfinterstitial atoms (PR-CMa-35). The trapping
configuration was generally the <100> mixed dumbbell, with
the solute atom displaced ^ 0.1 nm in a <100> direction.
Only in the case of Mn solutes (lattice contractions U.47
atomic volumes per Mn atom) were the solute atoms
displaced far enough (^, 0.12 run) to produce a peaking
effect in the <110> channels. In this case, the
calculations of B a r r e t t d ) have shown that the observed
peak-to-valley ratio of the <110> Mn yield, 1.5.
corresponds to 0.14 nm displacements of Mn atoms in <100>
directions. We have now observed <110> peaking effects
for displaced Cu atoms in an Al-0.14 at. % Cu crystal.
The lattice contraction caused by the addition of Cu to Al
is also large, 0.38 atomic volumes per Cu atom. When
approximately 50% of the Cu atoms had been displaced by
trapping Al interstitial atoms, the peak-to-valley ratio
of the Cu yield was 1.4 for a <110> angular scan along a
{110} plane, and 1.7 for an angular scan along a {100}
plane. The Cu atom displacements annealed out near 200 K,
as was observed for the other Al alloys.
It can be concluded that the theoretical calculations
concerning the stability of mixed d u m b b e l l s ^ ^ , based on
a simple size effect, are qualitatively correct; the
largest displacement of solute atoms is predicted for the
smallest solute atoms
(1)

J.H. Barrett, private communication.

(2)

p.H. Dederichs, private communication.
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1.4.2

Backscattering Measurements of the Interaction of Fe Atoms
with Interstitial Al Atoms in an Al-0.05~at. % Fe Crystal
- M.L. Swanson, L.M. Howe and A.F. Quenneville
Mossbauer spectroscopy of irradiated dilute alloys
of Al with 5 7 Co ( 57 Fe) have shown that the trapping of Al
self-interstitial atoms by the 5 7 C o ( 57 Fe) atoms produces
an isomer-shifted l i n e d ) . In this way, the trapping
characteristics of the Co atoms and the vibrational
properties of the Al-Fe complex were investigated. It was
assumed that the Al-Fe trapping configuration was the
<100> mixed dumbbell, by inference from our earlier Al-Mn
results(2). we have now confirmed from backscattering
measurements that Fe atoms are displaced into <110>
channels by trapping Al interstitials near 50 K, and that
the trapping configuration is stable up to 200 K.

1.4.3

(1)

G. Vogl, W. Mansel and W. Vogl, J. Phys, F:
Physics £, 2321 (1974).

Metal

(2)

M.L. Swanson and F. Maurv, Can. J. Phys. 53, 1117
(1975) .

Measurement of the Displacement of B Atoms in Si Crystals
Using the 1 1 B(p,a) e Be Reaction
- M.L. Swanson, L.M. Howe, J.A. Davies and
A.F. Quenneville
Room temperature irradiation of Si crystals which
were doped with 1 0 1 9 - 1 0 2 0 B atoms/cm 2 , either from the
melt or by implantation followed by diffusion, causes the
B atoms to be displaced from lattice s i t e s ^ 1 ' ^ ) . We have
extended these measurements to lower temperatures by
irradiating a diffusion-doped crystal at 40 K with protons
or He ions. The low temperature irradiation displaced B
atoms into <111> channels, and no further displacement
occurred during isochronal annealing to 300 K. Thus v;e
have not been able to establish that the displacement of
B atoms is due to interaction with specific irradiationinduced defects.
(1)

J.A. Davies, J. Denhartog, L. Eriksson and
J.W. Mayer, Can. J. Phys. 4_5, 4053 (1967).

(2)

J.C. North and W.M. Gibson, Appl. Phys. Letters
16, 126 (1970).
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NUCLEAR METHODS OF ANALYSIS

Microanalysis of Irradiated Carbon Foils
- I.V. Mitchell, W.N. Lennard, J.R. Parsons and M. Braun*
with H.R. Andrews and A.B. McDonald, Nuclear Physics
Branch
There had long been speculation about the causes of
carbon foil degradation and failure under heavy ion
bombardment. Improved performance of C foil strippers, in
particular, has an obvious relevance to heavy-ion
accelerator performance.
We have analyzed stripper foils that had been
bombarded over an apertured area with heavy ions
(60 MeV I, 560 oarticle-pC . cm " 2 ) from the CRNL MP
Tandem accelerator. To distinguish between the original
foil material and any additional carbon contamination
the foils used were enriched to 97% in * 3 C (cf. the
natural abundance of 1.11%). Foils of ^ 10 pg_.cm~2 and
20 ng .cm 2 were obtained from AECL-Commercial Products.
Backscattering analysis with MeV energy He + beams
from the 2.5 MV van der Graaff accelerator failed to
reveal any evidence for anomalous impurities in or near
the areas irradiated by the heavy ion beam. Nuclear
microanalysis for C and O was performed using the
12
C(d, P ) 1 3 C, ! 3 C(d,p) H C and 1 ^C(d,a} 11 B and 16 O(d,p) 17 O
reactions, with excellent discrimination between all
three isotopes.
The nuclear reaction measurements showed clearly
that the carbon films were indeed thicker in the
irradiated region and that the thickness increase was due
solely to iZc build-up, not to 13C redistribution or to
oxygen completing. The absolute increase was the same for
the 10 pg / cm 2 foils as for the 20 pg .cm"2 foils.
Within the lateral resolution of the beam (0.5 mm diameter)
the 12C profiles confirmed to the visibly darker region
of the irradiated foil. However, it is also obvious that
the total increment in C thickness (^0.5
g . cm" 2 ) does
not account for these optical changes. These same changes
can be generated by exposing C foils to intense light
(J. Gallant, private communication) and, as selected area
transmission electron microscopy studies showed,
correspond to phase changes in carbon film,i.e. C foil
"blackening" cannot be taken as evidence for proportionate
foil thickening.
* Permanent address - Research Institute, Stockholm,
Sweden
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Further tests will be made on foils that have been
exposed to greater fluences of heavy ions.
1.5.2

Microanalysis of a Catcher Foil
- I.V. Mitchell, W.N. Lennard and D. Phillips
At the request of J.S. Fraser (Accelerator Physics)
we looked for surface deposits on an aluminum foil that
had been used as a catcher in a preliminary electron
sputtering experiment. The spattering target consisted
of a copper block silver-soldered to a copper post.
Using the method of Rutherford backscattering of 2 MeV
He ions we identified not one but two surface impurities
and mapped their distribution along the catcher.
The true identity of the impurities became apparent
when the H e + beam-induced X-ray spectrum from the catcher
was analyzed. Fe. Cu, Zn and Ag were all found to be
present with the latter_two accumulated to coverages in
excess of 1 0 1 7 atoms.cm 2 . The true sputtering yield
from Cu had therefore been totally obscured by
contributions from the silver solder. Surprisingly, no
Cd showed in the X-ray spectrum (silver solder: 4 5% Ag,
15% Cu, 16% An, 24% C d ) .
The electron target assembly is being redesigned to
prevent contamination of this type occuring.

1.5.3

Use of Rutherford Backscattering to Study the Mobility of
Foreign Atoms During the Anodic Oxidation of Aluminum
- W.D. Mackintosh, F. Brown and H.H. Plattner
The advent of the High Energy Mass Separator (HVMS)
has permitted some extensions to the study of the mobility
of foreign atoms during the anodic oxidation of aluminum.
Previously, using low energy implantation some species
were found to be located close to the outer surface of
the oxide after anodizing. This implies that they move
at about the same rate as A l , but a similar result would
be obtained if they moved faster than Al but failed to
pass into the electrolyte. However if thick preformed
oxides (50 - 60 yg/cm 2 ) implanted with foreign atoms at
energies of 300 keV (implant depth ^ 4 0 yg/cm 2 ) are used,
then, on subsequent thickening the implants will lie an
appreciable distance beneath the surface even though
they move faster than Al.
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The mobilities of Sb, Se and Te have now been
investigated in this manner. Oxides ^ 60 yg/cm 2 thick
were formed on prepared Al surfaces, implanted with
2 X 1 0 1 5 atoms cm" 2 of the foreign atoms at 300 keV,
and then the oxide was thickened to ^ 100 yg/cm2. The depth
of the implant after thickening and the oxide thickness
were determined by Rutherford backscattering analysis.
All these implants were found closer to the surface
after thickening the oxide layer. That is to say, they
had moved outwards from the position they would have
occupied had they been immobile. The immobile position
was calculated assuming that 4/10 of the oxide grew by
outward migration of the Al(D . The migration number
(defined as the ratios of the distance moved to oxide
thickness grown) for Sb and Te was 0.5 for both species.
However, Se behaved differently, spreading widely
throughout the oxide. Using the centre of the distribution
as a basis for calculation, the migration number was 0.1.
The migration numbers for Sb and Te were considerably
higher than those previously determined with shallow
implants (50 keV). This discrepancy has prompted some
further investigations.
The immobile position used in the migration number
calculations is based on experiments with noble gas
markers described in Reference 1. We have now repeated
these earlier experiments taking advantage of the
greater implant ranges obtainable with the HVMS.
(1) Xe was implanted to a dose of 2 x 1 0 1 5 ions.cm"2 at
300 keV (range ^ 31 yg/cm 2 ) into an oxide layer 58 yg/cm 2
thick which was subsequently thickened to 108 yg/cm 2 .
The transport number for Al obtained was 0.30 whereas the
original experiments gave 0.40 + 0.02.
(2) Specimens covered by ^ 60 yg/cm" of oxide were
irradiated with 2 X 1 0 1 5 argon ions.cm"2 at 300 and at
2000 keV and at dose rates of 300 and 900 nA to produce
various amounts of damage. Xe was then implanted at
4 0 keV and the usual backscattering measurements made.
The transport number was 0.36 + 0.02 for all.
(3) We implanted 2 X 1 0 1 5 Sb atoms-cm"2 at 300 keV into
oxide covered specimens then implanted Kr atoms at the
same energy. The transport number was 0.20 + 0.02.
Using this as a basis for calculation, the migration
number of the Sb was 0.36.
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It should be emphasized that these results are of
a preliminary nature and further experiments will be
required to confirm and explain these differences in
transport numbers.
(1)

1.5.4

F. Brown and W.D. Mackintosh, J. Electrochem. S o c ,
120, 1096 (1973).

The Movement of Foreign Atoms During the Anodic
Oxidation of Silicon
- W.D. Mackintosh and H.H. Plattner
In PR-CMa-33 section 1.5.5, we reported that Au
implanted in Si retreats before an advancing oxide front
when the Si was anodized. However, we have now found
this behaviour to be quite different if the specimen is
annealed after implanting and before anodizing. When
annealed at 8 00°C for 1-1/2 h in vacuum, the Au largely
disappears from the specimen during the oxidation stage
(presumably into the electrolyte) with < 1 0 % of the
original implant remaining at the oxide/metal interface.
All previous experiments were carried out using
p-type silicon crystals. We have now found that in
n-type silicon, Au also remains at the oxide/metal
interface when implanted specimens are anodized, but does
not if the implanted specimens are annealed before
oxidation.
We have also obtained Rutherford backscattered
spectra with the H e + beam aligned along the <111> axis
of Si crystals. The crystals had been implanted with Au,
anodized and the oxide removed by a four minute etch in
0.5M HF. We found that these had a disordered region
at the surface containing more oxygen than is normal
for the natural oxide cover of Si crystals. None of the
Au appeared to occupy substitional positions in the
undamaged lattice beneath the disordered region.

1.5.5

Structures of Anodic Oxides
- J.P.S. Pringle
Investigations over the last several years have
established that anodic tantalum oxide thickens via the
migration of both tantalum and oxygen, and that the
transport numbers are in a ratio of approximately one to
three. Because of the differing valences, however, the
ratio of the corresponding atom movements is approximately
one to seven and a half. Similar observations apply to
the anodic oxides on niobium and tungsten.
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Any mechanism that attempts to explain these and
related observations must take the nature of the oxides
into account. No direct evidence for the structures of
the anodic oxides exists, since the X-ray and electron
diffraction measurements reported in the literature all
give diffuse haloes; this suggests that the structures
contain much disorder. The most reasonable assumption
about the structures of the anodic oxides, therefore, is
that they are highly disordered versions of the structures
of the corresponding crystalline oxides, and this
suggested a consideration of the average properties of
such structures. Much information is now available on
the crystal structures of these oxides and their related
phases, from which the following points, amongst others,
emerge.
i)
Several phases of definite stoichiometry have been
identified in the Nb 2 O 5 -WO3 phase diagram, and all those
stable at the highest temperatures have structures
related to the ReO 3 lattice. These are of two types;
those based on crystal shear, and those based on rotary
stacking faults. When the volume per oxygen atom, Vo,
is plotted as a function of stoichiometry, M 0 x , the
points all lie very close to the straight line
V o = - 2.39x + 25.4

(X 10~ 3 nm 3 )

(1)

as determined by least squares.
ii) Similar phases exist in the T a 2 O 5 - W O 3 system, though
here the structures are built up from wavy chains of
pentagonal bipyramids, not octahedra as in the ReO 3
structures. A similar relationship between V o and x
applied however, namely
V o = - 12.8x + 49.6

(X 10" 3 nm 3 )

iii) At room temperature, the structure of W 0 3 is a
monoclinic distorted form of the ReO^jlattice, with a
volume per oxygen atom of 17.62 X 10~ ran3. A lattice
parameter for the hypothetical cubic ReO3 form has
appeared in the literature, based on extrapolation of the
lattice parameters for various cubic MyW03 bronzes to
y = 0, M being a metal. The volume per oxygen calculated
from this parameter is 18.07 X 10~ 3 nm 3 in reasonable
agreement with the 18.19 X 10~ 3 nm 3 calculated with
x = 3.0 in ecruation (1) for the niobium series.
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1.6
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18

Ne:

Two Body
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F.C. Khanna and I.V. Mitchell, Nucl. Phys. A258, 152
(1976).
Cross Section Measurements for the Reactions of Fast
Neutrons with Indium
- D.C. Santry and J.P. Butler (Physical Chemistry Branch),
Can. J. Phys. (in press)
A Comparison of Sectioning Methods Used to Measure
Concentric Profiles in Anodic Oxides
- J.P.S. Pringle, Can. J. Phys. 54, 56 (1976).
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2.2

2.2.1

ANALYTICAL CHEMISTRY

Emission Spectrography
- G. Jarbo, H. Herrington, P. Faught
(1) Analytical Methods
a) Powder Samples
In order to quantify the analysis of powder samples
by direct excitation, appropriate standards have to be
prepared and new techniques developed. Work has been
proceeding to adapt the 'Webb' t e c h n i q u e d ) for this
purpose. As the sample to buffer (graphite-lithium
fluoride) ratio is small the matrix is essentially
graphite. Varying amounts of a commercially available
mixture of 49 element oxides (Spex Mix 1000) have been
used to prepare a graded series of standards. Different
instrument parameters have been tested as well as
varying environments for the electrodes. Excitation in
a chamber with a flowing argon/oxygen atmosphere seems
most promising. Instead of the commercial product,
preparation of our own oxide mix containing fewer but
more relevant elements has been undertaken. Consideration is also being given to the inclusion of a carrier
such as silver chloride in the buffer.
The above method using commercially available
standards has been successfully applied to the analysis
of alumina powder samples.
(1) Webb, M.S.W. and Wordingham, M.L., AERE-R-5799,
A Versatile Spectrographic Method for the Analysis
of a Wide Range of Materials.
b) Emulsion Calibration
The computer program for the automated emulsion
calibration has been extended to utilize data obtained
from spectra prepared with a seven step filter in
addition to that from the rotating pin sector.
(2) Direct Reader
Mechanical adjustments have been made to optimize
the effectiveness of the shock mounts of the instrument.
Certain exit slits are in need of relocation and are
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being checked by photography for correct position. A
bracket has been designed to facilitate this and at the
same time ensure correct angularity of the slit housing
with respect to the focal curve.
Work on the glove box is almost complete. The
switch gear for selection of either of two arc stands
has to be completed and installed.

2.2.2

X-Ray Fluorescence

(XRF) Spectrometry

- G. Jarbo, P. Faught
(1) Determination of Uranium in Thorium Matrix
A method has been developed for the XRF determination
of ppm quantities of uranium in a thorium matrix. The
sample solution is made 8 M in hydrochloric acid and
passed seven times through a strong base ion exchanger
loaded paper (chloride form). Uranium, as the chloride
complex, is retained on the paper while the thorium is
ashed through. Uranium on the paper is determined by
counting the U L a line. Calibration curves are prepared
from standards prepared by spotting measured amounts of
standard uranium solutions on ion exchanger papers.

2.2.3

Analytical Support for Heavy Water Process Programs
This work is described in internal CRNL reports.

2.2.4

Electroanalysis
- J. Gulens
(1) Metals by Voltammetry
Results of the preliminary round robin test for the
voltammetric determination of several trace levels of
Cd, Pb, Cu and Zn in water, organized and coordinated by
ASTM, have been received. The interlaboratory standard
deviations and relative accuracy for Cd and Pb were good,
but poor for Zn and Cu. The results from this laboratory
compared favourably with the overall trend. Our results
were, with only 3 exceptions, located about the median
and bounded by the upper and lower quartiles. The nonflame atomic absorption spectroscopic results were similar.
The round robin testing will be repeated, with further
participation by our laboratory.
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2.2.5

Atomic Absorption Spectrometry
- M. Hurteau, D. Bellavance
(1) Precision of Measurements with Flameless Atomization
A series of measurements has been made using the
Varian CR-60 carbon rod atomizer and AA-5 spectrometer
to determine the precision of measurements (1 a) for
several elements in the parts per billion concentration
range. Twelve determinations were made at each element
concentration using standard solutions freshly prepared.
The results obtained were as follows:

Element Cone,
(ng/ml)
5
10
20
50
100
200
500
1000

Coefficient of Variation
Al

Cr

Co

11.5
8.7

12.8
11.7
3.8
2.1

10.0
8.8
6.4
2.3

Cu
7.9
4.6
1.7
1.2

Fe
5.5
3.1
2.1
1.6

Ni

25.7
20.9
9.3
3.1

5.1
1.8
1.2

(2) Determination of Refractory Metals by Flameless
Atomic Absorption
A prominent factor limiting sensitivities in the
determination of refractory metals using carbon rod
atomization is the formation of carbides which are
thermally stable. In an attempt to extend the useful
range of this analysis for such metals, two approaches
are being tried:
i) use of a tantalum furnace in place of the carbon rod,
ii) formation of a carbide coating on the inside of the
carbon rod furnace.
The tantalum furnace showed promise for increased
sensitivity but a furnace constructed to give the same
resistance as the carbon furnace was physically too weak
and collapsed after only a few runs.
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Some preliminary work only has been done on the
formation of a carbide coating on the carbon furnace.
The coatings are formed by introduction of a solution
of a suitable metal salt (La, Ti, Ta) into the furnace,
evaporating to dryness and heating to form carbide (see
Anal. Chem., £7, No. 8, 1258 (1975)). Results are too
few yet to evaluate the method.
2.2.6

Fuel Studies
I;

- T.H. Longhurst
Investigations are being made in the Fuel Materials
Branch into the impregnation of fuel pellets. Pellets
of U0 2 were contacted with solutions of uranium in nitric
acid and water and submitted for analysis to determine
what gases are evolved when these pellets are heated.
A furnace system was connected to the vacuum system
of the quadrupole mass spectrometer for stepwise heating
of the pellets with continuous monitoring of gases
evolved. The data obtained have not been completely
processed yet but qualitative results indicate the
presence of H 2 0, C 0 2 , NO, N2O. Sulfur dioxide was also
observed but this is suspected to be an artifact of the
apparatus due to the H 2 s background present in the instrument.

2.2.7

Analysis Requests
Type of Sample

Received
from

No. of
Samples

Heavy Water
Programs

Miscellaneous

System
Materials

NPD heavy water

6

Retentates from reverse osmosis tests

3

Fuel decrudding solutions
X-5 crud solutions
X-5 graphite leachings
NPD resin solutions
Buffer solution
Zr-Nb rod
Zr-Nb alloy
Gas standards
Fuel
Engineering

Zr alloys
Fission gas

Fuel
Materials

Uranium solutions
Enriched UO2
Impregnated U0 2 pellets
Natural UO2 pellets

770

54
8
7
3
1
6
6
33
108
22
22
1
8
10

Type of Analysis Done
Gas chromatography,
liquid chromatography,
mass spectrometry,
emission spectrography,
U.V. absorption, total
organic carbon (TOC),
Si, Ca, Fe, Al, Na,
Ft, S, Cl, POt
Cl, F, Li, pH, conductivity, TOC,
emission spectrography
Na, Ca, Mg, Al, Fe,
Mn, Cu, Si, POi»
Fe, Ni, Cu, Co, Cr
Fe, Ni, Cu, Co, Cr
Fe, Ni, Cu, Co, Cr
Fe, Ni, Cu, Co, Cr

PH
Nb
H 2 , D2
Mass spectrometry
H2, D2
Mass spectrometry
Free acid (HNO 3 ), U
Fe

Th
Ca

Type of Sample

Received
from

Metallurgical Zr-Nb pressure tube
Engineering
Archive Pickering pressure tubes
Pickering-4 pressure tube
Zr-Nb alloys
XL alloy (Zr)
Stainless steel

No. of
Samples
20
12
5
66
4
13

Type of Analysis Done

Nb
Nb
Nb
H2f 02
H2, N 2 , O2
H2

General
Chemistry

Standard Ag solution

Materials
Science

Zr-Al alloy

4

Crystal bar Zr

2

Al, O 2 , emission
spectrography
Fe

Physical
Chemistry

Be metal
Solution of unknown composition

3
1

O2
Fe, Cu, Ni, Cr, Ag

Accelerator
Physics

Powder
Helium

1
2

Emission spectrography
Mass spectrometry

Chemical
Operations

U solution (from Commercial Products)
4
1

Fe, Ni, Cr,
emission spectrography
Total organic carbon (TOO
Emission spectrography

D2O
Precipitate from dissolution of UO 2

Ag

Mechanical
Equipment
Development

Water samples
Deposit from stainless steel pipe

Process
Systems
Design

Aluminum nitride capsule

Ni, K, B, Si,
emission spectrography

Protective
Serviv.3s

Unknown material

SiO 2

12
1

Total number of samples

1,224

Total number of analyses

3,840

Cl, Mg, Si
Emission spectrography
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2.3

HYDROGEN-WATER EXCHANGE

- W.H. Stevens, A.S. Denovan
This work is described in an internal CRNL report.

2.4

2.4.1

RADIOACTIVITY MEASUREMENTS

Calibration of Ge(Li) y-Spectrometer Efficiency for
Two and Three-Dimensional Sources
- V5.J. Edwards
Ge(Li) spectrometers employed in quantitative work
are customarily calibrated for y-efficiency, as a function
of energy, at a few standard positions along the
detector's axis of symmetry. At each position a series
of sources of known energy and independently standardized
y-rate are measured to provide the characteristic
efficiency vs. energy response curve. For accurate work
these measurements must be repeated for each shape or
source geometry anticipated amongst the unknown samples.
Some commonly used standard-source geometries include
near point sources, small diameter discs and solutions
of fixed volume in standard cylinders.
Such calibration curves serve well for the analysis
of unknown radioactive sources originating in the laboratory where the material is directly under the experimenter's
control and can usually be coerced into one or the other
of the calibrated source geometries. For other unknowns
however, e.g. gas sources in cylinders of various heights
and radii, pieces of pipe, flat plates etc., the problem
of what the effective detector efficiency is frequently
reduces to some form of "guestimate".
In this laboratory, while the number of unknowns of
any particular non-standard geometry is small,
collectively sources of uncalibrated geometry form a
significant portion of the measurements. In order to
improve the estimate of the y-efficiency for such sources
a simple procedure has been developed for the calibration
of Ge(Li) spectrometry for spatially extended sources.
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The apparatus for this calibration consists only of
a small clockwork electric motor of low speed (20 rpm)
mounted above the crystal with the shaft of the motor
coincident with the crystal axis, and pointing down
toward the crystal. A very light weight arm (0.010 Al)
'vlO cm in length, is mounted on the motor shaft at a right
angle so that when the motor turns the arm traces a disc
parallel to the surface of the detector. This rotating
arm is suitably notched to hold small y-sources at
fixed radial distances from the axis. A set of ysources
uncalibrated but containing essentially single y-emitters
covering the desired energy range, is placed on the arm
and a y-spectrum measured with the motor rotating. The
sources are then moved to different radial positions and
the process is repeated until each y-emitter hat1 been at
each radial position. The motor is then raised to place
the arm at another axial position and the process, is repeated.
The number of sources into which the activity is distributed is not important buc each material must be measured
at each radial position. The function of the rotating arm
is of course to average irregularities in the radial
sensitivity. (Ge(Li) detectors can not be relied upon
to have a uniform radial sensitivity for several reasons.
Some are inherently asymmetric, e.g. square planar
detectors and trapezoidal detectors made from loaf-shaped
ingots, while co-axial detectors may be mounted slightly
off center with respect to the outer container or, as
in the case of the present detectors, have relatively
massive mounting hardware, clamps and electrical contacts
on one side of the crystal.)
After the spectra are processed the results are obtained as relative radial efficiencies which are then
normalized to the known (previously calibrated) efficiency
at zero radial displacement. The resulting radial
efficiency curves have basically a sinh shape which is
fitted as a piece-wise function by a small computer
program. Fig. 2.4.1.1 shows some of the curves obtained
for low and medium y-energies.
The difficulty of estimating the efficiency for, say,
a cylinder of gas of arbitrary radius and length from the
zero radius efficiencies alone is readily inferred from
the differences in the shape of the curves as a function
of axial distance. This is so pronounced in Fig. 2.4.1.1(a)
that at larger radii the curves cross over, and it is
possible in special cases to observe an increase in
efficiency by moving the source axially away from the
crystal. (As the axial distance increases for sources at
large radii the solid angle becomes smaller but a larger
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fraction of the radiation passes through the top of the
crystal housing which has better transmission.)
Efficiencies for extended sources are obtained by
integration of the radial efficiencies over the volume
of the source by a small computer program.
2.4.2

Counting Room Equipment
- W.J. Edwards
The tube-type electronic unit for the end window 6proportional counter has become unserviceable for lack
of replacement parts. It has been replaced with
transistorized equipment assembled from various spare
units accumulated over the years. This equipment has
been tested and is performing satisfactorily.

2.4.3

Kinetics of the Fluoride Specific Ion Electrode
- R.C. Hawkings, L.P.V. Corriveau
One objective of our work on fluorides has been to
investigate methods to reduce contamination with fluoride
ion (P~) of solutions held in polytetrafluoroethylene
(PTFE) containers (PR-CMa-27). The fluoride-specific
ion electrode (FSIE) was used to measure F~ released.
Some degree of
ocess with a leaching procedure reduced
the F~ concentre-ion of samples below the generally
accepted lower working limit for the FSIE of 1 0 ~ 6 M.
The work of Baumann
' has shown that, in the
presence of fluoride-complexing cations, the FSIE responds
theoretically to free fluoride one to three decades
below 1 0 " 6 M, the accepted limit in non-complexing solutions. This encouraged us to attempt measurements in
the submicromolar range.
Our investigations soon revealed an apparent external
source of fluoride contamination (PR-CMa-29) which
seriously interfered with our measurements. At the same
time it became apparent that a second limiting factor was
our lack of understanding of the kinetics of the FSIE.
This is a crucial factor because it is known that the
time to equilibrium increases with decreasing F concentration. Below 1 0 ~ 6 M this time is of the order of hours.
It therefore becomes essential to be able to calculate
the equilibrium EMF from kinetic data. In the decade
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which has elapsed since introduction of the FSIE by
Prant and Ross in 1966(2), a number of papers have
been published which purport to relate the time-response
characteristic of the FSIE to various equations. The
most recent of these is a kinetic study in fast flow
and automatic systems by Mertens et al.(^).
We have found that these equations do not fit our
FSIE time-response characteristics in a general way.
After extensive measurements of the time-EMF response
characteristic of FSIE in our laboratory we have derived
an empirical equation which fits our data, under all but
extreme conditions of F~ concentration change (>10 3 ),
to within ±0.2% from about ten minutes after immersion
of the electrode out to forty minutes or longer (PR-CMa-33),
With the aid of this empirical equation we have been able
to identify two major sources of contamination of our
solutions. The first proved to be the PTFE coated
magnetic stirrers which are used almost universally. We
eliminated this problem by the fabrication of polypropylene
covered magnetic stirrers. The second source of contamination_was the use of ion-exchanged water. Small amounts
of F are best removed by triple distillation.
The utility of this equation and control of contamination was demonstrated in the measurement of changes in
F~ concentration as small as a few percent above a blank
of 1 ng F /g of solution (^5 x 10" 8 M fluoride) using
kinetic data between ten and forty minutes to calculate
the equilibrium EMF and hence the solution concentration
of F (PR-CMa-34).
In the course of these measurements we observed that,
under some conditions, our empirical equation was able to
fit the data from times as early as two to three minutes.
We continued our investigations of the time-response
characteristic in an attempt to gain sufficient understanding of the kinetics of the FSIE to permit the calculation of equilibrium EMF data from kinetic data taken
over a much shorter time interval.
Our current concept of the kinetic or dynamic response
of the fluoride-specific ion electrode to a change in
solution fluoride ion concentration is as follows:
Immediately following immersion in a fresh solution
having a different fluoride ion concentration - or other
instantaneous change in concentration - the electrode will
respond by four distinct concurrent processes. The first,
and most rapid, of these is probably the hyperbolic
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relationship described by Mertens et al.
• This process is believed to become substantially complete within
the first three to four minutes, and may be related to
electrical characteristics of the LaF 3 crystal itself.
Next, a diffusion controlled response becomes apparent,
which may persist, in the sense that it does not reach
99.8% of equilibrium for at least thirty to forty
minutes under extreme conditions of concentration change,
i.e. -vlO1*. This diffusion process is believed to be the
restoration of a F~ concentration gradient across a
'dead' or unstirred layer of liquid and/or gel between
the bulk solution and the surface of the LaF 3 crystal
following a change in F" concentration in the bulk solution. The FSIE is believed to respond only to the F~
concentration at the interface between the LaF 3 crystal
and the unstirred film and/or gel layer.
Usually concentration changes are limited to about
two orders of magnitude. In such cases the diffusion
process ceases to be rate controlling after approximately
ten minutes. The mechanism described by our empirical
equation then becomes rate controlling. This process is
believed to be a restoration of chemical equilibrium
between F~, L a + 3 , 0H~, and such complexing agents as
1-2-cyclohexane diamine-NNN'N'-tetraacetic acid (CDTA)
used to free F~ from cations such as A l + 3 . Our model
has this reaction zone in the 'dead' or gel layer
immediately adjacent to the LaF 3 crystal. Thus the
reaction is dependent upon F~ supplied by diffusion and
acts to control access of F to the surface of the L a F 3 .
The fourth process is a minor one which we attribute
to the dissolution of LaF 3 in the solution with some small
contribution (<10%) from the concentration of F~ by the
evaporative loss of water. This process has been followed
for times >10l* min (>7 days) during which the increase
is linear with time. In view of the low solubility of
LaF 3 a dissolution process could be expected to be approximately linear in the early stages. The rate observed is
approximately 1 x 10"1* ng F~ min" 1 m l " 1 . Thus, one
hundred minutes after immersion of the electrode 'VLO"2
ng F has been_added to the solution. At the level of our
blank (1 ng F~/g)r and volume of our solution (60 m l ) ,
this represents a 1% increase every 100 min. This in
turn sets a lower limit to the practical application of
the FSIE under our conditions of measurement, and provides an additional incentive to obtain, in the shortest
possible time, all kinetic data necessary to calculate the
corresponding solution concentration.
Since all these processes proceed concurrently, more
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rapid determinations are not possible unless these processes can be linked in a single, soluble, mathematical
expression. In collaboration with S.A. Kushneriuk,
Theoretical Physics, efforts are being made to link the
equations for these processes. A major obstacle to this
link-up lies in our empirical expression. This expression
is:
(Ci-Cs)[(l-exp(-Xt))/At]

where C

= the concentration indicated by the electrode
at any time 't' after immersion in a solution
having a concentration C

C. = the apparent initial concentration
A = a rate constant.
In current usage we solve simultaneously for C , C
s
and A iror each solution measured. Cj_ is a variable"
because the other processes continually change its value.
Consequently the rate constant A appears to be a complex
function of the concentration difference, (C.-C ) .
1

S
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2.4.4

Counting Room
A total of 188 samples was received.
analyzed as follows:
decay curves beta
gross beta

3
130
133

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

16
123
139

These were

DISTRIBUTION OF BETA ANALYSES

Loop

X-l

Decay

3

Gross

20

X-3

X--4

X-5

X-6

U-1

U-2

U-5

18

18

18

6

14

18

18

DISTRIBUTION OF GAMMA ANALYSES

Loop

Analyses
for

X-2

U-1

U-2

26

1

1

NRU

Special
Analysis

NPD

30

42

23
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2.5

2.5.1

DEUTERIUM ANALYSIS

Deuterium Analyses
- W.M. Thurston, R.T'7. Jones, M.T-7.D. James
The following is a summary of analyses performed
over the period December 2, 1975 - March 10, 1976 No. of Samples
34,548
500

Branch

Program

Physical Chemistry
General Chemistry

H 2 -H 2 O Exchange
H 2 S-D/H Analytical
Development
Infrared Monitor Working Party
Chemical Engineering Packing Tests
General Chemistry
Interlaboratory
Comparisons
General Chemistry
Miscellaneous

66
100
41
59
35,314
2.5.2

Heavy Water Analysis - Cooperation with Production
Plants
- W.M. Thurston, R.T"7. Jones, M.W.D. James
This work is described in internal CRNL reports.

2.6

2.6.1

ELECTROCHEMISTRY

Electrochemical H/D Separation
- M. Hammerli, W.J. Olmstead
This work is described in internal CRNL reports.

2.7

2.7.1

MASS SPECTROMETRY AND FUEL ANALYSIS

Spark Source Mass Spectrometry
- I.H. Crocker, C.H. Knight
(1) Trace Analysis Standards Program
Spark source mass spectrometric analyses of five
IAEA biological trace elemental standards have been
completed. The standard materials were (1) dried animal
whole blood, (2) calcined animal bone, (3) milk powder,
(4) wheat flour and (5) dried potatoes. All samples
were ashed in a low temperature oxygen plasma asher,
slurried with a weighed quantity of silver spike, and
pressed into electrode pairs in the standard polyethylene isostatic mold. The spark source mass spectrometer analyses were done with photoplate recording,
the total ionic charges recorded being in a uniformly
graded series from 3 to 10~ 1 3 coulombs to 3 x 10~ 7
coulombs. The results are compared in Tables 2.7.1.1
to 2.7.1.5 with the IAEA values. The agreement observed
is normal for this type of elemental determination.
In addition to the above standards, a "natural graphite
standards kit" obtained from Ultra Carbon Corporation,
Bay City, Michigan, was analyzed for ten elements in our
continuing efforts to achieve as accurate trace analyses
as the spark source technique will permit. This standard
was prepared from a large volume of mined graphite containing natural impurity levels. The particle size of
this graphite was reduced to an average 1 0 ~ 1 5 m by a
jet-milling process and it was thoroughly homogenized.
Eight elemental concentrations were certified by multiple
analytical techniques - isotope dilution, spark source
mass spectrometry, neutron activation analysis, emission
spectrography and atomic absorption spectrophotometry.
These analyses were performed by Accu-Labs Research,
Inc., Wheat Ridge, Colorado. Two other elements were
tentatively certified pending additional analyses.
The ratios of the values determined on our instrument
to those reported by Accu-Labs provide relative sensitivity
factors (RSF's) which can be used to correct results
from other determinations of trace elements in graphite
matrices. The RSF's determined are listed in Table 2.7.1.6.
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Table 2.7.1.1
Dried Animal Whole Blood (ppm by Weight)

No.

Element

CRNL Result

IAEA Result

1
2
3
4
5

Cobalt
Copper
Iron
Zinc
Manganese

0.55
47
1800
55
120

0.42
45
3400
89
123

Table 2.7.1.2
Calcined Animal Bone (ppm by Weight)

No.

Element

CRNL Result

IAEA Result

1
2
3
4
5
6
7

Arsenic
Chromium
Copper
iron
Lead
Zinc
Manganese

4
7 00
30
1300
5.5
270
60

1.2
68 3
6.8
1500
8.8
183
32

Table 2.7.1.3
Milk Powder (ppm by Weight)

No.

Element

CRNL Result

1
2
3
4
5

Cobalt
Copper
Iron
Zinc
Rubidium

0.6
6
100
60
30

IAEA Result
0.02
2
41
39
35
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Table 2.7.1.4
Wheat Flour (ppm by Weight)

No.

Element

1
2
3
4
5

Chromium
Copper
Iron
Zinc
Manganese

CRNL Result

IAEA Result

0
,6,5
45
25
50

0.04
5.8
84
33
35

Table 2.7.1.5
Dried Potatoes (ppm by Weight)

No.

Element

CRNL Result

1
2
3
4
5
6

Copper
Iron
Zinc
Sodium
Rubidium
Manganese

5.2
30
13
1300
8
8

IAEA Result
4.2
19
12
1700
6.1
2.4

Table 2.7.1.6
Relative Sensitivity Factors for Elements in a
Graphite Matrix' 1 )

Element

Pb

Ba

Cu

Cr

Ni

Zn

Fe

Si

RSF

1.0

0.20

0.53

1.0

1.4

1.8

0.38

0.73

Al(2) As(2)

(1) by photoplate detection, average of four analyses
(2) tentative certification

0.60

0.53
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(2) Identification of Pelletron Accelerator Ion Source
Contamination (with I.V. Mitchell)
Deposits that formed on the source parts of the
Bldg. 320 High Voltage Mass Separator with KBr and NaBr
samples were analyzed by SSMS and found to be mostly W,
with smaller amounts of Fe and Cr, and trace concentrations of several other elements. The deposits were
assumed to have arisen from vapourization of the source
heating filaments.
2.7.2

Uranium Fuel Burnup Measurements
- I.H. Crocker, J.A. Schruder, S.R. Bokwa, S.V. Jobin
Isotopic analyses of 25 samples of starting material
and irradiated pellets were completed for Fuel Engineering
and Fuel Materials Branches. Twenty-nine irradiated
pellets were dissolved and the uranium content purified
for mass spectrometric analysis. The analytical
shielded cell #3 in Bldg. 250 was inoperative for a
short time during this period for routine maintenance
and cleanup.

2.7.3

Plutonium Fuel Burnup Measurements
- I.H. Crocker, S.R. Bokwa
Investigation of the feasibility of separating
uranium, plutoniurn and rare earths from gross fission
products using the three-column procedure outlined in
PR-CMa-34 was continued. The decontamination factors
obtained to date are listed below (DF = $,y activity
of the original solution/3,y activity of the separated
fraction).
Uranium fraction
Plutonium fraction
Rare Earth fraction

DF = ^ 30
DF = ^375
DF = ^100.

Certain disadvantages of the procedure were observed
during this study:
(l)_Loading of the sample on the first column (Dowex 1x4,
NO3 form) had to be done very slowly to ensure the
adsorption of uranium in a narrow band at the top of the
column. Failure to do so resulted in premature breakthrough or excessive tailing of the uranium fraction.
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(2) Because of the inferior adsorption of uranium on
Dowex-1 in nitric acid, the decontamination of uranium
from fission products was poor. Further purification of
this fraction prior to mass spectrometric analysis is
required. This preliminary separation takes approximately two hours to perform.
(3) When the time required to isolate the neodymium
fraction from the adjacent rare earths is added, the
entire procedure is far too slow.
We are therefore looking for simpler, more rapid
procedures to reduce the radiation exposure of the
analyst.
2.7.4

Thermionic Source Mass Spectrometry
- I.H. Crocker, J.A. Schruder, S.R. Bokwa, S.V. Jobin
The Nuclide 15-90-SU 2.2 and the CEC 21-703 both
operated reasonably well during the period. Some
operating time has been lost with the 15-90 because of
unexpected HV breakdowns in a high voltage section replacement part for one of the two thermionic sources in
daily use. The original HV section suffered a ceramic
bolt breakage and was removed from service for cleaning
and repair. The HV breakdowns are probably due to more
degassing from the new part than was expected, inasmuch
as it was carefully cleaned and baked before use.

2.7.5

Analytical Support - Plutonium Fuel Fabrication
Line
- I.H. Crocker, F.C. Miller, L.G. Shurrock, B.W. Hildebrandt
This work is described in an internal CRNL report.

2.8

2.8.1

REPORTS, PUBLICATIONS, LECTURES

Reports
(1) An Automated Wavelength Selection for Flame Spectroscopy
J.P. Mislan, M. Hurteau, R.W. Ashley
AECL-5311 (January 1976)
(2) Data Acquisition and Processing for Flame Spectrophotometry Using a Programmable Desk Calculator
M.T. Hurteau, R.W. Ashley
AECL-5383 (February 1976)
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2.8.2

Publications
(1) A Selective Method for Elemental Sulfur Analysis
by High-Speed Liquid Chromatography
R.M. Cassidy
J. Chromatography, Vol. 117, p. 71-79, February 1976
(2) Peak Power and Heavy Water Production from
Electrolytic H 2 and 0 2 Using CANDU Reactors
M. Hammerli, W.H. Stevens, W.J. Bradley, J.P. Butler
Conference Proceedings, 1st World Hydrogen Energy
Conference, T. Nejat Veziroglu, ed., The University
of Miami Press, Florida, 1976
(3) The Electrochemistry of Os(III) Ammines
Part II. O s ( N H 3 ) 5 C 1 2 + , O s ( N H 3 ) 5 I 2 + , O S ( N H 3 ) E
J. Gulens, J.A. Page
J. Electroanal. Chem. 67 (1976) 215-230
(Research done prior to joining AECL)

2.8.3

Lectures
(1) Peak Power and Heavy Water Production from
Electrolytic H 2 and 0 2 Using CANDU Reactors
M. Hammerli, W.H. Stevens, W.J. Bradley, J.P. Butler
Presented by M. Hammerli at the 1st World Hydrogen
Energy Conference, Miami, Fla., March 1-3, 1976
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3.2
3.2.1

RADIATION CHEMISTRY

Pulsed Electron Radiation Chemistry
- A.W. Boyd, R.D. McAlpine and O.A. Miller
(a)

Isotope and Dose Rate Effects in the Gas Phase
Radiolysis of H2S and D2S

The results of some of our earlier studies on this
system have been reported previously in progress reports of this series. Work on the system is now complete and a summary of our findings is given here.
Hydrogen yields for the irradiation of pure
samples of H2S or D 2 S using various dose rates are
given in Table 3.2.1.1. Using Gammacell dose rates
(4 x 1 0 1 6 eV g"1 s"1) G(H 2 ) from H 2 S is 7% higher than
G(D 2 ) from D 2 S. This difference could arise from an
isotope effect for the primary formation of H or D
(or H 2 or D 2 ) or it could arise in one or more of the
complex secondary processes. However we can rule out
two of these secondary processes as contributors to
this isotope effect. At the dose rates used, dissociative neutralization processes are not important
and these can be ruled out. In addition, abstraction
reactions between an H atom and H 2 S cannot lead to an
isotope effect in the total G values, i.e., [G(H2) +
G(D 2 ) + G(HD)]. This is because abstraction is much
faster than any other possible H atom reaction in the
system, and hence all H or D atoms must suffer this
fate only. For dose rates up to 2 x 1 0 2 7 eV g"1 s" 1 ,
after correction for the isotope effect observed at
lower dose rates (Line 5, Table 3.2.1.1) no additional
isotope effect is observed. However for the highest
dose rate used, 2 x 1 0 2 8 eV g"1 s" 1 , (AG)Corr. = 1.0.
The observed change here in ( A G ) c o r r # compared to
lower dose rate experiments is larger than experimental error, and a new source of isotope effects on
the yield is evident.
It has been suggested(D that the variation of
G(H 2 ) at high dose rates may be explained in terms of
competition between the dissociative neutralization
of various clustered ions such as H 3 S + (H2S) and
H 3 S + ( H 2 S ) n where n > 1. H 3 S + (H 2 S) is thought to give
two H atoms per neutralization, while the more highly
clustered (n > 1) ions give less than two. Since
these more highly clustered ions become less important as dose rates increase, the overall H 2 yield

TABLE 3.2.1.1
Dose Rate Dependence of the G Values for H 2 and D 2 from
Febetron and Gammacell Irradiations of Pure H 2 S and Pure D 2 S
Dose Rate
4 x 10 1 6 eV

1 x 10 2 6 eV

2 x 10 2 7 eV

2 x 10 2 8 eV

g-1 s-1

g-1 s-1

g-1 s-1

g-1 s-1

1.

Pure H 2 S G(H 2 )

7.3a ± 0.3

11.1 + 0.4

11.8 ± 0.4

13.0 ± 0.4

2.

Pure D 2 S G(D 2 )

6.8b ± 0.3

10.8 ± 0.4

10.9 ± 0.4

11.5 ± 0.4

3.

G(D 2 ) + 0.5°

7.3

11.3 ± 0.4

11.4 ± 0.4

12.0 ± 0.4

4.

AG = Line 1 - Line 2

5.

<A(3) corr# = Line 1 - Line 3

± 0.3

+ 0.5
0

a

+ 0.3

+ 0.9

+ 1.5

- 0.2

+ 0.4 -

+1.0

Assuined from Febetron yields for H 2 S + S (see Ref. 1)
Measured in a Gammacell compared to G(H 2 ) = 7.3
G(H 2 ) - G(D 2 ) at Gammacell dose rates

^
•
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will correspondingly increase. As the zero point
energy of clustered ions such as D 2 S + ( D 2 S ) n is somewhat lower than the corresponding protio species, H 3 S+
( H 2 S ) n , one might expect the more highly clustered
species to be more numerous in D 2 S than in H 2 S . At a
given dose rate, this effect could result in a lower
value of G(D 2 ) than of G(H2). The results for a dose
rate of 2 x 1 0 2 8 eV g"1 s"1 are consistent with these
suggestions.
As we have previously reported, separation factors
[a = (H/D)pro<j. * (H/D)react.] have been obtained for
various values of xp (the mole fraction of D 2 S ) , dose
rate and temperature, as well as with the addition of
SF 6 . All of the observed a values (0.2 < X D £ 0.8)
fall on the following empirical straight line.
a(x D ) =(1.18 ± 0.04) + (1.07 ± 0.09)xD

[1]

The lack of a dependence of a on sample temperature over a range of 195K to 30OK we have previously
interpreted as indicating that the a values were determined by the reaction of hot H or D atoms (symbolized H* and D * ) . We have performed a new series of
experiments which supports this conclusion. A mixture
of 70% D 2 S/30% H 2 S was made up. To this mixture was
added various partial pressures of neon to give a
total pressure of ^ 100 kPa. The a values obtained
for these D 2 S/H 2 S and neon mixtures are given in
Figure 3.2.1.1. As the fraction of neon is increased,
a decreases. We interpret this to indicate that, in
the most neon-rich mixtures, H* or D* collide with
about 9 neon atoms before they contact an H 2 S molecule
(or HDS or D 2 S ) . Now the observed a values, which are
different from those observed for pure D 2 S/H 2 S mixtures, arise from somewhat moderated H and D atoms.
This is consistent with the conclusion that the a
values given in equation [1] are characteristic of H*
and D*.
The results of this study are being prepared for
publication.
(1)

A.W. Boyd, C. Willis and O.A. Miller, Can. J.
Chem., 51, 1228 (1973).
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2. 5 "

2. 0 "

1. 0
0. 2

0. f

0.6

0. 8

J. 0

ATOM FRACTION OF NEON

Figure 3.2.1.1 - Separation Factors for a 70% D 2 S/30% H 2 S
Mixture as a Function of the Atom Fraction
of Added Neon at 300K and for a dose rate of
2 x 1 0 2 7 eV g-1 s 1
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(b)

Nitrogen Yields from Nitric Oxide

We have r e c e n t l y d ) compared physical data (ion
pair yields, ionization and excitation cross sections,
rate constants) and stable product yields in the irradiation of simple inorganic gases. The contributions
to stable product yields from neutralization and from
other precesses were determined by measuring yields in
Febetron irradiations with and without SF 6 - The high
intensity pulses thus obtained suppress charge transfer
to products and we have found that with SF 6 dissociative neutralization of the positive ion does not occur.
The agreement between the yields predicted by the
physical data and found chemically is in general very
good.
Nitric oxide provides another test of this agreement. Although there is considerable information on
electron cross sections and reaction rates the radiation chemistry data are fairly sparse. Harteck and
Dondes(2) obtained a yield of primary decomposition of
G(-NO) = 3.45 ± 0.35 with ^ 80 kPa of NO using fission
fragments at a dose rate of ^ 1 0 1 9 eV g" 1 s~l and a
dose of ^ 6 x 1 0 2 1 eV g" 1 .
Hochanadel et al(3) measured the yield of N O 2 at 100 kPa using Febetron pulses
and obtained G(NO 2 ) = 9 . 8 (corrected to G(O 3 ) = 12.8)
over dose rate and dose ranges of 1 0 2 6 - 1 0 2 7 eV g - 1 s" 1
and 6 x 1 0 l 8 - 6 x 1 0 1 9 e V g " 1 , respectively.
It is thus of interest to measure product yields
from NO in the presence of SF 6 .
Our values for nitrogen yields from the irradiation of NO are given in Table 3.2.1.2. As can be
seen the addition of SF 6 to pure NO does not change
the value of G ( N 2 ) . To understand this behaviour we
varied the dose, dose rate and pressure and irradiated
NO-Xe mixtures.
The following reactions allow us to explain the
lack of effect of SF 6 and to compare our yields with
the physical data.

tl]

NO

N+ + 0 + e

G = 1.2

[2]

NO

NO + + e

G = 2.4

[31

NO

NO*

[4]

N + + NO

» N

- NO + + N

i

TABLE 3.2.1.2
Nitrogen Yields from the Febetron Radiolysis of NO
No.

Sample
Composition

Dose Rate
eV q — l s~ l

1
2
3

100 kPa NO
100 kPa NO
100 kPa NO

7.,5
7.,5
7.,5

X

4
5
6

100 kPa NO, 0.5 kPa SF6
100 kPa NO, 0.5 kPa SF6
100 kPa NO, 0.5 kPa SF6

7..5
7.,5
7,.5

X

7
8
9
10
11

10 kPa NO
20 kPa NO
40 kPa NO
60 kPa NO
100 kPa NO

2
2
2
2
2

X

12

10 kPa NO, 90 kPa Xe

13

10 kPa NO, 90 kPa Xe, 0.5 kPa SF6

5 X 10 2
5 X 10 2

a

10 2
2
X 10
2
X 10

6
6
6

10*
2
X 10
X 10 2

6

102
2
X 10
2
J: 10

7

10*
2
X 10

1

X

6
6

Dose
eV
3 . 8 x 10 ' 9
1.14 x 10 2 0
1.9 x 10 2 0

1

3.8 x 101 9
7. 6 x 10 »9
1.5 2 x 101 9

1
2

1020
1020
10 20
102C
1020

7
7

7

6
6

N o . of
Pulses

2. 7
2. 7

4
1
1
1
1
1

x 10 1

9

x 101

9

These are the yields for only the energy absorbed by the Xe.

3
5

1
1

G(N2)
4.3 ± 0.1
3.7
3.7
4.2 ± 0.1
4.0
3.7
10.9
8.0
5.4
4.6
4.1
5.8a
1.4a
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[5]

N + NO

»• N 2 + 0

[6]

0 + 2NO

—-»• NO 2 + NO

[7]

NO + + e

—-+ N + 0

[8]

e + 2NO

—-> NO~ + NO

[9]

NO + + NO"

>• 2NO

[10]

NO + + SF?

»

[11]

Xe + + NO

-—*

NO + Products
NO + + Xe

The yields of reactions [1] and [2] are based on the
ion pair yield and ionization cross sections(4).
Reactions [4] to [6] are fast and should be the only
pathways for N + , N and O. The lack of effect of SF 6
in samples 4 to 6 is explained by the competition between the known reactions [6] and [7] and by assuming
reaction [9]. Since [8] is a three-body reaction [7]
will be favoured at the low pressures of NO in samples
7 to 10 and 12 and 13. Reaction [10] is consistent
with the results for samples 12 and 13 and with the
previous work ( D . The difference between the yields
in 12 and 13 is 4.4. The ion pair yield in Xe is
G(Xe+) = 4.5 and this suggests that reaction [11] goes
to completion and that reaction [8] is suppressed in
these samples. The yield of reaction [3] from samples
1, 4 or 11 is 4.2 ± 0.2 - 1.2 (reaction [1]) = 3 ± 0.2.
The maximum yield of nitrogen predicted from these
samples and reactions [ 2 ] , [4] and [7] is G(N 2 ) = 4.2
+ 3.6 = 7.8. The results in 7 and 8 are similar to
the anomalous increase in yields at low pressures that
we have observed previously (5). The dose dependence
shown by the yields of 2, 3, 5 and 6 is unresolved.
Our yield of G(N 2 ) = 4.2 ± 0.2 is slightly lower
than that derived from Ref. 3 (G(N 2 ) = 1/2 G(NO 2 ) =
4.9 ± 0.2.
Work on this syGcem is continuing.
(1)

C. Willis and A.W. Boyd, Int. J. Radiat. Phys.
Chem., £, 71 (1976).

(2)

P. Harteck and S. Dondes, J. Chem. Phys., 27
546 (1957).
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C.J. Hochanadel, J.A. Ghormley and P.A. Ogren,
J. Chem. Phys., 5jO, 3075 (1969).

(4)

L.J. Kieffer, Gordon H. Dunn, Rev. Modern Phys.,
Vol. 39, No. 1 (1966), Ref. 7 fc) therein.

(5)

A.W. Boyd, D.A. Armstrong, C. Willis and O.A. Miller,
Radiât. Res., 4£, 255 (1969).

3.2.2

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

3.2.2.1

Alkali Metal Solutions in Mixed Solvents
(a)

Liquid Anunonia/Ethylamine

Deuterated solvents have been prepared to facilitate the location of optical absorption maxima. In
C2H5ND2 at room temperature A max f ° r e s occurs at
> 1960 nm. The addition of ^ 4 mole% N D 3 shifts this
maximum to 1600 - 1650 nm, the wavelength expected for
eg in pure N D 3 . This shift occurs at a much lower concentration than is found in mixed polar solvents(1)
but is comparable to that observed in mixed polar/
non-polar solvents(2).
However, this shift to the ammoniated spectrum
is not accompanied by a corresponding increase in Ge
for eZ characteristic of the transition from ethylamine to ammonia. To see such an effect requires concentrations > 25 mole% N D 3 . This indicates that the
optical absorption transition and the escape probability of the geminate electron from the spur are governed
by different solvent/electron interactions. Further
studies are underway utilizing the solvent base in
deuterated mixtures.
3.2.2.2

Hydrazine
Hydrazine is an interesting solvent in that its
physical properties resemble both water and liquid
ammonia(3/4). it is a highly polar liquid with a
dielectric constant of 51.7 and a dipole moment of
6.1 x 1 0 " 3 0 C m (1.83 D) at 298 K. Alkali metals are
readily soluble in hydrazine but unlike liquid ammonia
(and amines) do not produce stable blue solutions.
However, on dissolution, we do observe an intense blue
colour at thp surface of the alkali metal indicating
the transient formation of solvated electrons. Surprisingly little information is available on the
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optical properties of eg in hydrazine although an
absorption band with no clearly defined maxima below
1100 nm has been reported(S).
Figure 3.2.2.2.1 shows the transient optical
spectrum observed at 293K immediately after a 0.3 ys
pulse in pure hydrazine and in solutions containing
0.1 M sodium hydrazide. In each case the band maximum occurs at 9 850 cm" 1 (1015 nm) with a band width
at half height, Avi/2 = 6100 ± 100 cm" 1 .
Increasing
the temperature shifts the maximum towards lower
energies with a temperature coefficient of -0.001 eV
deg
(-12.5 cm" 1 deg" 1 ) over the range 280 - 318 K .
In the presence of an electron scavenger such as
biphenyl the absorption band is eliminated with the
concomitant formation of the biphenyl radical anion.
The
of polar
spectrum
of e^ in
reaction

3.2.3

above behaviour is typical of eg in a variety
solvents and leaves little doubt that the
in Figure 3.2.2.2.1 is due to the production
hydrazine. Further studies in the yield and
kinetics are in progress.

(1)

F.Y. Jou and L.M. Dorfman, J. Chem. Phys. 5_8_
4715 (1973).

(2)

R.R. Hentz and G.A. Kenney-Wallace, J. Phys. Chem.
76, 2933 (1972).

(3)

L.F. Audrieth and B.A. Ogg, The Chemistry of
Hydrogen, J. Wiley and Sons, Inc., N.Y. 1951.

(4)

Comprehensive Inorganic Chemistry, Exec. Ed.
A.F. Trotman-Dickenson, Pergamon Press Ltd.,
Vol. 2 (1973).

(5)

N.A. Slavinskaya, B.M. Kozlov, N.V. Petrukhin,
S.A. Kamenetskaya and S. Ya. Pshezhetskii, High
Energy Chem., 8(1) 57 (1974).

Photochemical Isotope Separation
- R.D. McAlpine, D.K. Evans, F.K. McClusky and
P.J. Mason
(a)

Laser Absorption Measurements

The economics of deuterium separation put quite
severe limitations on photon utilization for laser
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Figure 3.2.3.1 - Ln I o / 1 versus pressure measured for methanol
vapour with the HF Pi (6) line using a 50.5 cm
cell (B) and a 13.5 cm cell (C). A is the
extrapolation of the linear region of B.
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isotope separation (LIS) of this isotope. We estimate that ^ 90% utilization of the exciting IR photons
is likely to be required. The pathlengths required to
achieve this depend critically on both the effective
absorption cross sections and the partial pressures
of the deuterium containing species. The effective
cross sections depend on the laser line used, the
magnitude of the transition matrix element and both
the temperature and pressure of the absorbing gas.
To some extent all of these factors can be optimized
and judicious choice of conditions may increase effective cross sections by several orders of magnitude.
We have now completed a study on the absorption
of various lines of the HF laser by methanol. At 300 K
and for pressures up to 11 kPa we observe the following effective absorption cross sections: (2.51 ±
0.04) x 1 0 " 2 0 cm 2 , (3.92 ± 0.06) x 1 0 " 2 0 cm 2 and
(4.98 ± 0.03) x lO" 2 0 cm 2 for the HF Pi (7), P2(3) and
Pi(6) line respectively. Since the energy of the
initial ground state level is not known we are not
able at this time to determine the absolute (temperature independent) cross sections.
Such effects as Lorentz homogeneous line broadening (1) can lead to non-Beer's Law behaviour for laser
absorption measurements. Curve B in Figure 3.2.3.1
shows behaviour which is qualitatively similar to what
would be expected from homogeneous pressure broadening.
However if absorption measurements are carried out in
a shorter cell (Curve C, Figure 3.2.3.1) we see proper
Beer's Law behaviour. The apparent non-Beer's Law
behaviour in this case we have shown to arise from
artifacts due to a component of "super radiance" in
the HF laser lines. The fact that an experimental
artifact can so strongly affect results such as these
does not appear to have been recognized before, and
some reported experiments in the literature may be in
error due to this. This work is currently being prepared for publication.
(1)

G.A. Laguna and E. Storm, J. Appl. Phys. , 46_
5049 (1975).
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3.3
3.3.1

HYDROGEN-WATER EXCHANGE

Kinetic Studies of the Isotopic Exchange Between
Hydrogen and Water
- J.P. Butler, J. den Hartog and F.W. Molson
- J.H. Rolston, D.E. Clegg and L.W. Thomson
The results of the research in Section 3.3.1
are given in an internal CRNL report.

3.3.2

Surface Studies by X-ray and UV Photoelectron
Spectroscopy
- P.R. Norton, R.L. Tapping and J.W. Goodale
(a)

American Society for Testing Materials (ASTM)
Round-Robin ESCA Studies of High Purity Silica,
Alumina and Synthetic Zeolite

At the request of ASTM committee D-32 on catalysts and the Task Group on surface analysis of catalysts,
high purity samples of silica, alumina and synthetic
zeolite were examined by ESCA using both AlKcx and
MgKa X-rays. The samples were dusted onto gold plated
grids and the experimental binding energies and intensities (relative to the Al(2p), Si (2p) and Al(2p)
lines for the alumina, silica and zeolite respectively)
of the various constituents are given in Tables
3.3.2.1, 3.3.2.2 and 3.3.2.3. The spectrometer was
calibrated by reference to the Au 4f7/2 line at 83.6 eV.
Under irradiation there is some charging of the samples
and the charging correction (given below each table)
to be subtracted from the listed binding energies (BE)
or kinetic energies (KE) for Auger electrons was estimated by reference to thin films (1 nm) of AI2O3, SiO2
or impurity carbon on the catalyst surfaces.
In the tables, the peak height intensities, I,
and the areas, A, of a given line are reported relative to the same parameters for the reference line.
The areas and peak heights were measured above straight
baselines joining points subjectively judged to be the
starting and ending points for the peaks (usually 2
to 3 FWHM from the peak centre). Both areas and intensities were corrected for the 1/KE dependence of
the sensitivity of the spectrometer and the areas are
estimated to be good to ± 10%, intensities to ^ + 5%.
FWHM were measured at half height above this baseline.
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TABLE 3.3.2.1
Conoco "Catapal" SB Alumina; Sample #8772-H
AlKa X-rays
40 mA, 12 kV
Line
Al(2p)
Al(2s)
C(ls)
O(ls)
0 (KLL Auger)

BE + (eV)

FWHM (eV)

I.

77.2
122.0
287.1
534.0
504.6 (KE)

1.00
1.2
0.5
4.6
0.6

1.00

2.5

1.35
0.45
6.0
2.0

3.1
^ 2.4
3.2

Without compensation for charging; to correct for this
effect 1.3 - 2.3 eV should be subtracted.

TABLE 3.3.2.2
Davison C-950 Silica Gel
Excitation; AlKa, 40 mA, 12 kV
Line
Si(2p)
Si(2s)
C(ls)
0(ls)
O(KLL Auger)

BE + (eV)
104.8
156.0
286.4
534.4
504.6 (KE)

No charging compensation.

^Si(2p)
1.00
0.8
0.55
4.3
0.4

^ S i (2p)
1.00
1.0
0.4
4.4
1.3

FWHM (eV)
2.5
3.1
^ 1.8
2.6

In the range 1.6 to 3.2 eV.
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TABLE 3.3.2.3
Davison C-510, Activated Na, Type A Molecular Sieve
Excitation AlKot, 40 mA, 12 KV

Line

B.E.

(eV)

I/X

A1(2p)

A/A

Al(2p)

FWHM

1.00

1.00

2.2

120.0

1.0

1.3

2.8

Si(2p)

103.2

1.5

1.3

2.0

Si (2s)

154.4

1.1

1.3

2.6

C(ls)

286.4

3.6

3.2

1.7

O(ls)

532.8

11.6

10.6

2.1

0 (KLL Auger)

506.6

0.9

2.1

-

1074.0

3.3

2.7

2.1

Al(2p)

75.2

Al(2s)

Na(ls)
NafKLL Auqer)

987.0

(KE)

No charging compensation.

Approximately 1.6 eV.

(eV)
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This study is now complete. The data have been
forwarded to the ASTM committee D-32 on catalysts and
the results obtained from various laboratories will
be compared.
(b)

Examination of Eldorado Nuclear U O 2 l
#336-3024A

Sample

At the request of Dr. T.W. Zawidzki, A U O 2 sample
was examined by ESCA with a view to determining the
sulphur content on the surface region. Mass spectrometric analysis indicated an overall composition
of ^ 0.3 atomic percent. The conclusions of the ESCA
examination are as follows: i) The sulphur content
of the surface region has been estimated by reference
to the oxygen (K level) intensity. The sulphur signal
was ^ 15 times that expected for a uniform distribution
of sulphur at a concentration of 350 ppm by weight
(^ 0.1 atomic percent). The sulphur signal is estimated to be ^ 5 to 10% of a monolayer (^ 1 x 1 0 1 " S
a t o m s / c m 2 ) . For the present sample with a specific
surface area of 5.7 m /g, this would mean that at least
50% of the total sulphur was present in the top 1 nm
of the solid.
ii) Two forms of sulphur were detected. The major component (at 1317.1 eV kinetic
energy) is undoubtedly sulphur as sulphate. The other
sulphur line at 1323.4 eV is either free sulphur or
sulphide. The ratio of sulphate to sulphur (sulphide)
is 3.3:1; i.e., 77% sulphate, 23% sulphur (sulphide).
(c)

Examination of Pt-Carbon Catalysts
J. den Hartog and J.P. Butler).

(with

A satisfactory method of mounting Pt-C catalysts
has been developed which enables the samples to be
retained on the probe under temperature cycling b e tween 273 and 625 K- The catalyst is lightly pressed
into a coarse stainless steel sintered disc.
These studies are continuing, but preliminary
data indicate that it is possible to determine the
oxidation state of the platinum on the carbon support
and hence follow the reduction of the impregnated salt
through to the metallic state. Significant lineshape changes also occur during this process. It is
hoped that information derived from these studies on
characterized Pt-C catalyst will enable ESCA measurements to determine the weight loading and metal dispersion on unknown catalyst samples. The studies
should also give information on the effect of varying
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preparatory procedures on the metal dispersion of the
finished catalyst.
(d)

Surface Relaxation Studies of Platinum and
Nickel Crystals (with J.A. Davies and
D.P. Jackson, Solid State Science Branch, see
PR-CMa-36, Section 1.2.4.)
3.4

ISOTOPE CHEMISTRY

3.4.1

Conductivity and Ultraviolet-Visible Spectrophotometry
of Methylamide/Methylamine Solutions
- E.A. Symons and J.D. Bonnett

3.4.2

Thermal Decomposition of Methylamine
- E.A. Symons and J.D. Bonnett
The results of the research in Sections 3.4.1
and 3.4.2 are given in internal CRNL reports.

3.4.3

NMR Investigations of Potassium Methylamide (PMA)/
Methylamine (AM) Solutions
- J.D. Halliday and P.E. Bindner
The preparation of rigorously dried CH 3 NH 2 has
been reported (PR-CMa-34). However the apparatus used
in the previous study was unsuitable for the accurate
determination of the concentrations of PMA in the solutions added to the NMR tubes. Accurate, non-destructive
measurements of low concentrations of PMA can be
accomplished by UV/Vis spectrophotometry.
A self-contained system for the preparation and
analysis of PMA-AM solutions, with attached optical
and NMR tubes has been constructed and tested. PMA
has a suitable absorption maximum ^ 300 nm but to
avoid overlap with absorption decomposition products
the absorption at 350 nm is monitored. Over the concentration range of interest, 10" 2 to 10~ 6 M, Beer's
Law has been shown to hold.
The *H NMR spectrum of dried amine from this apparatus showed a previously unresolved splitting of
the protons of the methyl group (Figure 3.4.3.1 A ) .
The proton spectrum of CH3NH2 appears as A 3 B 2 even
though the chemical shift to coupling constant ratio
6/J = 16. The only change in going to lower tempera-

-0

ts;

Figure 3.4.3.1 -
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ture (Figure 3.4.3.1 B) is a broadening of the
spectrum (^N quadrupolar effects). When x ''N is decoupled, the lines narrow, but no significant
shifts occur. A single line is observed when the
amino protons are irradiated. These experiments confirm that the splitting is due solely to the second
order effects of an A 3 B 2 spectrum and that no unusual
spectral changes appear in the range of temperatures
being considered for rate studies on the amine to
amide proton exchange.

3.5
3.5.1

REPORTS, PUBLICATIONS AND LECTURES

Publications
Peak Power and Heavy Water Production from Electrolytic H 2 and 0 2 Using CANDU Reactors
- M. Hammerli, W.H. Stevens, W.J. Bradley and J.P. Butler
Proceedings of 1st World Hydrogen Energy Conference,
Miami, Florida, 1 - 3 March, 1976.
Cross Section Measurements for the Reactions of Fast
Neutrons with Indium
- D.C. Santry and J.P. Butler, Can. J. Phys. (in press).
An In-situ Demountable, UHV-Compatible Hel Filter
For Photoelectron Spectroscopy
- P.R. Norton, R.I. Tapping and J.W. Goodale
Review of Scientific Instruments (in press).
X-ray and Filtered UV Photoelectron Spectroscopic
Study of CO Adsorbed on Ni(100) and (111) Surfaces
- P.R. Norton, R.L. Tapping and J.W. Goodale
Chem. Phys. Letters (in press).

3.5.2

Lectures
Peak Power and Heavy Water Production from Electrolytic H 2 and 0 2 Using CANDU Reactors
- M. Hammerli, W.H. Stevens, W.J. Bradley and
J.P. Butler, 1st World Hydrogen Energy Conference,
Miami, Florida, 1 - 3 March, 1976.
Laser Isotope Separation
- D.R. Smith, Department of Chemistry, University of
Cambridge, England, 27 January, 1976; Department
of Chemistry University of Nottingham, England,
9 February, 1976; Department of Chemistry, University of Birmingham, England, 18 February, 1976;
Liverpool Polytechnic, 3 March, 1976; and AERE,
Harwell, England, 31 March, 1976.
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4.2.1

SURFACE CHEMISTRY

Lowest Temperature for Thermal Oxide Growth on Zirconium Alloys
- B. Cox and V.C. Ling
The observation of large areas of first order interference colour oxide (usually "straw" coloured) on the fracture
surface of cracked tubes from Pickering Generating Station,
and in some laboratory tests, has raised the question of
whether these oxides could have formed during the "cold" sh _cdown period or could only have formed during operation.
Operating temperatures are in the range 250-290°C (523-563 K ) ,
while shutdown temperatures have seldom exceeded 100°C (373 K)
except for transitory periods during startup and shutdown.
The lowest temperature of previous corrosion tests in
the laboratory (PR-CMa-32, Section 4.2.1) was 200°C (473 K ) ,
and then interference colour growth was relatively slow
(3-5 days to reach 1st order "straw" colour). Very long periods
at temperatures around 100°C had not previously been investigated. We have now exposed standard chemically polished corrosion coupons of Zr-2.5 wt% Nb alloy batch Bg at 100°C for a
total of 120 days. Comparison with controls held at room temperature showed no difference in surface reflectivity or colour.
Further specimens are being exposed in the temperature range
125-175°C (398-448 K) to establish the lowest temperature at
which thickening of the air-formed oxide film is observed.

4.2.2

Growth of Hydride Precipitates in a Stress Gradient
- B. Cox and V.C. Ling
Coarsening of hydride precipitates in regions of high
hydrostatic tensile stress is considered to be one of the
stages in the delayed hydride cracking of Zr-2.5 wt% Nb alloy
specimen?. The kinetics of this coarsening process are
poorly established experimentally, however. Simpson and Ells
(J. Nucl. Mat., 1974, 52^ 289) have reported that hydride
particles grew at the corners of microhardness indents within
six months at room temperature. This technique promised to
be a simple method of studying a number of variables affecting
the coarsening kinetics of hydride precipitates. Accordingly,
a number of Zr-Nb alloy specimens given a variety of treatments
were prepared, each specimen being given four well spaced
microhardness indents. The specimens were held at 100°C (373 K ) .
After 240 days at 100°C there are still no signs of
any hydrides growing at these microhardness indents, contrary
to our expectations from previously reported studies. In our
experiments the specimens have as-received hydrogen contents
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(^ 10 p p m ) , whereas the previous work may have been done on
specimens with artificially increased hydrogen contents
(details were not given). However, Coleman (Metallurgical
Enginesering Branch) reports a similar failure to grow hydrides
at microhardness indents in Zr-Nb specimens containing up to
100 ppm H 2 .

4.2.3

Corrosion of Zr 3 Al-Base Alloys
- E.M. Schulson and T.P. Trotter
(a)
Preliminary results suggested that small additions
of boron improved the corrosion resistance of Zr3Al-base
alloys. To explore the point further, three alloys were
prepared containing 8.6 wt% A l : O - boron; 10 ppm boron;
and 100 ppm boron (nominal). These were transformed (24 h/
1160 K) and then exposed to 0.1 MPa steam at 675 K. After
60 days, the results for the three alloys are similar. It
must thus be concluded that boron, per se, has little effect
on the short-term corrosion resistance of Zr 3 Al.
Possibly,
boron additions alter the rate of the Zr + Zr2Al -»• ZrsAl
peritectoid transformation and, hence, the aZr content of the
final product. If so, then the preliminary results may have
reflected variations in the alloy phase content.
Experiments are continuing to determine whether boron
affects the long-term behaviour.
(b)

22-idation_in_Pressurized_Water

Further to PR-CMa-35 (4.2.3), the single phase alloy
(Zr 8.95% Al; annealed 240 h/1160 K) continues to show excellent corrosion resistance. After 210 days, all ZraAl specimens
show a uniform, green interference colour, indicative of an
oxide thickness of - 550 nm. The corresponding weight gain is
15 mg/dm 2 , an increase of only 3 mg/dm 2 over the past 80 days.
In comparison, the Zircaloy-2 control specimens have a black
oxide and a weight gain of 28 mg/dm 2 . The oxidation rate of
Zr 3 Al is thus about one-half that of Zircaloy-2, at least after
210 days.
4.2.4

Corrosion of Mild Steel in Water at 413 K and a H 2 S Pressure
of 2 MPa
- N. Ramasubramanian and S.B. Thomas
A few preliminary experiments were carried out under
static conditions in a stainless steel autoclave. In each
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experiment two samples, 26 cm 2 in total area, were corroded
in 300 ml water at 413 K and a H2S pressure of 2 MPa for 2 h.
It took I5: h for the temperature to reach and become steady
at 413 K. At the end of the experiment the autoclave was
quenched in cold water, the pressure released, and opened;
this operation took h hour.
The air in the autoclave was purged by allowing the
H2S to bubble for 6 min. In these experiments a milky deposit of sulfur was present on the autoclave walls at the end
of the experiment. In another set of experiments the autoclave was evacuated using a rotary pump, charged with H2S,and
the pressure was adjusted after bubbling H2S for 6 min.; no
sulfur deposit was found in these experiments. In all experiments the solution stayed clear and was analysed for F e 2 + by
the o-phenanthroline complexing method.
The iron in solution varied from 25 to 30 ymol/litre
and the weight gain as sulfur varied from 50 to 60 mg/dm 2 .
The weight gain corresponds to a deposit thickness of 'v* 3pm.
The corroded samples were analysed for sulfur by the H2S
evolution method and the results agreed well with the weight
gain data.
Unlike the deposits obtained at room temperature in
H2S saturated (atmospheric pressure) water (PR-CMa-34,
4.2.5c), these deposits from the autoclave tests could not
be stripped completely; however, thin surface layers were
removed during successive stripping with Bioden wetted in
methyl acetate.
The sulfide deposit was greyish black and covered
with bronze coloured crystallites on the surface. These
sparkling crystallites were mostly rectangular in shape;
15 to 25 urn x 5 to 7 ym in size. The samples from the second
set of experiments, in which the autoclave was evacuated
prior to H2S admission and no sulfur was present at the end
of the experiment, also showed the presence of these crystallites.
The deposits will be examined by X-ray and electron
diffraction techniques. In the present experimental set up
the time taken to bring the autoclave to the experimental
temperature is rather long. This will be modified, by
coupling with another autoclave, so that samples kept at
the experimental temperature could be exposed to the corroding
medium preheated to the same temperature.
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4.2.5

Anodic Formation of Platinum Sulfides
- N. Ramasubramanian
Anodic sulfidation of sputtered platinum films was
carried out in 0.1 M aqueous solutions of perchloric acid
and sodium sulfate saturated with H2S. The diffraction
patterns of the sulfide films were compared with those
obtained from films grown in H2S saturated 0.1 M aqueous
solutions of sulfuric acid and sodium perchlorate, and
0.1 M sodium perchlorate in acetonitrile. As revealed by
electron diffraction, the main product is the monosulfide
in acid solutions (pH = 1 ) , and the disulfide in salt solutions (pH = 4 ) .
The sulfide films grown on platinum foils were cathodically reduced in a 0.1 M solution of sodium perchlorate
in acetonitrile. Well-defined peaks, at -0.9 V (SCE), were
obtained during reduction of the interference coloured films.
From the charge equivalence of these peaks the thickness of
the films was estimated and found to be in the range of 2.5
to 10 nm.

4.2.6

Ancdic Oxides Formed on Zircaloy-2
- R.A. Ploc and M.A. Miller
Anodic oxides formed in 85% H3PCU at current densities
above 3 inA/cm2 appear normal except for the lack of {100 } c
and {110} c ring reflections in their electron diffraction SAD
patterns. An oxide formed at 9 mA/cm2 in oxalic acid (1 N)
was investigated by electron diffraction but the results were
inconclusive. Further investigation is necessary to deduce
whether increasing the current density at which anodization
takes place decreases the amount of electrolyte ion incorporation into the oxide and hence decreases the { 1 0 0 } C and
{110}c reflection intensities.

4.2.7

Thermal Oxidation of Zr-5 wt% Sn
- R.A. Ploc and M.A. Miller
A coupon of a Zr-5 wt% Sn alloy was oxidized at 250°C
for 6 days yielding a 'color thickness1 of 42 nm and a weight
gain equivalent to 54 nm. The oxide displayed the etch pattern
produced by chemical polishing. The oxide crystallites were
50 nir. average diameter though much thinner, as evidenced by
the multitude of Moire fringes in the thicker areas of the film
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(i.e., at terrace edges). In flat, uniformly thin regions
between terrace steps the oxide contained a continuous distribution of small crystallites (1-1.5 nm diameter), clearly
revealed in dark-field TEM studies. Interspersed between
these regions were larger oxide crystallites. SAD patterns
showed roughly equal quantities of cubic and monoclinic ZrO2.
In one instance micropores (^ 2 nm diameter) and an inclusion
in a grain boundary were seen.
4.2.8

SEM Examination of Solution Deposited Corrosion Products
- R.A. Ploc and D.H. Lister (System Materials Branch)
A test section of 3/8" (0.95 cm) OD Incoloy boiler
tube material was subjected to 300°C (573 K ) , pH 10 coolant
water in the Bldg. 250, H5, reactive corrosion products
test loop. The inside surface of the tube was examined
in the SEM and many examples of solution grown and deposited
corrosion products in the form of 0.1 to 0.5 vim octahedrons
were found.

4.2.9

SEM Examination of Hydride Flakes in Pressure Tube Material
- R.A. Ploc and J.F.R. Ambler (Metallurgical Engineering
Branch)
A cantilever beam test specimen was taken from a
Pickering Generating Station Reactor #4, back end, tube
(#798) and stressed at 105 ksi (718 MPa); thermally cycled
twice to 500 K; slow cooled to 350; held for 100 hours; and
then was stressed at 120 ksi (828 MPa) for 190 hours. A section along this beam revealed many hydride plates two of
which were 57 and 63 ym in length. SEM examination clearly
showed cracks running along the mid-plane of the platelet,
rather than at the hydride-matrix interfaces. The maximum
crack opening was near the mid-length of the hydride platelet.

4.2.10

SEM Examination of Fracture Surfaces
- R.A. Ploc and C.E. Coleman (Metallurgical Engineering Branch)
(a)

CW_Zr-2^%_Nb

Two stress-rupture specimens which had been stressed
at 65 kpsi (450 MPa) and held until failure, one at room
temperature and the other at 300°C (573 K ) , were examined.
In both instances the samples failed by ductile fracture and
by shear at the edges; the shear being more pronounced in the
room temperature specimen. No evidence was found for any
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brittle fracture features on the fracture face,
(b)

CW_Zr-2

Fracture surfaces from round notched bars of Zr-2
pressure tube material stressed (Ki = 17 MPav'm) at 350 K to
failure were examined. At the center of the sample,failure
was ductile while in a region about 0.02 mm around the circumference failure was by a combination of brittle and duetiles mechanisms. The brittle features were typical of
those expected for a delayed hydride cracking process.
4.2.11

SEM Examination of Areas Neighbouring Rolled Joints in
Zr-2^% Nb Pressure Tubes
- R.A. Ploc and M.A. Miller
Chemically polished areas have been examined adjacent
to the limit of rolling of four experimental joints (provided
by C.E. Ells, Metallurgical Engineering Branch). Areas
approximately 1.8 x 10~ 2 cm wide by 1.6 cm long from the end
of the burnish mark (1) made by the rollers, inboard along
the length of the tube were examined at a magnification of 450X,
both before (by replicas) and after pressure/temperature
cycling. Numerous micro-cracks were found in the metal
surface ranging from 1.8 to 35 ym in length. More microcracks were found in the over-rolled than in the properly
rolled joints. More micro-cracks were found in pressure tube
front-ends than in back-ends (defined by the direction of
the original tube extrusion); and cracks were on average
longer in front-ends than in back-ends. The micro-cracks
had been present after rolling, but before the repeated
temperature/pressure cycling, and where the same micro-crack
was examined both before and after cycling no change in
appearance was seen. Details will be reported elsewhere.

(1) P.A. Ross-Ross et al, AECL-5261 (1976)
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4.3

4.3.1

METAL PHYSICS

Mechanical Testing
- S.R. MacEwen and F. Santone
(a)

Hardware problems in the computerized Instron prevented
testing for most of the past three months. Electrical
noise, of unknown origin, caused random interrupts to
be generated in the computer. These in turn altered
test control flags and in most cases caused the run
to shut down automatically. The problem has been rectified by changing the resistors which control the voltage
to the latching gates on the utility interrupt board.
Instron personnel are considering the problem further.

(b)

Experiments are being designed to measure the stress
dependence of the crack velocity in Zr-2Jj% Nb using
the constant stress rate facility of the computerized
Instron. Specimens have been machined from pressure
tube material with a geometry that makes the stress
intensity at the crack tip independent of the length of
the crack. Grips and pull rods have been designed and
machined,an oil bath has been constructed, and modifications have been made to a standard Instron extensometer to allow it to be pinned directly to the "constantK" specimen in such a way as to measure the crack
opening displacement (COD). The machine constants
required to deform a constant-K specimen under computer
control have been determined, and an as-received specimen
has been deformed at a constant COD rate at room temperature. It was observed that cracking in the chevron
area of the specimen began at 240 kg and continued propagating as the load increased to 650 kg. The crack,
however, did not propagate into the main bulk of the specimen. Rather, excessive bending of the specimen arms occurred,

(c)

Workhardening, and the influence of workhardening on
stress relaxation, are being measured in specimens
cut from the transverse direction of a Zr-2J2% Nb
pressure tube. (Specimens supplied by A. Causey, Metallurgical Engineering Branch.)
In one series of experiments stress relaxation tests were done repeatedly from
the same initial stress. After a fixed period of relaxation the specimen was reloaded to the exactly the
same initial stress, and was allowed to relax again.
Figure 4.3.1.1 shows a typical result for a specimen
deformed to 690 MPa. A common assumption . • !e in the
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analysis of stress relaxation data is that the structure remains constant during the test. If so, there
should be no difference between curves in a series
from the same starting stress. Such is not the case
for Zr-2S5% Nb. Rather, the envelope of the stress
relaxation curves reflects the macroscopic workhardening
behaviour, as shown in Figure 4.3.1.1. Thus the rate
of stress relaxation reflects both the strain rate sensitivity and the workhardening, and a given curve cannot,
therefore, be analyzed simply in terms of the stress
dependence of the flow stress.
(d)

4.3.2

The activation energy for steady-state creep in a-Zr
has been determined at three stress levels. Each specimen was held at a constant stress,and creep curves
were obtained at six temperatures in the range 875940 K. Although the activation energies obtained were
slightly lower than those reported previously (PR-CMa-33,
Section 4.4.4), the stress dependence of the creep
activation energy remains larger than can be explained
in terms of a recovery controlled creep mechanism.

Data Analysis for the Computerized Instron
- S.R. MacEwen
The programme DERIV, written to differentiate digitized
experimental data (PR-CMa-34, Section 4.3.2) has been modified
to include a check for the goodness of fit of the polynomial.
If the local polynomial approximation to the data is inadequate
the derivative at the point of interest is determined using a
third order spline fitting routine. A second programme, LOPAS,
has been written to be used as a low pass filter prior to
DERIV. The data are multiply smoothed
(using a routine provided by J.M. Blair, Mathematics and Computation Branch) until
it is found that at least one smoothed point has moved to
the limit of the error bar of the raw data provided by the user.

4.3.3

Irradiation-Produced Point Defects
- S.R. MacEwen
It is becoming increasingly evident that the trapping
of mobile irradiation-produced point defects at immobile solute
atoms can play an important role in the swelling and creep
behaviour of a metal. To study the influence of defect trapping on flux enhanced climb, ZEUS has been modified to include
equations to describe two solute species each of which can
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trap either vacancies or interstitials. Multiple trapping,
that is the formation of complexes containing two vacancies
or two interstitials with a solute atom, is allowed. The
trapping characteristics of a given solute are defined by
trapping cross-sections and binding energies.
Equations and modifications required to describe the
behaviour of mobile di-vacancies have also been added.
4.3.4

The Strength and Ductility of Zr 3 Al
- E.M. Schulson and J.A. Roy
(a)

§urface_Effects

Further to PR-CMa-34 (4.4.6), the origin of the reduction in UTS and ductility of Zr 3 Al by surface abrasion can be
explained as follows: That micro-cracks form early in the
deformation process and then blunt implies that the effect
of surface treatment is more than promotion of crack nucleation. Thus, nucleation is not the critical event in the fracture process. Instead, it is believed that the surface effect
is related to the density of surface cracks. For a given
tensile strain it seems probable that because of the concentration of plastic strain beneath abrasive marks, specimens
having mechanically prepared surfaces have crack densities
higher than those having strain-free (i.e. annealed) surfaces.
Consequently, the bridges of metal between the non-propagating
cracks on the strained surfaces are shorter and, thus, rupture
at lower tensile loads so producing a partially circumferential
notch from which failure begins.
This explanation is consistent with the apparent notch
sensitivity of Zr 3 Al (PR-CMa-34; 4.4.6).
(b)

Temperature and Strain_Rate_Effects
Further to PR-CMa-35 (4.3.6) it has been established

that:
Aside from variations in the elastic modulii, the yield
stress (0.2% offset) is essentially temperature independent, not only from 295 to 775 K as previously reported,
but to temperatures as high as 1075 K. Tests at higher
temperatures were not practical due to inadequacies in
the gripping technique.
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ii)

When corrected for variations in the shear modulus,
G, the normalized work hardening rate 1^ d_a_ , contrary
G 3e
to the earlier statement (PR-CMa-35), is essentially
temperature insensitive from 295 to 525 K; at higher
temperatures it decreases with increasing temperature.
Correspondingly, the effect of strain rate on both the
flow stress and 1_ 3_o is negligible below 525 K; at
G 3e
higher temperatures, the higher the strain rate, the
higher is the work hardening rate and the higher is
the flow stress. This behaviour shows that plastic
flow is thermally activated above = 525 K, but not
below, and that dynamic recovery occurs during high
temperature deformation.
Mechanistic studies are currently in progress using
incremental strain rate change tests to determine
activation volumes at elevated temperatures.

4.3.5

iii)

The low temperature work-hardening rate for Zr 3 Al is
about four times that for common fee polycrystals
not possessing the LI2 superlattice; i.e. ~ G/10 versus
G/40 at e = 0.1. This behaviour is a reflection of
the strength of the a_<110> superlattice dislocation
interactions with themselves and with the superlattice.

iv)

The ductility of Zr 3 Al, as measured in terms of reduction in area at fracture, undergoes a marked increase
above - 875 K. Below, AA/Ao - 0.3 to 0.4 whereas above,
AA/Ao - 0.9 to 1.0. Correspondingly, fracture changes
from the characteristic 'flat' fracture at low temperatures and the 45° shear fracture at 675 to 875 K to
necking above 87 5 K.

Fracture of Zr 3 Al
- E.M. Schulson and J.A. Roy
Further to PR-CMa-35 (4.3.7) it has been established
that micro-cracking is restricted to the vicinity of the grain
boundaries, particularly near multiple-intersection boundaries.
This suggests that the cracks form to relieve strain concentrations which develop in these regions to retain contiguity.
That contiguity appears not to be retained in every case by
slip on systems other than the primary {ill} <110> set implies
a marked latent hardening of such systems by primary glide, a
phenomenon known to occur in other LI2 superlattices (e.g. Ni3Fcr,
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Victoria and Vidoz, phys. stat. sol. 2j[(1968) 131). Unfortunately, single crystals of Zr3Al cannot be easily made, so
that this hypothesis cannot be readily tested.
4.3.6

The Recovery and Recrystallization of Zr3AI
- E.M. Schulson and J.A. Roy
(a)

Hardness_and_Tensile_Parameters

Upon considering the origin of the short-term and
long-term hardness maxima reported in PR-CMa-34 (4.4.7) and
confirmed in PR-CMa-35 (4.3.8), it appeared possible that
structural changes occurring within the second phase otZr
particles (10% by volume in one of the alloys) might be
important. Thus, separate experiments were performed in
which a Zr 3% Al alloy (essentially 100% a-Zr) was cold-rolled
to a true strain of e = 0.14 and annealed at 973 K. Subsequent
hardness tests at closely spaced intervals of annealing time
showed no maximum, simply a slowly decreasing change from
300 VHN in the as-rolled condition to 270 VHN after 48 h.
The previously noted features are thus characteristic of Zr 3 Al.
Analysis of the previously obtained (PR-CMa-35; 4.3.8)
tensile data suggests that the short-term hardness maximum
is associated with an increase in the work-hardening rate
and the long-term maximum, with the occurrence of Luders
yielding and possibly with a yield drop which may not have
been seen in the present tests because of misalignment but
which is known to characterize the yielding o± other finegrained LI2 phases, Ni 3 Fe, Ni 3 Mn and CuaAr. (Morris et al,
Acta Met. 2_2 (1974) 801).
(b)
Examinations of recrystallization kinetics have now
been completed for four temperatures: 833, d98, 973 and 1073 K.
As previously noted (PR-CMa-35; 4.3.8), the behaviour satisfies
Avrami kinetics at each temperature. An Arrhenius plot of the
time for 50% recrystallization yields an apparent activation
energy of 2.2 eV, similar to that obtained from similar plots
of times for 50% hardness recovery. Although diffusion data
are not available for comparison, it is suspected that this
energy corresponds to the activation energy for self-diffusion
of either Al or Zr in Z
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(c)

Conclusions

The studies on the effects of annealing on cold-worked
Zr 3 Al have now been completed. It is concluded that:
i)

ii)

iii)
iv)

4.3.7

From a practical heat-treating standpoint, changes in
the mechanical properties occur at negligible rates
below 773 K; at higher temperatures changes occur n.ore
quickly, 50% hardness recovery occurring within 10, 0.6,0.06
and < 0.06 h at 808, 973, 1073 and 1160 K.
Complete recrystallization accounts for a hardness
recovery of 65 to 70% and for a reduction in yield
strength of about 50%. The behaviour is independent
of the recrystallizaticn temperature, in keeping with
the apparent independence of the fully recrystallized
grain size (- 1.5 y m ) .
Recrystallizateion obeys Avrami kinetics.
Grain growth obeys the simple power law noted in
PR-CMa-35 (4.3.8).

v)

The yield strength of fully recrystallized Zr 3 Al obeys
the Hall-Petch relationship ay = ao + k y d ~ V 2 where
oo 125 MN/m'S k y = 0.77 MN/m 3 / 2 and d is the grain
size in meters.

vi)

Two hardness peaks occur during annealing and are
associated with re-ordering (short-term peak) and with
inhomogeneous yielding (long-term peak).

Plastic Flow of Zr/Zr 2 Al Two-Phase Alloys
- E.M. Schulson (in collaboration with M.J. Stewart, CANMET,
Ottawa).
To obtain a more complete set of data on the temperature response of the Zr/Zr2Al flow stress, experiments in
addition to those previously reported in PR-CMa-35 (4.3.4)
were carried out at 1300, 1350, 1400 and 1425 K at a true
strain rate of 5
s"1 using a cam plastometer. The new
set of data is consistent in itself, showing a reduction in
the peak stress from 158 MPa at 1300 K to 90 MPa at 1425 K.
It is, however, not in total agreement with the earlier
results; the earlier flow stresses generally being somewhat
higher. The difference may be due to slight variations in
Zr 2 Al content from one set of specimens to another, a point
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currently being investigated.
In any case, the present data
confirm the earlier trend concerning the temperature sensitivity of flow stress.

4.3.8

Tensile Properties of Irradiated

Zr3Al

- E.M. Schulson and J. van der Kuur

(Metallurgical
Branch)

Engineering

Table 4.3.8.1 summarizes preliminary results which
have been obtained on the effects of neutron irradiation
(1.4 x 10 2< * n/m 2 ; E > 1 MeV; 575 K) on the tensile deformation of Z « Al (Zr 8.6% Al annealed 24 h at 1160 K ) . The
bracketed figures denote the corresponding values for unirradiated material of the same type.

Table 4.3.8.1
Tensile Data for Neutron Irradiated Zr3Al
(1.4 x 1 Q 2 " n/m 2 @ 575 K; E > 1 MeV)

Temp.
(K)
R.T.

425

Yield Stress (0.2%) |
(MPa)
I

*

UTS
(MPa)

% Elong.

Comments

i

712(402)

925(640)

1 . 6 ( 4 . 9)

No Luders yielding

'

629(409)

779(705)

6 . 0 ( 8 . 0)

in irradiated

605(397)

771(830)

4.. 4 ( 1 7 . 4 )

samples

575

The points to note are the following:
i)

ii)

*R.T.

Irradiation effects a marked increase in yield strength;
i.e. an increment of ^ 315 MPa at R31. and ^ 200 MPa at
575 K. The increment decreases with increasing temperature, implying that yielding in the irradiated material,
unlike that in the unirradiated material, is thermally
activated.
Irradiation appears to increase the UTS at R.T. but to
have only a small effect on the higher temperature tensile strength. This behaviour may have been influenced
by the Zr 3 Al surface effect (see section 4.3.4a) since
the last specimens had mechanically prepared surfaces.

=

295 K.
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iii)

Irradiation appears to reduce ductility. Again, because
of the possible interplay of the surface effect, the
apparent irradiated ductility may not be indicative
of the ductility of specimens having strain-free surfaces .

Similar observations have been reported by Rosinger
(private communication),
The marked increase in strength and adequate ductility
of irradiated Zr3Al have important practical implications.
Fundamentally, the strength increment implies a quite potent
increase in the lattice resistance to dislocation glide, a
feature which could be caused by irradiation-induced disordering.
4.3.9

Positron Annihilation Measurements (PAM)
- G.M. Hood and R.J. Schultz
Current PAM on a-Zr single crystals support earlier
work (PR-CMa-35, Sec. 4.3.9) with respect to the existence
of an extrinsic region - region I - at T < 400°C and an
intrinsic region - region II - for T > 400°C. The temperature
of the normalized peak fraction, L, in region II is essentially
in agreement with our previous measurements on polycrystalline
a-Zr.

4.4

4.4.1

PUBLICATIONS, REFORTS AND LECTURES

Publications
J. Phys. (F) 6, 19(1976)

The Mechanisms of Diffusion in the Anomalous
bcc Metals
- G.M. Hood

Submitted to:
J. of Luminescence

Thermoluminescence of
Pure and Doped ThO2
- P.J. Harvey and J.B. Hallett

Submitted to:
The Physical Review B

Positron Annihilation in
Zr, Ti and a Zro.53 Tio.it 7
Alloy
- G.M. Hood, R.J. Schultz and
G.J.C. Carpenter
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4.4.2

Lectures
Invited Seminar
U. Of Ottawa
Dept. of Mech. Engineering

"Strengthening Mechanisms
in Zr and their Influence
on In-Reactor Creep"
- S.R. MacEwen
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5.

REPORT OF QUEEN'S UNIVERSITY
E. Buncel

In our previous report it was stated that the methods
which we have developed for the pK a determination of
hydrogen could be extended in order to determine the pK a
of Tiethylamine as well as of ammonia. While an experimentally determined value of the pK a of methylamine is not
known, Bell(l) has estimated the pK a of ammonia to be 35
by indirect methods, using arguments which are "rather
complicated". In this report we describe a method of determining th<5 pK a of ammonia as a prelude to determination
of the pK a of methylamine.
The method employed to determine the kP a of ammonia
is similar to one of the methods used in the determination
of the pK a of hydrogen (PR-CMa-33), i.e., the metalation
of weak hydrocarbon acids by potassium hydride in tetrahydrofuran (PHF). In the present case, one reacts KNH 2
with each of a series of weak hydrocarbon acids (RH) of
known pK a and examines whether the equilibrium of equation [1] is established:
RH

KNH 2

THF

RK

NH 3

[1]

A break in reactivity when different RH's are used is then
taken to mean that the pK a of NH 3 is close to that of RH
at the point that such a break occurs. The hydrocarbons
used in this study, together with their abbreviated notations and pK a values' 2 ) a r e gi v e n below.

Triphenylmethane
(TPM, 31.S)

Diphenylmethane
(DPM, 33.1)

p-Phenyltoluene
(PPT, 38.6)

Di-2,4-xylylmethane
(DXM, 36.3)

Toluene
(TOL, 41)
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5.1

Reaction Between Potassium Amide and Weak Hydrocarbon
Acids in Tetrahydrofuran and the p K a Q-i Ammonia
- B.C. Menon
The experimental procedure for the reaction under examination (equation [1]) is as follows. A glass ampoule
containing a known weight of potassium (25 - 35 m g ) , sealed
under vacuo, was placed in the cylindrical reaction vessel
equipped with a Rot&flo stopper and a 0.1 cm cuvette.
Following evacuation of the vessel, the ampoule was broken
by shaking and then ammonia (dried over potassium) was
distilled in on the vacuum line. A small quantity of the
ferric oxide, Fe 2 O 3 (1 - 3mg) in a vial, was then introduced
into the reaction vessel under nitrogen. The blue colour
of the potassium-ammonia solution changed into pale yellow
in 15 - 30 minutes, indicating the formation of KNH2.
(It
was found that in the absence of Fe 2 O3 the time required
for formation of KNH 2 apparently depends on the ratio of
potassium to ammonia. For example, on using 35 mg of
potassium in 2 ml c-~ ammonia, and 24 mg of potassium in
3 ml of ammonia, the time required for formation of KNH 2
was 4 and 7 hours, respectively*) The reaction vessel was
then attached to the vacuum line, the ammonia was evaporated, and dry THF distilled in. After introducing a
weighed quantity of hydrocarbon in a small vial into the
reaction vessel under nitrogen, the vessel was shaken
vigorously on a mechanical shaker and intermittently
monitored spectrophotometrically.
In all cases the reaction was complete in approximately 1 hour or less (contrasting with the much slower reactions in the RH/KH/
18-crown-6/THF system, PR-CMa-33).
Spectrophotometric
measurement enables one to determine the concentration of
RK and hence the extent of reaction. The carbanions, RK,
are relatively unstable in the KNH 2 /THF system, since the
spectral absorption due to RK begins to decrease ^ 30
minutes after the maximum absorbance values have been
reached.
It may be seen from the results in Table 5.1.1 that
the reaction shown in equation [1] goes to completion
v/ith the hydrocarbons TPM, DPM and DXM. However the reaction with PPT goes only to partial completion, whereas
that with TOL results in no reaction.
In order to determine the pKa of NH3, we first need
to evaluate K r e l in equation [2], which can then be used
in equation [3]:
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5.1.1

Reaction between hydrocarbon acids and potassium amide
in tetrahydrofuran at room temperature

RH

[RH] x 103,

[KNH 2 ] a

H

M

A

A

% Rxn.

max
nm

TPM

0.666

0.0379

486

1.47

104 C

DPM

0.230

0.0268

440

1.00

101 c

DXM

0.185

0.0279

442

0.56

100 d

0.481

0.0246b

442

1.34

100 d

2.070

0.0302b

470

0.33

8e

1.083

0.0344

470

0.30

13e

0.546

0.0229

470

0.12

lle

1.700

0.0359

-

PPT

TOL

-

0

Calculated from the amount of potassium used, assuming complete reaction
with NH . However, the KNH

is only partly soluble in THF (solubility

unknown), and the [KNH_] values are given only for purposes of comparison.
Fe 2 0

was not used as a catalyst in the preparation of KNH

in these cases

only.
c

A
b
The percent reaction was calculated as % rxn = r ° s0 x 100, where c is the
L
o
extinction coefficient of RK, C is the initial concentration of RH and £
is the cell path length CO-1 cm). For TPM~K+ and DPM~K+, the £ values are

21,300 and 43,000, respectively (PK-CMa-33).
A. plot of absorbance vs. concentration for DXM~K+ (assuming 100% conversion
of DXM to DXM K

according to eq. (1)) gives a straight line Beer's law plot

through the origin.

From the slope of the line, e for DXM~K+ is calculated

as 30,000.
Calculated by assuming that for PPT~K+ in THF e takes the same value ?.s for
PPT~Cs+ in CHA, i.e. E = 21,000 (3)

- 96 -

KTel

[RK] e [NH 3 J e
[RH] e [KNH 2 ] e

pK NH. = PK. RH + pK
rel

[3]

The equilibrium concentration values in equation [2] are
known, with the exception of the [KNH2]e term since the
solubility of KNH 2 in THF ([KNH2]g)is not known experimentally. However model calculations of K r e l can be performed by using assumed values for the solubility of KNH2
in THF. Let us consider for this purpose the first run
in Table 5.1.1 dealing with the PPT/KNH 2 reaction. Now,
[PPT]

= 2.07 x 10""3 M
= [NH 3 J e -

[PPTl

= [PPT]

(TT

- [PPT~K+]

6

= 1.91 x 10" 3 M

O S

and assume that
[KNH2]

= 2 x 10"

M

(since [KNH2] will exceed the concentration corresponding
to the carbanion PPT~K+ formed, which has the value
0.16 x 10" 3 M ) . We thus obtain K r el = 0 . 3 3 and
If, on the other hand, [KNH2] = 10~ 2 M,
NH
then K r e l = 0.0013 and pK a 3 = 41.4. Since it is reasonable to assume that the solubility of KNH 2 in THF lies
between 10" * M and 10" 2 M, the pK a range of NH 3 will be
from 39.1 to 41.4. Thus a more accurate determination of
pK a (NH3) could be made if the solubility of KNH 2 in THF
were experimentally determined.
It should be noted that the pK a 's of the reference
hydrocarbons are determined in cyclohexylamine (CHA) as
the solvent (2) whereas the present, study is carried out in
THF as the solvent. Since THF and CHA are believed to be
comparable in terms of "loose" and "tight" ion pair
equilibria (PR-CMa-34), there should be little uncertainty
as a result of the medium change with respect to the pK a 's
to be derived in our work.
pK

NHs

a

= 39.1.
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(c)
The studies on the effects of annealing on cold-worked
Zr 3 Al have now been completed. It is concluded that:
i)

ii)

iii)
iv)

4.3.7

From a practical heat-treating standpoint, changes in
the mechanical properties occur at negligible rates
below 773 K; at higher temperatures changes occur more
quickly, 50% hardness recovery occurring within 10, 0.6,0.06
and < 0.06 h at 808, 973, 1073 and 1160 K.
Complete recrystallization accounts for a hardness
recovery of 65 to 70% and for a reduction in yield
strength of about 50%. The behaviour is independent
of the recrystallization temperature, in keeping with
the apparent independence of the fully recrystallized
grain size (- 1.5 y m ) .
RecrystallizaHdon obeys Avrami kinetics.
Grain growth obeys the simple power law noted in
PR-CMa-35 (4.3.8).

v)

The yield strength of fully recrystallized Zr 3 Al obeys
the Hall-Petch relationship Oy = ao + k y d ~ V 2 where
ao 125 MN/m 2 , k y = 0.77 M N / m 3 / 2 and d is the grain
size in meters.

vi)

Two hardness peaks occur during annealing and are
associated with re-ordering (short-term peak) and with
inhomogeneous yielding (long-term peak).

Plastic Flow of Zr/Zr2Al Two-Phase Alloys
- E.H. Schulson (in collaboration with M.J. Stewart, CANMET,
Ottawa).
To obtain a more complete set of data on the temperature response of the Zr/Zr2Al flow stress, experiments in
addition to those previously reported in PR-CMa-35 (4.3.4}
were carried out at 1300, 1350, 1400 and 1425 K at a true
strain rate of 5
s" 1 using a cam plastometer. The new
set of data is consistent in itself, showing a reduction in
the peak stress from 158 MPa at 1300 K to 90 MPa at 1425 K.
It is, however, not in total agreement with the earlier
results; the earlier flow stresses generally being somewhat
higher. The difference may be due to slight variations in
Zr 2 Al content from one set of specimens to another, a point.
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currently being investigated. In any case, the present data
confirm the earlier trend concerning the temperature sensitivity of flow stress.
4.3.8

Tensile Properties of Irradiated ZraAl
- E.M. Schulson and J. van der Kuur (Metallurgical Engineering
Branch)
Table 4.3.8.1 summarizes preliminary results which
have been obtained or the effects of neutron irradiation
(1.4 x 10 21f n/m 2 ; E > 1 M.?V; 575 K) on the tensile deformation of Zrs Al (Zr 8.6% Al annealed 24 h at 1160 K ) . The
bracketed figures denote the corresponding values for unirradiated material of the same type.

Table 4.3.8.1

+

Tensile Data for Neutron Irradiated Zr3Al
(1.4 x 1 0 2 " n/m* !? 575 K; E > 1 MeV)

;
!

Temp.
(K)

Yield Stress (0.2%)
(MPa)

% Elong.

UTS
(MPa)

Comments

R.T. *

712(402)

925(640)

1.6(4.9)

No Luders yielding

425

629(409)

779(705)

6.0(8.0)

in irradiated

575

605(397)

771(830)

4.4(17.4)

samples

The points to note are the following:
i)

ii)

*R.T.

Irradiation effects a marked increase in yield strength;
i.e. an increment of ^ 315 MPa at Rff. and ^ 200 MPa at
575 K. The increment decreases with increasing temperature, implying that yielding in the irradiated material,
unlike that in the unirradiated material, is thermally
activated.
Irradiation appears to increase the UTS at R.T. but to
have only a small effect on the higher temperature tensile strength. This behaviour may have been influenced
by the Zr 3 Al surface effect (see section 4.3.4a) since
the last specimens had mechanically prepared surfaces.

=

295 K.
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iii)

Irradiation appears to reduce ductility. Again, because
of the possible interplay of the surface effect, the
apparent irradiated ductility may not be indicative
of the ductility of specimens having strain-free surfaces.

Similar observations have been reported by Rosinger
(private communication).
The marked increase in strength and adequate ductility
of irradiated Zr3Al have important practical implications.
Fundamentally, the strength increment implies a quite potent
increase in the lattice resistance to dislocation glide, a
feature which could be caused by irradiation-induced disordering.
4.3.9

Positron Annihilation Measurements (PAM)
- G.M. Hood and R.J. Schultz
Current PAM on a-Zr single crystals support earlier
work (PR-CMa-35, Sec. 4.3.9) with respect to the existence
of an extrinsic region - region I - at T < 400°C and an
intrinsic region - region II - for T > 400°C. The temperature
of the normalized peak fraction, L, in region II is essentially
in agreement with our previous measurements on polycrystalline
i-Zr-

4.4
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J. Phys. (F) 6, 19(1976)
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The Physical Review B

Positron Annihilation in
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- G.M. Hood, R.J. Schultz and
G.J.C. Carpenter
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Lectures
Invited Seminar
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"Strengthening Mechanisms
in Zr and their Influence
on In-Reactor Creep"
- S.R. MacEwen
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5.

REPORT OF QUEEN'S UNIVERSITY
E. Buncel

In our previous report it was stated that the methods
which we have developed for the pK a determination of
hydrogen could be extended in order to determine the pK a
of methylamine as well as of ammonia. While an experimentally determined value of the pK a of methylamine is not
known, Belld) has estimated the pK a of ammonia to be 35
by indirect methods, using arguments which are "rather
complicated". In this report we describe a method of determining the pK a of ammonia as a prelude to determination
of the pK a of methylamine.
The method employed to determine the kP a of ammonia
is similar to one of the methods used in the determination
of the pK a of hydrogen (PR-CMa-33), i.e., the metalation
of weak hydrocarbon acids by potassium hydride in tetrahydrofuran (THF). In the present case, one reacts KNH 2
with each of a series of weak hydrocarbon acids (RH) of
known pK a and examines whether the equilibrium of equation [1] is established:
RH

KNH2

THF

RK

NH 3

[1]

A break in reactivity when different RH's are used is then
taken to mean that the pK a of NH 3 is close to that of RH
at the point that such a break occurs. The hydrocarbons
used in this study, together with their abbreviated notations and pKa values(2) a r e given below.

Triphen/lmethane
(TPM, 31.5)

Diphenylmethane
(DPM, 33.1)

p-Phenyltoluene
(PPT. 38.6)

Di-2*4-xylylmethane
(DXM, 36.3)

Toluene
(TOL, 41)
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5.1

Reaction Between Potassium Amide and Weak Hydrocarbon
Acids in Tetrahydrofurar and the p K a of Ammonia
- B.C. Menon
The experimental procedure for the reaction under examination (equation [1]) is as follows. A glass ampoule
containing a known weight of potassium (25 - 35 m g ) , sealed
under vacuo, was placed in the cylindrical reaction vessel
equipped with a Rotaflo stopper and a 0.1 cm cuvette.
Following evacuation of the vessel, the ampoule was broken
by shaking and then ammonia (dried over potassium) was
distilled in on the vacuum line. A small quantity of the
ferric oxide, F e 2 O 3 (1 - 3mg) in a vial, was then introduced
into the reaction vessel under nitrogen. The blue colour
of the potassium-ammonia solution changed into pale yellow
in 15 - 30 minutes, indicating the formation of K N H 2 .
(It
was found that in the absence of Fe2O 3 the time required
for formation of KNH 2 apparently depends on the ratio of
potassium to ammonia. For example, on using 35 mg of
potassium in 2 ml of ammonia, and 24 mg of potassium in
3 ml of ammonia, the time required for formation of KNH 2
was 4 and 7 hours, respectively.) The reaction vessel was
then attached to the vacuum line, the ammonia was evaporated, and dry THF distilled in. After introducing a
weighed quantity of hydrocarbon in a small vial into the
reaction vessel under nitrogen, the vessel was shaken
vigorously on a mechanical shaker and intermittently
monitored spectrophotometrically.
In all cases the reaction was complete in approximately 1 hour or less (contrasting with the much slower reactions in the RH/KH/
18-crown-6/THF system, PR-CMa-33) . Spectrophotoinetric
measurement enables one to determine the concentration of
RK and hence the extent of reaction. The carbanions, RK,
are relatively unstable in the KNH 2 /THF system, since the
spectral absorption due to RK begins to decrease ^ 30
minutes after the maximum absorbance values have been
reached.
It may be seen from the results in Table 5.1.1 that
the reaction shown in equation [1] goes to completion
with the hydrocarbons TPM, DPM and DXM. However the reaction with PPT goes only to partial completion, whereas
that with TOL results in no reaction.
In order to determine the p K a of N H 3 , we first need
to evaluate K r e l in equation [2], which can then be used
in equation [3]:

- 95 TABLE 5.1.1
Reaction between hydrocarbon acids and potassium amide
in tctrahydrofuran at room temperature

[RH] x 10 3 ,

[KNH 2 ] a

M

M

max'
nm

TPM

0.666

0.0379

486

1.47

104C

DPM

0.230

0.0268

440

1.00

101C

DXM

0.185

0.0279

442

0.56

ioo d

0.481

0.0246b

442

1.34

ioo d

2.070

0.0302b

470

0.33

8C

1.083

0.0344

470

0.30

13e

0.546

0.0229

470

0.12

lle

1.700

0.0359

-

RH

PPT

TOL

A

-

% Rxn.

0

Calculated from the amount of potassium used, assuming complete reaction
with NH_.

However, the KNH. is only partly soluble in THF (solubility

unknown), and the [KNH-] values are given only for purposes of comparison.
Fe_0,

was not used as a catalyst in the preparation of KNH_ in these cases

only.
The percent reaction was calculated as % rxn
extinction coefficient of RK, C

x 100, where e is the
o
is the initial concentration of RH and S.

is the cell path length (0.1 cm). For TPM~K+ and DPM~K+, the e values are
21,300 and 43,000, respectively (PR-CMa-33).
A plot of absorbance vs. concentration for DXM~K+ (assuming 100% conversion
of DXM to DXM"K

according to eq. (1)) gives a straight line Beer's law plot

through the origin.

From the slope of the line, e for DXM~K+ is calculated

as 30,000. .
Calculated by assuming that for PPT~K
PPT'Cs* in CHA, i.e. e = 21,000 (3)

in THF e takes the same value as for
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[RK] [NH3]
_
e
E
rel
[RH] rKNH2]
6

[3]
The equilibrium concentration values in equation [2] are
known, with the exception of the [KNH 2 ]e term since the
solubility of KNH 2 in THF ([KNH 2 ]g)is not known experimentally. However model calculations of K r e l can be performed by using assumed values for the solubility of KNH 2
in THF. Let us consider for this purpose the first run
in Tcible 5.1.1 dealing with the PPT/KNH 2 reaction. Now,
[PPT]

= 2.07 x 1 0 " 3 M

[PPT~K+]e

= [NH,]e -

[PPT]

= [PPT]
G

3
21Qgo x

o.! - 0.16 x 10"3 M

- [PPT~K+]

O

= 1.91 x 10" 3 M

tS

and assume that
[KNH2]
(since
to the
0.16 x
pK N H s

= 2 x 10" * M
[KNH2] will exceed the concentration corresponding
carbanion PPT~K+ formed, which has the value
10" 3 M ) . We thus obtain K r el = 0 . 3 3 and
= 39.1. If, on the other hand, [KNH21 - 10" 2 M,

then K r e i = 0.0013 and pK a 3 = 41.4. Since it is reasonable to assume that the solubility of KNH2 in THF lies
between 10"" M and 10" 2 M, the pK a range of NH 3 will be
from 39.1 to 41.4. Thus a more accurate determination of
pK a (NH3) could be made if the solubility of KNH 2 in THF
were experimentally determined.
It should be noted that the pK a 's of the reference
hydrocarbons are determined in cyclohexylamine (CHA) as
the solvent(2) whereas the present study is carried out in
THF as the solvent. Since THF and CHA are believed to be
comparable in terms of "loose" and "tight" ion pair
equilibria (PR-CMa-34), there should be little uncertainty
as a result of the medium change with respect to the pKa's
to be derived in our work.
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