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(i)

CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Further studies of the X-rays produced when heavy ions
penetrate a solid host material containing target atoms of another element
at low concentration confirm the view that the target and host atoms
participate in two-collision sequences.

In related experiments characteristic K X-rays have been seen
when the projectile ions are lighter than the target atoms. This was not
expected on the basis of current theory and is the first experimental
evidence for a type of coupling between electron shells of collision
partners not taken into account previously.

Studies of irradiation damage and recovery using ion channelling
and backscattering methods are limited to heavy atom targets in lighter
host materials, by the nature of nuclear collisions. To develop ways
around this limitation, research on ion-induced X-ray emission has been
emphasized for the past year. Results obtained during the quarter in
experiments on the location of iron atoms in a zirconium host encourage
us to continue with this approach.

To improve the understanding of the physical phenomena
involved when heavy ions move through crystalline solids, a computer
simulation model has been developed for comparison with experiment.
Recent computations of the deflection of ions moving between atomic
planes, i.e. the planar dechanneling process, have yielded results in good
agreement with experiment.

Radiation and Photo-chemistry

Research on the chemistry of the alkali metals in amine
solutions is showing improved accord between the results of pulse
radiolysis, optical spectroscopy and electron spin resonance experiments.

Preliminary measurements of the kinetic isotope effects in the



reaction between, methanol and bromine in the presence of weak visible
light suggests that the hydrogen isotope enrichment attributed by some
workers to selective excitation of methanol by infrared laser light maybe
the consequence of a bromine chain reaction initiated by stray visible
light.

Analytical Chemistry

A three column anion exchange procedure, suitable for hot cell
operation, has been developed for the preliminary separation of plutonium,
uranium and rare earth fission products in irradiated fuel. Further
processing is done outside the hot cell for the determination of burnup and
the objective is to reduce radiation exposure to the analyst's hands in
these stages.

Surface Chemistry

Research on the influence of adsorbed gases on the electronic
energy levels of atoms in the surface layers of catalytically active metals
has continued. Oxygen chemisorbed on two different crystallographic
faces of nickel has no detectable effect on the core levels of nickel and
there is a resemblance to platinum in this respect. In related studies,
a particular energy level in adsorbed carbon monoxide has been detected
for the first time and is in agreement with predictions.

Most of the small trans granular fracture features which appeared
to be evidence for microscopic tunneling ahead of a main crack or fractur-
ing of hydrides in experiments with Zircaloy-2 have been shown to be
specimen and orientation effects.

The oxide on Zr3Al grows as a thin uniform film containing
small amorphous cells. The rate of oxidation increases with increasing
size of particles in the a-Zr(Al) phase and becomes very rapid when the
Zr(Al) zones are large.

Anodic oxidation of crystal bar zirconium in aqueous electrolytes
results in oxides which replicate the metal substrate structure, are highly
oriented and generally monoclinic in structure. This behaviour is quite
different from that occurring in ZircaLoy-2.



(iii)

Materials Science

Luminescence studies on pure and doped thoria indicate that
y-irradiation produces no new types of trapping centers but simply
populates existing ones.

The computer controlled mechanical testing apparatus has been
modified to allow compression studies. In Zircaloy-2, a small com-
pressive strain can reduce the subsequent flow stress in tension below that
of an undeformed specimen. Also stress relaxation in compression is
different from that in tension.

For Zr Al material, surface conditioning has been found to have
a marked effect on the ultimate tensile strength (UTS) and tensile ductility
(e ). Electrochemically polished surfaces yield UTS and ef values of
1Z06 MPa and 34% respectively compared with values as low as 422 MPa
and 2% for specimens with machined surfaces.
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SOLID STATE SCIENCE BRANCH

1.1 STAFF
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Visiting Scientist, University of Leeds, England. Arrived
June 23, 1975; terminated August 8, 1975.
Terminated September 24, 1975.
Summer student, terminated August 22, 1975,

B. McGxlvray (Rt)
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1.2 ION PENETRATION

1.2.1 Dependence of K X-Ray Yields on 2hrigt. in Heavy Ion-Atom
Collisions
- W.N. Lennard and I.V. Mitchell

An earlier progress report (PR-CMa-33, section 1.2.1)
presented data showing the dependence of Ga K X-ray yields
on Zftost for the Ga •+ Z, , (Ga) system, i.e. for 4 MeV
Ga projectile ions and a target consisting of Ga atoms
ion-implanted at 40 keV into a solid host material of
atomic number Z, . We have extended these mesasurements
to the Br •+ Z, ° TGa) and Kr -*• Z. (Ga) systems, where
Ga K X-rays were emitted. Figure 1.2.1.1 shows the relative
efficiencies that different hosts (4 < Z <; 26) have for
producing L-vacancies in Ga, Br and Kr projectiles incident
at 4 MeV.

In all cases an enhancement in X-ray yield is observed
for level matching of the host-Is and projectile—2p energy
levels, i.e. when the K binding energy of the host, IR

( ^ matched to the L binding energy of the projectile,
i

ost g y j
L (Z p r o|). This enhancement shows itself as a sharp rise
in the efficiency versus Z^ . curve and the position of
this enhancement moves to higher Z^ost when Z of the pro-g ^ost
jectile is increased, i.e. in the direction to match !„
(Zhost) with I L ( Z p r o j ) .

1.2.2 A Measurement of the Electronic 2p Vacancy Lifetime for
4 MeV Ga Ions in Solids
- I.V. Mitchell, W.N. Lennard and H.H. Plattner

Although Walters and Bhalla have calculated
theoretical 2p vacancy lifetimes for neutral atoms, there
are virtually no published experimental lifetimes. We have
considered one possible experimental approach and applied
it to the case of energetic Ga ions travelling through a
solid.

The fraction of 2p vacancies, ny, in a slow (v ^ 1 a.u.)
heavy ion beam will be zero in vacuum. As the beam pene-
trates into a solid target, ny rises to some non-zero value
as a result of projectile-atom collisions. If collisional
de-excitation is neglected, the fraction, ny(x), changes
according to the differential relationship

n,r(x)

-asr- " V L - T T -
where Nh is the density of target atoms, a is the
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Figure 1.2.1.1

Relative L-ionization efficiencies for Ga, Br and Kr projec-
tiles at 4 MeV in different host materials ( Z h o s t ) • The curves
are constructed from measurements of Ga K X-ray yields from
various targets (hosts) containing implanted Ga atoms.

2host ( G a )

Zhost ( G a )

Zhcst ( G a )



- 6 -

cross section for producing a 2p vacancy in the projectile,
V is the projectile velocity, and x is the 2p vacancy life-
time.

The solution of (1) is

- X /
n (x) = NhaLvx[l - e

 /Vx] (2)

where we have taken x = 0 as the surface of the solid and
nv(s) = 0 for x ̂  0. Also, we have made the reasonable
assumption that T is velocity-independent. Determination^
of the function ny(x) would permit a value of T to be found.

We have already shown that the 2p vacancy population
can be monitored by characteristic K X-ray emission using
implanted atoms of the same species as the projectile (see
PR-CMa-32, section 1.2.1). If the atoms were implanted
into a series of identical targets, but to a series of
different depths, xQ, then the 2p vacancy growth function
nv(s) could, in principle, be mapped from near the surface
(xQ = 0) through to its equilibrium value (xo >> vi). In
practice, this method requires implant depths %20A, i.e.
depths so shallow that (1) the implantation profile cannot
be easily measured or predicted with any degree of certainty,
and (2) the implanted atoms cannot be assumed to remain un-
disturbed during exposure to a heavy ion beam.

We have chosen instead to map the change in nv(x) when
the projectiles pass from one host material across a sharp
solid-solid interface into a different host material. The
dependence of the equilibrium 2p vacancy fraction for Ga on
different host materials, Z. , has already been described in
an earlier report (PR-CMa-33, section 1.2.1). We found that
the yield of Ga K X-rays excited by 4 MeV Ga++ projectiles
was 22% greater for an Al host than for an AI2O3 host, re-
flecting the greater efficiency for Ga 2p vacancy production
by Ga-Al collisions over Ga-0 collisions.

For the lifetime study we prepared 14 identical anodic
A12O3 targets with an oxide thickness of 9.9 ± 0.3 yg/cm

2

(determined by 16O(d,p)17O analysis relative to a Ta2C>5
standard). We implanted these targets with Ga ions of
energies 35-100 keV, so that the lowest energy implant rests
entirely in the oxide and the highest energy implant lies
in che underlying Al metal.

We then measured the Ga K X-ray yield for each target
upon bombardment by 4 MeV Ga++ projectiles. The results are
shown in Figure 1.2.2.1. The horizontal dashed lines re-
present asymptotic values for nv in A12O3 and in Al:
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n (Al)/nv(Al2O3) = 1.22. The vertical dotted line represents
the approximate position of the AI2O3/AI interface in terms
of Ga implant energy, i.e. a 70 keV Ga implant would have a
mean projected range equal to the oxide thickness. All of
the samples were assayed for implant dose and for implant
uniformity by measuring the yield of Ga K X-rays under 2 MeV
He+ bombardment. The uncertainties shown in the data are
±5%.

It is evident that the change in yield due to the change
in n v occurs over a short distance, corresponding to the range
difference for about 55 keV and 75 keV implanted Ga ions.
This distance yields an upper limit for the 2p vacancy life-
time, t2D(Ga) < 3 x 10~

1 5 s = The spontaneous Ga 2p vacancy
lifetime calculated in ref. 1 is 8.75 x 10" 1 6 s.

Further measurements are planned using this technique
on more tractable systems. One of the major problems is
straggling of the implanted atoms, since we observe an inte-
grated yield, Y ^ J ny(x) D(x) dx where D(x) is the implanta-
tion profile. There is also recent evidence(2) that an im-
plant which straddles a solid-solid interface is modified in
shape. Measurements of such profiles are needed n~' \v to
provide the information necessary for our present scudies,
but also as part of the general problem of understanding
range profiles. These measurements are being planned at the
present time.

(1) D.L. Walters and C.P. Bhalla, Phys. Rev. A4_, 2164 (1971).

[2) A. Barcz, A. Turos, L. Wielunski, W. Rosinski,
B. Wojtowicz-Natanson, Rad. Effects 25̂ , 91 (1975).

1.2.3 X-Ray Evidence for Radial Coupling in Asymmetric Heavy Ion-
Collisions
- W.N. Lennard and I.V. Mitchell

The molecular description of atomic collisions has been
able to explain the origin of characteristic K-radiation ob-
served when Zj ions with 2p vacancies are incident on Z2
target atoms in those cases where Zx > Z 2 ^ . The vacancy in
the 2p shell of Z2 is transferred via 2pir-2p(j rotational
coupling to the Is shell of Z 2 with the subsequent emission
of Z 2 K X-rays.

If the 2p vacancy is initially in Z1 and Z1 < Z 2, then
no direct coupling to the Is shell of either Zx or Z 2 exists;
i.e. no K-radiation is expected in a Z1(2p~

1) -»• Z 2 collision
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(Zj < Z2) using the simple MO representation. However, in
experiments where projectile ions (Zx) are used to bombard
target atoms (Z2) implanted into Si hosts, we have observed
characteristic K X-rays, primarily from Zlr even in cases
where Zj < Z2. (The Si host serves to produce 2p vacancies
in the projectile by means of Zx -> Si encounters prior to
the Zx -' Z2 encounterj

Using various projectile-target combinations with Z:,
Z2 -Vi 35, we have measured the cross sections, <^v

obs, for "such
K-shell ionization relative to the symmetric Zj^p"^) •+ Zj
K-ionization cross section. Using the asymmetric scaling
results calculated by Taulbjerg et al.(2) to remove the
dependence on the 2pTi-2pcj coupling, we have calculated the
ratio

TBV
where a refers to the theoretical results from ref. 2.
We have found the empirical relation

R = exp(-yAZ/v) (2)

where AZ = Z2-Zi and y = 0.99 if v, the projectile velocity,
is in atomic units. These results are shown in Figure 1.2.3.1.
Each datum point comes from a different Z}-Z2 combination and
is represented by a different symbol. The values of the
asymmetry parameter, Q = Z!/Z2, are given.

We have interpreted these results as the first evidence
reported for predominantly 3d7r-2pir vacancy sharing which occurs
early in the collision. The 2p vacancy, initially present in
the 2p shell of the lighter partner, Zj, is transferred via
radial coupling to the 2p shell of the heavier collision
partner, Z2; following this process, Z^ K-vacancies are pro-
duced by the already familiar 2pir-2pa rotational coupling which
occurs at small internuclear distances in the Za-Z2 collision
system.

Actually, both Zj and Z 2 K X-rays are observed. Although
statistics on the less intense X-ray lines are poor,
the Zi and Z2 yields are consistent vith the 2pp-lsa
vacancy sharing results of Stolterfoht et al.^ 3 ) and of
Meyerhof C*) : oR(Z2) /aK(Zx) = exp(-2 ,73AZ/v) ,
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Figure 1.2.3.1

Radial coupling (primarily 3dir-2pir) in Zx (2p~
1)-yZ2 collisions

where Zj < Z2. The quantity, oK(Zx-)-Z2)/aK(Z1-4-Z2) , plotted as
the ordinate, is equal to the ratio R defined in the text. The
straight line represents a best fit: R = exp(-0.99 AZ/v) where
AZ = Z2-Z! and v is in atomic units.
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CL) B. Fastrup, E, B0ving, G.A, Larsen and P. Dahl, J. Phys.
B 7_, L206 (1974) .

(2) K. Taulbjerg, J.S. Briggs and J. Vaaben, to be published
in Journal of Physics, B,

(3) N. Stolterfoht, P. Ziem and D. Ridder, J. Phys. B 7,
L406 (1974) .

(4) W.S. Meyerhof, Phys. Rev. Lett. 31, 1341 (1973).

1.2.4 Range Distribution of Heavy Ions
- D.C. Santry, R.D. Werner and F. Brown

In addition to range measurements made at ion energies
of 0.3 to 2 MeV using the 2 MV mass separator, lower energies
were also studied using singly and doubly charged beams from
the 70 KV mass separator. A typical example of He ion back-
scattering range analysis for lower energy ions is summarized
in Table 1.2.4.1. The energy shift is the observed energy
difference in He ions backscattered from an Al surface and
from Al implanted into a graphite target.

Table 1.2.4.1

Range of Aluminum Ions in Graphite

Ion energy Measured energy Measured depth Calculated depth
(keV) shift (yg/cm2) (yg/cm2)

(keV)

20 18.4 6.6 5.0
60 41.4 15.0 15.5

120 109 39.0 32.4

+ Gibbons et al.t1*

With a system resolution of 16 keV for He ions, it is
possible to computer analyze backscattering spectra of low
energy implants to ± 2.5 keV, corresponding to a depth re-
solution of ^ 1 ug/cm2. However, range profiles of low energy
implants can be influenced by surface topography and surface
composition. For these reasons a lower energy limit of 120
keV was set for range analysis by He ion backscattering.

In Figure 1.2.4.1 are plotted measured ranges as a
function of mass number for 120 keV ions in graphite. In
general, the measured ranges are in fair agreement with theory
but tend to be more penetrating. In Figure 1.2.4.2 the target
materials are Al and Si. Theory predicts almost identical
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ranges for an ion in Al and Si. The observed ranges scatter
above and below the calculated range curve. For certain
elements the range in Al is greater than in Si, for other
elements the reverse is true. No apparent effect was observed
due to any changes in the electronic stopping power attributed
to the li oscillations (see Whitton'2)).

An added advantage in using 120 keV ions from the 70 KV
mass separator is that radioactive implants can be performed.
The above data could then be compared with range profiles
measured by sectioning techniques. This would be particularly
useful in comparing tracer implant:? (< 10 1 2 ions/cm7) with
the heavier doses (1 to 5 x 1 0 1 5 -.ons/cm2) required for He
ion backscattering analysis.

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

(2) J.L. Whitton, Can. J. Phys. !52_, 12 (1974).

1.2.5 Depth Profiling by Ion Sputtering
- D.C. Santry

A series of sputtering measurements was carried out using
heavy ion beams from the mass separator. Radiotracer ions of
8 5Kr and 8 6Rb were implanted at- 40 keV into targets of W and
Au. Homogeneous implants of <'l0 1 2 ions were obtained by
sweeping beams over a target area of 1 cm x 1 cm. This pro-
vided known depth profiles since range measurements of Kr and
Rb had previously been measured using electrochemical section-
ing techniques (PR-CMa-19, section 1.2.3). Each implanted
target was weighed and the amount of85Kr or 8 6Rb activity was
measured. Each target was then subjected to sputtering by
known doses of 40 keV Xe ions. The targets were reweighed
and the residual radioactivity was measured. Figure 1.2.5.1
shows the release of 85Kr or °6Rb activity as a function of
the Xe sputtering dose. It was observed that more activity
was lost at each dose than can be accounted for by direct
sputtering alone. Retention values of 50% would require the
removal of 23 vg/cm2 of Au or W, i.e. the measured median
range of Kr or Rb in the targets. The observed weight loss
for 50% retention was less than 13 pg/cm2 for Au and w a s i
6 ug/cm2 for W. There is apparently a diffusion of the im-
planted Kr and Rb to the surface where they are removed as
the target surface is sputtered away. Retention measurements
for Au and W gave release curves for Kr, an inert gas, identical
to those for Rb.

These data show that for Au or W, near the surface depth
profiles would be in error when measured by ion sputtering



- 14-

100

8 0

60

20

40keV85Kr o

-

AM —

—"—"-—_

\ a

Rm 23/tg/cm2 ^

40keV Xe
INTO GOLD

'?

- ^

1

W— 6 13

riNTO TUNGSTEN

\ N

>?

Ttfia/cm

10
13

10
14

K>19

DOSE ( I O N S / c m 2 )
10
.16 id7

Figure 1.2.5.1

Release of 85Kr and 86Rb activities as a function of Xe sput-
tering dose. Numbers at the top right give the corresponding
weight losses for given doses. Rm is the median range for
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with 40 keV Xe. Measurements will be extended to study the
effect by varying the projectile and its energy as well as
the target materials. Such measurements are of interest
since ion sputtering is being widely used for depth pro-
filing in Auger electron spectroscopy, secondary ion mass
spectrometry, etc.

1.2.6 The Combined Effects of Lattice Vibrations and Irradiation-
Induced Defects on Dechanneling
- M.L. Swanson, L.M. Howe and A.F. Quenneville

The combined effects of lattice vibrations and
irradiation-produced defects have been studied in varioug
crystals by measuring backscattering yields of He + and H
ions for <110> or <111> channels in the temperature range
40 - 300 K (see PR-CMa-32, section 1.2.5, PR-CMa-33, section
1.2.5). For an Al-0.08 at.% Ag crystal examined along <110>
and a Si crystal examined along <111>, the dechanneling con-
tributions from thermal vibrations and from irradiation-
produced defects were additive (i.e. the deviation A from
additivity was essentially zero). However, for the remainder
of the crystal systems (Cu-0.06 at.% Au <110>, Ge <111> and
Si <110>) the contributions of the defects and thermal vibra-
tions to dechanneling were not independent; i.e., A was
found to be appreciable. In general, A varied linearly with
the mean vibrational amplitude of the crystal atoms. These
results are not consistent with a single collision scattering
model of dechanneling; the complete diffusion treatment of
dechanneling must be employed.

1.2.7 2.5 MV Positive Ion Van de Graaff
- J. Lori

The accelerator operation was satisfactory during the
past 3 months, with the following schedule.

Month Operating Time Failures Electric Power
(hours) (days) Failure (days)

June 171 2
July 225 2
August 137 2 3

1.2.8 High Voltage Mass Separator
- G.A. Sims

Three notable problems were encountered during the
quarter. (i) The slit stabilizer control unit required
adjustments, (ii) The anode power supply had to be partially
rebuilt. (iii) The pre-acceleration tube and einzel lens
system become contaminated, leading to electrical breakdowns.
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and had to be removed for cleaning, which is a rather time
consuming operation. An analysis of the deposits found in
the tube was made by C.H. Knight of the General Chemistry
Branch, using spark source mass spectrometry (section
2.7.1 (3)). Apart from the possible presence of carbon,
which would not be detected, the main elements detected
were Fe, Cr and Mn, presumably arising from the stainless
steel components of the ion source. The above problems in-
volved shut-downs totalling 3 weeks. Subsequent operation
of the accelerator, i.e. during the past 4 weeks, has been
very good.

Most of the components for the target box-beam line
extension have been fabricated and will be installed during
the next scheduled shut-down.

The 'beam-on1 time during the previous 3 months was
217 hours.

1.3 ELECTRON MICROSCOPY

1.3.1 High Resolution Electron Microscopy
- J.R. Parsons and C.W. Hoelke

(a) Multi-Beam Crystal Lattice Images

Aperiodic image features associated with crystalline
defects can be directly related to structure if the specimen
behaves as a thin phase object. Experimentally this means
that successive defocus micrographs of the same specimen area
must be taken in which atomic positions reverse contrast.
Such is the case in Figure 1.3.1.1 where two damaged regions,
produced by 50 keV Xe 6 ions, appear together with atomic
positions in a silicon matrix. Atomic positions in (a) have
white contrast whereas in (b) they have black contrast.
Analysis of the aperiodic disturbances produced by the strain
field of these damaged regions is in progress.

It is the purpose of a second experiment, described in
PR-CMa-33, section 1.3.1 to obtain similar images showing
atomic positions which reverse contrast at end-on dislocations
in silicon. In order to relate aperiodic image features at
these dislocations to lattice models, the images must be as
good or better than those shown in Figure 1.3.1.1. This degree
of image quality has not yet been obtained although the results
to date are promising.

(b) Electron Microscopy of Charge Density Waves

To understand the diffraction patterns and resulting
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Figure 1.3.1.1

Successive defocus micrographs of the same specimen area show
two damaged regions produced by 50 keV xenon ions in silicon.
Atomic positions in (a) have white contrast whereas in (b) they
have black contrast.
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lattice images obtained from crystals containing charge
density waves the following calculations were made.

If a charge density wave of wavelength L exists in a
one-dimensional lattice,the lattice parameter a becomes a
sinusoidal function of position within the lattice so that
atomic positions are specified by

x = na + A s i n ^ ^ n = 0, ±1, ±2,...
J_i

where A is the amplitude of the periodic distortion. The
crystal field felt by the incident electron when passing
through this lattice is

V(x) = VQ(1 + g s m ) + £ V e
o L h h a

h = 0, ±1, ±2,...

where V is the mean inner potential and Vog is the amplitude
of the mean inner potential variation. Using the phase-
grating approximation (c.f. PR-CMa-31, section 1.3.1) strong
Bragg reflections from this lattice are found to occur at
angles 6 = hX/a. Weaker satellite reflections occur at angles

9 = (— + —) where X is the electron wavelength. These satel-
lite reflections around each strong diffracted beam are clearly
visible in the electron diffraction pattern from TaS2 shown
in Figure 1.3.1.2.

The multi-beam lattice image contrast was next calculated
for a two-dimensional square lattice in which two mutually
perpendicular charge density waves were assumed to exist. The
transmitted beam and twenty-four diffracted beams were in-
cluded in the calculation i.e. 20 satellite reflections and
4 strong reflections. The resulting image plane intensity
distribution shows the large-scale charge density variation
of wavelength L superimposed on the much smaller-scale periodic
distortion of the lattice atoms of spacing a. This can be
seen in the micrograph of Figure 1.3.1.2 in which the TaS2
lattice of spacing a = 2.88$ has superimposed on it a direct
image of three charge density waves each of which has a wave-
length L = 10.4A.
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Figure 1.3.1.2

The micrograph, on the left, shows a direct image of three
charge density waves, each of wavelength L = 10^4A, super-
imposed on the a = 2.88A lattice spacing of (1010)planes in
TaS2^ These charge density waves are responsible for the
weak satellite reflections around each strong reflection in
the electron diffraction pattern shown on the right.
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1.4 RADIATION DAMAGE AND METAL PHYSICS

1.4.1 The Use of Rutherford Backscattering (R.b.s.) to Detect
Precipitation Processes in Binary Systems
- J.L. Whitton and J.B. Mitchell, with T. Schober and

H. Wenzl, KFA Julich

The work described in PR-CMa-33, section 1.4.1, has
been completed and written for submission to Acta Met.

We have established the following.

1. The R.b.s./channeling technique is a more sensitive
probe for the measurement of solubility limits (the a •*• a + e
phase change) in NbH and NbD than any of the previously used
techniques.

2. Our observed solubility values are slightly higher than
the best values reported elsewhere ( 1). This is most likely
due to our use of ultra-pure, single crystal specimens.

3. Supercooling has been observed and, by thermal cycling
of the specimens, has been established to be ^ 10 K when a
cooling rate of 1 K/minute is used.

4. A quantitative assessment has been made of the relative
contribution to backscattered yield by the hydrides, which
are lattice misfits, and by dislocations generated by the
incoherent hydrides. The contributions are in the ratio of
approximately 2:1 for a Nb 0.88 at.% deuterium alloy.

A summary of the data is shown in Figure 1.4.1.1, where
they are compared with the resistivity measurements of
Westlake and Ockers^ 1) and Buck et al.( 2'. Our data fit the
line of Buck et al. An indication of our greater sensitivity
may be had from the following comparison. Our spread of
points lies within + 5 K over the whole range of gas concen-
tration (except for the 3.45 at.% hydrogen) while the internal
friction method of Buck et al. has temperature uncertainties
of 80 K at their low gas concentration and 20 K at the high.

H) D.G. Westlake and S.T. Ockers, Met. Trans 6A, 399 (1975).

(2) 0. Buck, D.O. Thompson and C.A. Wert, j . phys. Chem.
Solids 32, 2331 (1971).
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Figure 1.4.1.1

Precipitation points plotted as a function of hydrogen (deuterium)
concentration versus 1/T (Tc is the a -* a + B transition tempera-
ture) . All points are aSjusted upwards by 10 K to compensate for
the supercooling effect.
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1.4.2 Displacement of Ag Atoms in an Al-0.2 at,% Mg-0.1 at.% Ag
Crystal Measured by Backscattering
- M.L. Swanson, L.M. Howe and A.F. Quenneville

In irradiated dilute alloys of Al with Ag, the Ag atoms
become displaced from lattice sites by trapping Al self-
interstitial atomst1). The trapping configuration is the
<100> Al-Ag dumbbell. During annealing near 200 K, the Ag
atoms return to lattice sites by one of the following mecha-
nisms: (a) release of Al self-interstitial atoms, (b)
migration of the Al-Ag dumbbell, or (c) migration of
vacancies to the Al-Ag dumbbells.

In order to establish which of these mechanisms dominates,
we have measured the displacement of Ag atoms into <110>
channels in an Al-0.2 at.% Mg-0.1 at.% crystal after irra-
diation with 1 MeV He + ions at 30 K and after subsequent
annealing. The results are shown in Figure 1.4.2.1.

(1) The increase in Ag displacements near 130 K coincides
with the release of Al interstitials originally trapped by
Mg atoms.

(2) The incomplete recovery of P.g atom displacements near
200 K shows that this stage III recovery is not due to re-
lease of Al interstitials from Ag traps (i.e. to breakup of
Al-Ag dumbbells). This recovery is likely caused by the
migration of Al-Ag dumbbells as a unit, which can be trapped
at Mg atoms. If stage III recovery were due to vacancy migra-
tion, incomplete recovery might also result from the trapping
of vacancies at Mg atoms. However, our previous observations
of complete recovery of Mn, Zn and Ag displacements near 200 K
for dilute binary alloys with Al^ 1' indicate that vacancies
are not responsible for stage III recovery.

(3) The completion of recovery near 300 K could be due to
dissociation of the Al-Ag Mg interstitial complex, or to
vacancy migration to those complexes.

(1) M.L. Swanson and F. Maury, Can. J. Phys. 53_, 1117 (1975).

1.4.3 Location of Fe Atoms in a Zr-0.4 at.% Fe Crystal Using
Characteristic X-rays
- M.L. Swanson, I.V. Mitchell, L.M. Howe, A.F. Quenneville;

with G.J.C. Carpenter and J.F. Watters (Materials Science
Branch)

A crystal of Zr-0.4 at.% Fe was grown by the floating
zone electron beam method. It was annealed for 24 hours at
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Recovery of Ag atom displacements in an A1-.02 at.% Mg-0.1 at.%
Ag crystal which was irradiated with 5 x 10 1 5 1 MeV He ions/cm

at 30 K. Af;J-J-""/(AfIJ"^u')mav is the fraction of the maximum
d Ag d Ag max

change in displacement of Ag atoms which remains after annealing
at the indicated temperatures (600 s isochronal anneals). Two
separate experiments are shown.



- 24 -

1100 K and 1 hour at 1070 K, and then was cooled rapidly in
vacuum to retain the Fe atoms in the high temperature
equilibrium positions. In order to use the channeling tech-
nique to find the position of the Pe atoms in the a-Zr
lattice, backscattaring yields of 1 MeV H + ions from the Zr
atoms were compared with K X-ray yields from the Fe atoms.
The X-ray yields were measured with a side window, gas flow
proportional counter. Preliminary results indicated that
•v 50% of the Fe atoms were projecting into <1010> channels.
These non-substitutional Fe atoms could be located either in
interstitial sites (reflecting the fast diffusion of Fe in
a-Zr) or in precipitates.

1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 Analysis of Fluorine Deposits on Zr 2%% Nb Pressure Tubes
Using the ^ F [p-a,y) l63 Reaction
- W.D. Mackintosh and H.H. Plattner

The purpose of this experiment was to determine the
effectiveness of grit blasting in removing the fluorine
content of the conversion coating of drawn pressure tubes.
A sample was obtained from a production tube with the con-
version coating in place. Another was obtained from a tube
that had been grit blasted. The F content of the former was
too high for accurate measurement by the 19F(p-a,y)16O reaction
(>> 100 yg/cm2). However, the grit blasted specimen was
contaminated with an average of only 0.5 pg/cm2. This average
was obtained from three separate determinations of 0.2 mm2

areas separated by 1 cm intervals. The highest of these was
0.7 ug/cm2.

This level of contamination is very similar to the
ait.ounts found, with remarkable constancy(l), on normal,
finished, fuel sheathing.

Two further samples were also analyzed. These were
adjoining sections to the previous two but had been washed
with 50% aqueous NaOH in the System Materials' laboratory.
The first again contained too much F for analysis but the
second was clean ( 0.2 pg/cm2).

(1) W.D. Mackintosh, Nucl. Tech. 13_, 65 (1972).

1.5.2 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

As part of the continuing study of the mobility of
foreign atoms during the anodic: oxidation of aluminum we
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have implanted Pd into Al specimens, anodized the specimens
and located the implants by Rutherford scattering. All the
Pd retreated before the advancing oxid= front and was thus
found at the metal/oxide interface. On stripping off the
oxide films in phosphoric-chromic acid solution, the Pd
was retained within the metal substrate. This behaviour is
consistent with that of all other elements investigated
which have higher oxidation potentials than Al.

1.5.3 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 im-
planted in Si retreats before an advancing oxide front when
the Si is anodized. If this is true for other elements the
implications are of considerable importance as many studies
of ion ranges in Si and the electrical properties of doped
Si have been carried out using anodization and oxide stripping
as a sectioning technique. We have implanted a number of
elements into Si, anodized the specimens and located the
implant by Rutherford backscattering. The results were as
follows.

Arsenic, I, and Ga were spread throughout the oxide.
When the specimens were stripped of oxide no As or I was
detected. The results with Ga were confusing; one specimen
contained 16% of the implant the other none.

All Cu, all Ag, 92% of the In and 33% of Sb disappeared
from the samples on anodization. In the cases of Sb and In
the fraction remaining was located at the exterior surface of
the oxide.

1.5.4 Transport Numbers During Anodic Oxidation of Molybdenum
- W.D. Mackintosh and H.H. Plattner

In order to determine the transport numbers of metal and
oxygen by the technique of implanting noble gases as inert
markers it is necessary to know the amount of metal dissolving
in the electrolyte. We have measured this using the standard
weight gain and loss technique. The amount lost was 8.4 ± 0.5
yg/cm2 when the specimen was anodized at 40 V for 6 minutes
(47 ug/cm2). We also determined the loss on anodizing speci-
mens alreadv covered with an oxide film. When covered with
47 pg/cm2 and oxidized at 80 V for 9 minutes the samples lost
much less (̂  1 ug/cm2).
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1.5.5 Anodizing in Isotopic Oxygen Water
- D. Phillips

Tantalum has been anodized in L 70 enriched water to study
oxygen migration in Ta20s (PR-CM-46, section 1.3.8) and to
prepare isotopic oxide targets (PR-CMa-22, section 4.2.8).
Such water is expensive, and so the problem is one of anodiz-
ing in a very small quantity of electrolyte. Some thirty
tantalum specimens, 1 cm square, were anodized in 0.5 ml 40%
H 2

1 7O by anodizing one side only in a special cell. Heat re-
leased during anodization tends to raise the temperature of
such a small quantity of electrolyte substantially, and so a
cooling system was necessary. The tantalum foil was horizontal,
face up, and the platinum cathode was a wire around its
periphery; in this way the hydrogen discharged during elec-
trolysis does not accumulate on the surface being anodized.
This work is being prepared for publication.

1.6 NUCLEAR CHEMISTRY

1.6.1 Thermal Neutron Cross Section for 1 2 5i and 1 3 1i
- D.C. Santry and R.D. Werner

The activity depletion method was used to measure thermal
neutron capture cross sections for 1 2 5i and 1 3 1i activities
ion-implanted into superpure Al foils. The integrated neutron
flux was determined by measuring the60Co production in 0.1%
Co in Al wires. Gamma-ray counting rates of the iodine samples
were measured before and after neutron irradiations, using
high resolution photon detectors. The 35 keV gamma ray of
1 2 5I was measured with an intrinsic Ge X-ray detector, while
the 364 keV gamma ray of 1 3 1I and 1.33 MeV gamma ray of 60Co
were measured with a Ge(Li) detector.

Irradiations in the NRU reactor for about 25 days gave
an integrated dose of 5.57 x 10 2 0 neutrons with depletion
ratios of 1.81 for 1 2 5I and 1.07 for 1 3 1 I . Calculated cross
sections based on these depletion ratios are 1061 ± 300 barns
for 1 2 5I and 128 ± 50 barns for 1 3 l I .

Higher precision in cross section values requires larger
depletion factors than those obtained so far. Irradiations
are now in progress which will give much higher integrated
neutron fluxes.
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1.7 COMPUTATIONS

1.7.1 Computer Simulation of Planar Dechanneling
- D.P. Jackson and D.V. Morgan

An extensive study of this subject has been completed
and prepared for publication. The latest work dealt with
the following two topics.

(a) Channeling in diatomic diamond-type lattice

For planes that consist of an equal mixture of both
atomic species, such as {110}, the dechanneling behaviour
is very similar to that found in monatomic lattices.
However, for planes, such as {100}, where alternate planes
consist solely of one type of atom, the dechanneling be-
haviour contains additional and more complex features.
These arise from the fact that the potential across the
planes is not symmetric, i.e. one type of atomic plane has
a stronger steering effect than the other. As a result an
ion may be channeled within two planes of the heavier atom
but still be able to approach, or even pass through, the
plane of the lighter atom and suffer collisions that will
cause dechanneling. The results from our simulations are
in very good agreement with the experimental data(1) for
InP and show good order of magnitude agreement with experi-
mental data(2J for UO2.

(b) Trajectory-deoendent electron multiple scattering

Multiple scattering by electrons contributes to the
dechanneling process. Consequently, since the electron
density is not uniform across a plane this contribution
will be trajectory-dependent. This dependence is most
noticeable for those ions that are initially well channeled
and are dechanneled only slowly. Such ions have trajectories
that are close to the centre of the channel. Any realistic
distribution of electrons would have a lower than average
density at the centre of the channel and hence the result of
introducing such a distribution into our simulation is that
these ions are dechanneled even more slowly and produce a
penetrating tail in the dechanneling versus depth curves.
On the other hand ions that are not initially well channeled
and therefore dechannel rapidly are not sensitive to details
of the electron distribution. This is partly because they
tend to sample all of the channel and partly to the fact that
their dechanneling is dominated by nuclear scattering rather
than electron scattering. The results obtained by introducing
trajectory-dependent electron multiple scattering into our
simulations are supported, at least qualitatively, by the
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experimental results of

(1) D.V. Morgan and J. B^ttiger, unpublished data on de-
channeling in InP.

(2) L. Eriksson and J.A. Davies, Arkiv Fysik 29_, 439 (1969).

(3) J.L. Whitton, Can. J. Phys. 52^ 12 (1974).

1.7.2 Least Squares Curve Fitting
- J.P.S. Pringle

Now that the least squares program has been successfully
upgraded as described in PR-CMa-33, section 1.7.2, attention
is being directed to the problem of computing standard errors
in the parameters obtained. The difficulties in this can best
be illustrated with reference to the simplest of all least
squares systems; the mean and weighted mean.

ir
Suppose that a series r = 1,2,. . .R of measurements X4

are made with the method i of a quantity whose true but un-1

known value is n, and suppose further that the true but un-
known standard error of the measurements X^ about TI is a. .
It can then readily be shown that the least squares best
estimate a for n is the arithmetic mean

that the true standard error a in a about n is
a

o = a.//R (2)
d a.

and that the least squares best estimate, sa, for this error
is

R
sa = /(r=l (Xir-a)

2/(R-D)/»/R (3)

Both a and s can be evaluated, since the right-hand sides
of (1) and (3) are composed entirely of experimental data;
the error a cannot be, since a. is unknown,a x

Now suppose that a series i = 1,2,. . J of measurements
X^ are made with N different methods i of the true but un-
known value n and that each measurement is associated with a
different true standard error a-, It can readily be shown
that the least squares best estimate b for n is now the
weighted mean
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N N
b = iIl(Xi/CJi } 7 i£

that the true standard error in b about n is

ab = / ( 1 / ill(1/oi2)) (5)

and that the least scmares best estimate, s, , for this error
is °"

Sb =
N

Neither b, o nor s, can be evaluated, th-; problem being that
the right hand sides of (4), (5) and (6) are all functions of
the unknown quantity a.. The same problem recurs in cal-
culating the error for1any parameter determined in a least
squares fit.

Standard practice at the present time is to replace the
several a. in (4), (5) and (6) by estimates; preferably their
least squares best estimates, s., given by

P

s± = /( r|1(Sir-a)
2/(R-D) (7)

Adding a suffix s to indicate the quantities thus obtained,
it is apparent that there are two estimates, a. and s, ,
available for the standard error of b about n. These esti-
mates, known as the intrinsic and extrinsic errors respectively,
are related by

where the right-hand side can depart substantially from unity.
The two estimates can thus be very different, but there are
no firm recommendations in the literature on which to use;
the extrinsic error, s^g, seems however to be preferred. It
can be shown that o, xs biassed low, and that the right side
of (8) is biassed aBove unity, but the magnitudes of these
biasses cannot apparently be calculated.

To determine these biasses, therefore, a Monte Carlo
method has been applied via a computer program. 'Experimental1
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measurements, X. , are drawn at random from a specified fre-
quency function^such as a normal distribution having speci-
fied mean n and specified standard deviation CJ. , and are then
processed to obtain the quantities defined in equations (1) -
(8) . By taking enough samples, reasonably accurate estimates
of the biasses can be obtained, and these confirm that s, is
indeed less biassed than o . Other approximations for tne
standard error in b have oien tested, and give even less bias;
it is hoped that on! such system will prove of general appli-
cation for computing the errors in least squares parameters.

1.8 PUBLICATIONS, LECTURES AND REPORTS

1.8.1 Publications

The Trapping Configuration of Al Interstitial Atoms at Zn
Impurity Atoms in Al-0.1 at.% Zn Crystals.
- M.L. Swanson, L.M. Howe and A.F. Quenneville, phys. stat.

sol. (a) 31̂ , No. 2 (1975) .

The Niobium-Hydrogen System: A Study of the a ->- a + 6
Phase Change by Channeling of 1 MeV He Ions.
- J.L. Whitton, J.B. Mitchell, T. Schober and H. Wenzl,

Scripta Met. 9_, 851 (1975) .

K-Shell Ionization Cross Sections for Protons on Kr: 0.5 -
2.0 MeV.
- W.N. Lennard and I.V. Mitchell, Physical Review A (in press)

Nitrogen Implantation in SiC: Lattice Disorder and Foreign-
Atom Location Studies.
- A.B. Campbell, J. Shewchun, D.A. Thompson, J.A. Davies and

J.B. Mitchell, Proceedings of the Ion Implantation in Semi-
conductors and Other Materials Conference, Osaka, Japan,
August, 1974.

The Use of Molecular Ions for Implantation Studies in Si and
Ge.
- J.B. Mitchell, J.A. Davies, L.M. Howe, R.S. Walker,
K.B. Winterbon, G. Foti and J.A. Moore, Proceedings of the
Ion Implantation in Semiconductors and Other Materials
Conference, Osaka, Japan, August, 1974.

1.8.2 Lectures

Channeling Investigations of the Interaction Between Solute
Atoms and Irradiation-Produced Defects in Metals.
- L.M. Howe and M.L. Swanson, Int. Conf. on Applications of

Ion Beams to Materials, Warwick, England, September 8-12,
1975.
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The Combined Effects of Lattice Vibrations and Irradiation-
Produced Defects on Dechanneling.
- L.M. Howe, M.L. Swanson and A.F. Quenneville, 6th Int. Conf.

on Atomic Collisions in Solids, Amsterdam, September 22-26,
1975.

Analysis of Microgram Quantities of Aluminum in Germanium.
- I.V. Mitchell and W.N. Lennard, Int. Conf. on Ion Beam

Surface Layer Analysis, Karlsruhe, Germany, September 15-19,
1975.

Channeling Dips for Outer Shell X-Ray Yields.
- J.U. Andersen and J.A. Davies, Int. Conf. on Atomic

Collisions in Solids, Amsterdam, September 22-26, 1975.

Surface Relaxation Effects in (111) Platinum Measured by
Backscattering and Channeling.
- J.A. Davies, D.P. Jackson, J.B. Mitchell, P.R. Norton and

R.L. Tapping, Int. Conf. on Atomic Collisions in Solids,
Amsterdam, September 22-26, 1975.

Planar Dechanneling in Diamond Type Lattices.
- D.V. Morgan and D.P. Jackson, 6th Int. Conf. on Atomic

Collisions in Solids, Amsterdam, September 22-26, 1975.

Characteristic K X-Ray Production in Heavy Ion-Atom Collisions
in Solids.
- W.N. Lennard and I.V. Mitchell, 6th Int. Conf. on Atomic

Collisions in Sol:ds, Amsterdam, September 22-26, 1975.
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, H. Herrington, P. Faught

(1) Analytical Methods

a) In preparing new analytical (calibration) curves
it will be necessary to revert to excitation in a
nitrogen-free atmosphere to utilize the complete
spectrum obtainable by the new grating. Tests with
argon, argon/oxygen and oxygen are being made to
ascertain the most suitable environment consistent
with sensitivity and cyanogen band removal.

b) Emulsion calibration and curve plotting by the
automated procedure is currently being done. Further
work is still necessary to automate the preparation of
satisfactory calibration curves.

c) Some further work has been done on the separation
of impurity elements from uranium for analysis of the
impurities by the dried residue method. Two methods
were examined briefly,

i) Cation exchange for retention of impurities using
Dowex 50, and 90% tetrahydrofuran-10% nitric acid
as solvent for uranium,

ii) Liquid/liquid extraction with 1:1 TBP/CCli, from
4 M nitric acid solution.

Preliminary results for method (i) were unsatisfactory,
Some of the impurities did not remain on the column
during washing, and uranium could not be completely re-
moved from the column even after a considerable number
of column volume washes. Results for the solvent
extraction are more promising. Recoveries for several
elements checked (Fe, Cr, Mn, Ni, Cu, Co) were satis-
factory. Work is to be continued on this method.

(2) Equipment

Systematic checks of the direct reader electronics
indicate considerable random leaks in signal output.
Work is proceeding to track down the cause of signal
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leakage. The power supply of the readout has been
returned to the manufacturer for complete overhaul.

2.2.2 Analytical Support for Heavy Water Process Programs

This work is described in internal CRNL reports.

2.2.3 Gas Analysis

- J. Munch

(1) Mass Spectrometry

The CEC Model 620A mass spectrometer has been
inoperable for most of this quarter due to gross con-
tamination introduced when shut-off switches on the
main diffusion pump heater failed to operate properly
when the cooling water flow failed. This necessitated
extensive cleanup of the instrument and the installation
of a new cycloid tube. The mass spectrometer is now
reactivated, but a thorough checking of blank and
standard values for the analysis of hydrogen in metals
is being carried out before service analyses are resumed.

2.2.4 Electroanalysis

- J. Gulens

(1) Metals by Voltammetry

The samples for the round robin testing of metals
in water by voltammetry have been received and are being
analyzed. An intra-laboratory comparison of these
samples using atomic absorption spectrometry is also
underway.

2.2.5 Miscellaneous Analyses

(1) Analysis for Boron in Zircaloy-2

- E.D. Bellavance

Spectrophotometric analysis using curcumin (1) was
chosen to determine boron ranging from 40 to 4000 ppm in
Zircaloy-2. Difficulties in obtaining reproducible re-
sults were traced to the significant effect of zirconium
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on the absorbance at the wavelength used to measure
the boron curcumin complex. Duplicate samples of differ-
ing weights gave considerably different results. No
mention of this was made in the method as reported.
The problem was overcome by using the method of standard
additions.

(1) A.A. Nemodruk and Z.K. Karalova, The Analytical
Chemistry of Boron (Sivan Press, Jerusalem), p. 163

(2) Automated Analysis for Phosphate

- D. Ouellette

Because of the increasing number of requests for
phosphate analysis it was decided to set up an auto-
mated procedure for this analysis. A simple version of
the molybdenum blue method (reaction with ammonium
molybdate) which eliminated the heating and dialyzing,
was set up on the Technicon analyzer to determine
orthophosphate. Calibration curves have been obtained
for concentrations of phosphate ranging from 0 to 100
ppm.



2.2.6 Analysis Requests

Received
from

Heavy Water
Program

System
Materials

Fuel
Engineering

Type of Sample

Miscellaneous

Solutions from boiler tube program
Solids from boiler loop

Solutions from NPD magnetic filter
Solids from NPD magnetic filter
Aqueous solutions
Fuel decrudding solutions

X-3 cold ciuds
Palladium amino nitrate solution

NPD heavy water
Boron/lithium solutions
Deposit from Zircaloy tube

Zr-4 sheathing
Fission gas
Zr-4 tubing
Deposit on fuel bundle

No. of
Samples

593

Type of Analysis Done

Mass spectrometry, gas
chromatography, total
organic carbon, U.V.
absorption, 0 2, S,
silicones, Fe, Al, Ca,
Cr, Ni, K, Li, Pt,
total dissolved solids,
PC,, loss on ignition,
molecular-sieve chromato-
graphy, TGA

22r-i

14
10
41
23

5
2

2
13
1

9
4
18
1

Li, POi,~
POn, Li, Ni, Cr, Fe,
emission spectrography
Fe, Cu, Ni, Co, Cr, Mn
Fe,_Cu, Ni, Co, Cr, Mn
PCK"
Fe, Ni, Cu, Co, Cr, Al,
Zr
Fe, Ni, Cu, Co, Cr
NO3-, Cu, Zn, Fe, Pd,
emission spectrography
Cl", F~
B, Li
Emission spectrography

P, Si
Mass spectrometry
C, O2
Emission spectrography

1

Ul
vD
1



Received
from

Fuel
Materials

Metallurgical
Engineering

General
Chemistry

Materials
Science

Physical
Chemistry

Solid
State
Science

Reactor
Control

Accelerator
Physics

Reactor
Loops

Chemical
Operations

Type of Sample

U02 pellets

U solutions

Lubricant
Zr-B alloy
Zr-Nb alloy
Argon

Standard solutions
Water
Vacuum distilled H2SO1,

Zr alloy
Phosphoric acid

Butene
Helium
Solids from NH3 cylinder

Al-Ag-Mg alloy

Water and crud from cooling jacket

Deposit on insulator
Acid leach of above deposit

Die lubricant

Solution from decontamination of U-l
steam generator
Material from well of NPD dump tank

No. of
Samples Type of Analysis Done

B 0/U, Fe, Ni, F~,
emission spectrography

11 Free acid (HNO3), U

1 F"
4 B

29 O 2, Nb
1 Mass spectrometry

5 Fe, Cu, Ni, Cr, Co
3 Total organic carbon
1 Emission spectrography

12 Sn, Fe
2 Zr

2 Mass spectrometry
3 Mass spectrometry
1 Emission spectrography

Mg

Emission spectrography

1 Emission spectrography
1 Emission spectrography

2 Cl~

3 Fe, Ni, Co, Cr
1 Ca, Mg, emission

spectrography

o
I



Received
from

Civil &
Mechanical
Design

Mechanical
Equipment
Development

Stores

Radiation &
Industrial
Safety

Department
of Agri-
culture

Type of Sample

Electroless Ni plating

Gaskets

Metal bar

Swipes
Vacuum pump oil

Soil leachings

No. of
Samples

10

23
1

12

Total number of samples = 902

Type of Analysis Done

Ni

Zn

Identification (X-ray)

Be
Hg

Total organic carbon

Type of Analysis

Emission spectrography

Atomic absorption

Mass spectrometry

Gas chromatogrpahy

Other

No. of Samples No. of Analyses

59

297

43

228

299

453

719

473

1195

459

3299
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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 RADIOACTIVITY MEASUREMENTS

2.4.1 Separation of Heavy Water by Parametric Pumping

- W.J. Edwards (with assistance from W.N. Selander,
Math & Computation Branch)T

A theoretical study of the application of the para-
metric pumping process (PPP) to the separation of heavy
water by means of the ice/water isotopic exchange
equilibrium has been undertaken. This process, which
is reviewed in detail by Sweed (1), has the character-
istic of producing very large overall separation factors
using reactions having small interphase equilibrium
constants.

It is clear that, when selecting a process to
produce heavy water, the volume and hence capital cost
of a plant can be greatly minimized if the isotopic
equilibrium can take place between condensed phases.
The ice/water exchange equilibrium represents such a
process and is highly desirable from a number of view-
points. It can be arranged to have moderate energy
requirements; it is environmentally attractive; and it
uses water, the most convenient deuterium source, for
input. It is, unfortunately, characterized by a very
small value of the isotopic equilibrium constant
(Keq =1.02 (2)).

In order to test whether the high efficiency of the
PPP could overcome the economic disadvantage of a small
Keq, a conceptual model of an ice/water process employing
pressure melting and freezing was devised. This physical
model was then investigated mathematically in an attempt
to estimate ulant size for comparison witn the current
H2S process.

The PPP has proven quite difficult to nodel mathema-
tically for the particular exchange model chosen.

^Memorandum W.N. Selander to W.J. Edwards, September 8,
1975 entitled Freezing of Isotopic Mixtures
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Enough work has been done however to permit the following
general comments on the suitability of the process.

i) The very small value of Keq limits the reduction in
plant size (relative to the H2S process) that can be
achieved, but in itself does not rule out the pro-
cess as an economic competitor for the H2S process.

ii) A serious limitation of the PPP appears to be the
hydraulic constraints under which the process works
(to avoid convective mixing). These constraints
limit the plant volume reduction that might be
achieved regardless of the value of Keq. Approximate
estimates put the minimum plant volume at slightly
less than the H2S process, although not sufficiently
so as to appear extremely promising.

(1) N.H. Sweed in 'Progress in Separation and Purification',
Wiley Interscience, N.Y., Eds. E.S. Perrv and
C.J. Van Oss, p. 171 (1971)

(2) J.C. Posey and H.A. Smith, J.A.C.S. J9_, 555 (1957)

2.4.2 Activated Corrosion Product Deposition - Laboratory

Studies

- R.C. Hawkings, L.P.V. Corriveau, D.M. Tennant

(a) Kinetics of the Fluoride Specific Ion Electrode
Investigation of the kinetics of the fluoride

electrode was continued. The empirical equation mentioned
in PR-CMa-33 has not yet been related to a satisfactory
physical model. A model based on diffusion alone does
not satisfy requirements.

In the course of these investigations we have ob-
served that removal of the electrode from solution
results in a perturbation of the response at the next
immersion. The effects of this perturbation have been
observed as long as twenty minutes after re-immersion.
The extent of the perturbation increases with the length
of time the electrode is out of solution. Such an
effect is consistent with a model which postulates a
layer of La-complex on the surface of the LaF3 crystal.
Drying of this 'gel' layer would be expected to increase
the concentration of fluoride at the surface of the
crystal, as is observed.
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(b) Application of the Empirical Equation to the Measure-
ment of Subnanogram per Gram Changes in Fluoride
Concentration

We have applied our empirical equation to the deri-
vation of equilibrium values from the time-EMF data.
For subnanogram per gram changes at the nanogram per gram
level we use the time range between 10 and 60 minutes.
The range 10-30 minutes can also be used but with some
loss in accuracy. The first ten minutes is not used to
avoid the 'drying1 perturbation discussed in section (a)
above.

Table 2.4.2.1 gives the results of measurements on
a series of spiked blanks run consecutively from the
lowest to the highest fluoride concentration. With the
exception of the smallest spike, which represented a
1.5% increase in the fluoride content of the blank, the
agreement is excellent.

Table 2.4.2.2 gives results of measurements on a
second series of spiked blanks with alternation between
high and low fluoride content.

At the 1 nanogram/gram level our electrodes reached
about 80% of equilibrium after 60 minutes.
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TABLE 2.4.2.1

Recovery of Fluoride Added to Blank Solution
Progressive Increase

(Blank = 0.997 ng F~/g of Solution)

Run
No.

1
2
3
4
5
6
7

Fluoride Added
(ng F~/g of soln.)

0
0.014
0.057
0.246
0.492
1.54
2.98

Fluoride Found - Blank
(ng F /g of soln.)

-0.003
0.042
0.053
0.245
0.436
1.61
2.96

Percent of Known
Addition (%)

294
93

100
89

104
99

*
From linear regression on above data

TABLE 2.4.2.2

Recovery of Fluoride Added to Blank When Fluoride
Concentration Alternates Between High and Low Levels

_ x
(Blank = 1.001 ng F /g of Solution) '•

Run Fluoride Added Fluoride Found - Blank Percent of Known
No. (ng F~/g of soln.) (ng F~/g of soln.) Addition (%)

1
2
3
4
5
6

0
0.286
0.0141
0.140
0.0379
0.0854

-0.068
0.281
0.0118
0.150
0.0349
0.0854

98
84

107
92

100

-L
TFrora linear regression on above data - excluding blank. Blanks
in Tables 2.4.2.1 and 2.4.2.2 taken from same master solutions
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2.4.3 Counting Room

A total of 200 samples was received. These were
analyzed as follows:

decay curves beta 5

gross beta 160

165

Nal(Tl) gamma spectra 12

Ge(Li) gamma spectra 6_0_

72



DISTRIBUTION OF BETA ANALYSES

Loop

Decay

Gross

X-1

4

30

X-2

-

-

X-3

-

36

X-4

2

X-5

1

32

X-6

-

4

U-1

-

20

U-2

-

20

U-5

-

16

DISTRIBUTION OF GAMMA ANALYSES

Loop X-1

4

X-2

6

X-5

4

U-1

4

Other NPD

16

Special
Analysis

6

U-2

2

NRU

20

General

2

WNRE

8
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2.5 DEUTERIUM ANALYSIS

2.5.1 Deuterium Analyses

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

The following is a summary of analyses performed
over the period June 10 •*• September 8, 1975

No. of Samples Branch Program

Physical Chemistry H2-H2O Exchange

General Chemistry H2-H2O Exchange

General Chemistry M.S. Testing

Chemical Engineering Packing Tests

{Infrared Monitor Working Party)

Environmental Research Natural Water
Analyses

General Chemistry Miscellaneous

28,889

2.5.2 D/H Mass Spectrometer Production

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

This work is described in an internal CRNL report.

24,

2,

1,

835

438

200

50

124

229

13
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2.6 ELECTROCHEMISTRY

2.6.1 Purification of H2SO.,

- M. Hammerli, W.J. Olmstead

Several electrochemical experiments of fundamental
interest are planned on Pt single crystal electrodes in
collaboration with P.R. Norton and J.A. Davies who will
characterize the surface and monitor surface changes
using ESCA and the channelling techniques, respectively.
The electrolyte chosen for these experiments is H2SOi,
to facilitate comparison of results with published work
on Pt. A vacuum distillation unit was constructed and
techniques established for purifying the stock H2SO1,.
Emission spectrographic analysis of the purified H2SOi,
revealed no element was present in concentrations
>20 ppb, the detection limit for this analysis.

2.6.2 Electrochemical H/D Separation

- M. Hammerli, W.J. Olmstead

This work is described in an internal CRNL report.

2.7 MASS SPECTROMETRY AND FUEL ANALYSIS

2.7.1 Spark Source Mass Spectrometry

- I.H. Crocker, C.H. Knight

(1) Analyses of Samples of Zr-2.5% Nb Pressure Tubes
(with S.A. Aldridge, Metallurgical Engineering Branch)

The trace elemental composition of samples from tubes
produced at different times for heavy water power reactors
has been determined by spark source mass spectrometry.
Sample #423 was taken from an experimental Zr-2.5% Nb
tube that was produced when this type of tube was first
being considered for use in Canadian reactors. Sample
#629B is an archive sample from a tube which was used in
Pickering IV and cracked in operation. The last sample,
#829, was from a tube which is slated to be used at the
Bruce Generating Station.
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The SSMS results for these samples may be compared
crudely with the concentrations quoted by the supplier
for ingot material believed to be similar to sample
#629B. However, since the analytical technique used by
the supplier is not known, no direct comparison is
possible.

The results are reported in Table 2.7.1.1 as ppm by
weight, unless otherwise indicated, and are probably
accurate to within a factor of three. The SSMS results
are not corrected for relative sensitivity between
elements since no suitable standard material is available,
and relative concentrations between samples are most
significant in this study, in any case.

Several lower mass number elements such as Al, Mg
and Si, which are not reported, may be present in the
samples but obscured by interference peaks.

(2) Analyses of Samples of Zr-Al Alloy (with E.M. Schulson,
Materials Science Branch!

The fracture mechanism of Zr-8.5% Al alloys is being
investigated. It is of some interest to know the con-
centrations of impurities at the fracture surfaces. To
this end the assistance of C.A. Evans at the University
of Illinois has been enlisted to perform Auger analyses
on specimens of the alloy.

The SSMS was used to provide matrix analyses of
these same specimens. SSMS results are reported in
Table 2.7.1.2.

(3) Analyses of Pelletron Accelerator Source Deposits
(with i.v. Mitchell, Solid State Science Branch)

Deposits observed in the source of the pelletron
accelerator in Bldg. 320 were suspected to be the cause
of interference problems. SSMS analysis of the deposits
showed that the deposits were composed primarily of the
elements iron, manganese and chromium, with smaller
concentrations of bismuth, gallium, copper, bromine,
chlorine, zinc, sulfur, phosphorus, calcium, and lead.

(4) Analyses of Iron Electrodes and the Potassium Hydroxide
Electrolyte Used in Electrolytic H/D Separation Experi-
ments (with M. Hammerii, General Chemistry Branch)

SSMS was used to verify the absence of Pt (50 ppb
detection limit) on the iron cathodes and in the
electrolyte solution after three comparative experiments
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TABLE 2.7.1.1

Trace Elements in Samples of Zr-2.5% Nb
Pressure Tubes

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Element

Uranium
Lead
Gold
Rhenium
Tungsten
Tantalum
Hafnium
Antimony
Tin
Cadmium
Niobium
Molybdenum
Zirconium
Copper
Nickel
Cobalt
Iron
Manganese
Chromium
Vanadium
Titanium
Calcium
Potassium
Chlorine
Sulphur
Silicon
Aluminum
Magnesium
Sodium
Nitrogen
Oxygen
Carbon
Boron
Hydrogen

Spark

#423

N.D.
2
7
2
6
I.

70
1

14
N.D.
1.9%

N.D.
97.5%
70
30
1
0.15%
7

230
<1
I.
6
8

10
<1
I.
I.
I.
I.
I.
I.

26
N.D.
N.D.

Source Mass Spectro-
metric Analyses

#829

N.D.
11
9
3

22
I.

108
7

44
N.D.
1.7%

N.D.
97.5%
33
30
3
0.17%

23
150
1
I.
3

10
25
<1
I.
I.
I.
I.
I.
I.

52
N.D.
N.D.

#629B

N.D.
6
11
6

20
I.

100
9

20
N.D.
1.4%

N.D.
97.5%
33
26
2
0.12%
6

87
1
I.
4
6
8

<2
I.
I.
I.
I.
I.
I.

85
N.D.
N.D.

Analysis
Supplied by
Manufacturer

#629B

1.7
<5
N.R.
N.R.

<25
<200

87
N.R.

<10
<0.3
2.8%

<10
97.5%

<25
11
<5
0.03%

<10
68
<5
<50
N.R.
N.R.
N.R.
N.R.

<40
49

<10
<10
48

1150
170

0.5
12

- all results in parts per million by weight unless otherwise
indicated

I. - Interference
N.D. - Not Detected
N.R. - Not Reported
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TABLE 2.7.1.2

Zr-Al Alloy Trace Elemental Composition by SSMS

Element

Lead

Hafnium

Antimony

Tin

Gallium

Copper

Nickel

Cobalt

Iron

Manganese

Chromium

Calcium

Potassium

Chlorine

Oxygen

Carbon

Sample "A"

N.D.

45

N.D.

N.D.

N.D.

17

N.D.

N.D.

103

N.D.

12

1

3

12

<124

<110

Sample "B"

14

43

4.7

20

5.5

47

17

1.9

780

39

113

47

4.7

8

<1000

<117

- all results are shown in ppm atomic

-N.D. = not detected

- results have been calculated relative to zirconium
as 75%
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to determine H/D separation factors, and thus help to
elucidate the reactions occurring. Twelve to fifteen
other elements were detected and determined in the
cathode samples.

2.7.2 Uranium Fuel Burnup Measurements

- I.H. Crocker, J.A. Schruder, S.R. Bokwa, S.V. Jobin

Isotopic analyses of 23 samples of startina material
and irradiated pellets were completed for Fuel Engineering,
Metallurgical Engineering, and Fuel Materials Branches.
Eleven irradiated pellets were dissolved and the uranium
content purified for mass spectrometric analysis in the
same period.

2.7.3 Plutonium Fuel Burnup Measurements

- I.H. Crocker, S.R. Bokwa

One of the problems associated with the separation
of plutonium, uranium and neodymium for burnup measurement
is radiation exposure to the analyst's hands (see PR-CMa-33).
A preliminary separation scheme to be carried out in a hot
cell facility to reduce this exposure is being developed.
A three column anion exchange procedure yields separate
plutonium, uranium and rare earth fractions free from the
bulk of the fission products and cerium.

An aliquot of fuel solution is made ^8 M. in nitric
acid and the plutonium is adjusted to the Pu IV valence
state. The resulting solution is adsorbed on a Dowex 1x4
anion exchange column in the nitrate form. The column
is eluted with 8 M nitric acid. Rare earths and the
fission products are collected in the first few mis of
effluent. Uranium, which elutes later, is collected
separately. Pu IV, which is strongly retained by the resin,
is eluted with a 0.36 M hydrochloric - 0.01 M hydrofluoric
acid mixture (1). Passage of the rare earth/fission product
fraction through a column of Dowex 1x4 anion exchange resin
containing 50 mg of PbO2 per ml of resin removes fission
product cerium (2). The effluent from this column is
evaporated to dryness, taken up in 1.56 M nitric acid -
80% methanol, and loaded onto a small column of AGMP-1
anion exchange resin in the "it^»^e form. Fission products
are washed from the column with 1.56 M nitric acid -
80% methanol solution. The rare earths are then eluted
with 0.094 M nitric acid - 80% methanol solution.
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Neodymium then can be separated from the other rare
earths in a fuinehood using the method outlined in
PR-CMa-32 with little or no shielding required.

Preliminary runs on synthetic fuel solutions show
promise and separations on actual fuel solutions are
planned.

(1) Kressin, I.K., Waterbury, G.R., The Quantitative
Separation of Plutonium from Various Ions by Anion
Exchange, Anal. Chem. 34_, 1598 (1962)

(2) Roberta, F.P., Separation of Cerium by Anion
Exchange, HW-SA-3082, May 1963

2.7.4 Thermionic Source Mass Spectrometry

- I.H. Crocker, J.A. Schruder, S.R. Bokwa, S.V. Jobin

(1) Reactor Poison Analysis for Bruce Generating
Station

Two more samples of sodium tetraborate were analyzed
for their relative isotopic abundances to satisfy AECB
requirements for the "guaranteed shutdown state" of the
Bruce reactors. This work was performed for Ontario Hydro
accordinq to the procedure described in PR-CMa-33,
2.7.4(1).

(2) Operation of the Thermionic Source Mass Spectrometers

The Nuclide 15-90-SU2.2 and the CEC 21-703 both
operated satisfactorily for the entire period, the only
shutdown being caused by a planned power outage for
Bldg. 107.

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 REPORTS

All reports issued are in internal CRNL series.
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3.2 RADIATION CHEMISTRY

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

(a) Isotope and Dose Rate Effects on the Hydrogen
Yield in Hydrogen Sulfide Radiolysis

The G values for H2 and D2 from K2S and D2S have
been obtained at various dose rates using the Febetrons
705 and 706. The results are shown in Table 3.2.1.1.

TABLE 3.2.1.1

Dose Rate Dependence of the G Values for H2 and D2 From
Febetron Irradiations of H2S and D2S

Dose Rate
eV g"1 s"1

1 x 10 2 6

2 x 10 2 7

2 x 10 2 8

G(D2)

10.79

10.85

11.54

G(H2)

11-14

11.79

13.00

% Change

+ 3.2

+ 8.7

+12.7

The values for H2 yields from H2S are in agree-
ment with those previously obtained(1). The difference
between D2 and H2 yields decreases with decreasing
dose rate and can be expected to disappear at Gamma-
cell dose rates (1016 eV g"1 s" 1).

It has been suggestedd) that the increase in the
H2 yields with dose rate is due to competition between
neutralization and further clustering of the H3S+
(H2S)n ion. It was assumed that an increase in cluster-
ing could change the number of H atoms formed in the
dissociative neutralization from two to one. If, as
seems reasonable, more energy is required to break up
the clustered ions in D 2S, then this mechanism is con-
sistent with the above D2 yields.

Work has continued on the determination of the
separation factor [a = ( H / D ) p r o d u c t s ^ (H/D)reactants]



for mixtures of H2S and D 2S. A preliminary experi-
ment has been carried out on a mixture of 70% D2S,
30% H2S both with and without a 10-fold excess of neon.
The a value goes from 1.72 to 1.04 on the addition of
neon. These results indicate that the a values that
have previously been reported result from the reaction
of non-thermalized H or D atoms.

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

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

3.2.2.1 Alkali Metal Solutions in Mixed Solvents

(a) Liquid Ammonia/Ethylainine

Work summarized in previous progress reports has
been extended to lower temperatures (258K) and mix-
tures containing % 40 mole% NH3. Under these condi-
tions, the M~ species, as observed in amines, does not
appear to be formed on the time scale of our experi-
ments (<: 2 ms) . However, a further check on the
absorption maximum of M~ as a function of solvent
composition is required before this can be considered
definitive.

(b) Tetrahvdrofuran/Ethvlamine (in cooperation with
Dr. R. Catterall, University of Salford, England)

It is well establishedd) that electron spin
resonance (e.s.r.) spectra of certain alkali metal
solutions in amines and ethers consist of a singlet
and a set of hyperfine lines assigned to solvated
electrons, eg, and a "monomer" or solvated atom species,
Ms, respectively. In tetrahydrofuran/ethylamine mix-
tures we now have evidence that the e.s.r. hyperfine
structure and the transient optical bands previously
assigned to M+, e^ (PR-CMa-33) both arise from the
same species. In such solutions the percent atomic
character, as determined from the hyperfine splitting
constant, decreases from tetrahydrofuran to ethylamine
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and parallels the shift in the optical band maxima.
This correlation implies that (M+, e£) has a signi-
ficant atomic character the extent of which is very
dependent on solvent. Further studies on this aspect
are in progress.

(1) R. Catterall, M.C.R. Symons and J.W. Tipping,
Metal Ammonia Solutions, Int. Union Pure and
Appl. Chem., Collogue Weyl II, J.J. Lagowski
and M.J. Sienko (Eds.), Butterworth and Co.,
London, 1970, p. 317 and p. 329.

3.2.2.2 Ethylamine

Depending on the nature of the dissolved salt, a
marked difference in behaviour has been observed for
solutions having a common cation. In ethylamine solu-
tions containing CH3CH2NHNa, which are basic, a slow
build-up in absorption followed by a second order
decay to Na~ is observed after the pulse. The build-
up has been attributed to the formation of the ion-
pair (Na , eg) (1). . In solutions containing salts such
as sodium tetraphenyl boron (NafiQut) or NaAlHi,, which
are non-basic, no build-up is observed and little or
no Na~ is formed. However, in the latter solution,
the absorption observed immediately after the pulse
corresponds to that attributed to (Na+, es) in basic
solution.

It is also found that the Ge values observed for
(Na+, eg) are in CH3CH2NHNa solutions approximately
2 . 5 - 3 times greater than those in the absence of
base. This effect of solvent base is not understood
and alternative basic solutes such as CH3CH2ONa are
currently under investigation.

(1) J.W. Fletcher, W.A. Seddon and F.C. Sopchyshyn,
Can. J. Chem., 51, 2975 (1973).

3.2.3 Photochemical Isotope Separation
- R.D. McAlpine, D.K. Evans, F.K. McClusky and
P.J. Mason
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3.2.3.1 Laser Photolysis

It has been necessary to shield electronic
components in the experimental area near the HF/DF
laser because of the high noise produced at discharge.
Laser spectra have been obtained for both HF and DF
emission and these have been correlated with known
spectra. We are now monitoring absorption by pressure
pulses as the ratiometer has been returned for repair.
Several species have been seen to absorb HF lines and
one has been found to absorb some DF lines. The absorp-
tion spectra are currently being further investigated.

A preliminary result on a photochemical reaction
of methanol and bromine with visible light showed an
increase in reaction rate when pulses of laser light
transmitted by a germanium filter were added. It is
not known whether there is a true rate enhancement or
whether this is a temperature effect from the relaxa-
tion of absorbed IR energy into heating of the reagents.

3.2.3.2 Photochemical Studies of Methanol-Bromine Mixtures

We have continued the photochemical studies on
methanol-bromine mixtures that were discussed in
earlier progress reports. The aim of this work has
been to better understand the results of Mayer et al (•'-'.
These workers observed that a high-power HF laser,
tuned to a line that is absorbed only by CH3OH in a
mixture of CH3OH and CD3OH (and also presumably the
exchange species) can be used to selectively react
CH3OH with bromine. They interpret this result as the
reaction between a vibrationally stimulated me^hanol
and a bromine molecule. Under the conditions ..f their
reaction, it is possible that Br atoms could be formed.
It is known that bromine atoms will chain react with
methanol(2). However the kinetic isotope effect for
this reaction has not been determined. Since the work
in Ref. 1 shows a reaction rate for the protio species
faster than the deuterio species, it is important to
determine the kinetic isotope effect for Br atoms
reacting in such mixtures.

We have carried out a preliminary experiment at
353K on a (1:1) mixture of CH3OH and CD3OD (initial
pressure ^ 5 kPa) and bromine (initial pressure ^ 8 kPa)
using a weak visible light source to generate Br atoms.
This reaction has been studied by Buckley and
Whittle(2) and has the rate law
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" d PCH 3OH _
dt "

Our preliminary results have shown that the protio
species react considerably faster than the deuterio
species. So much so, that after 3000 seconds, the
CH absorbence had decreased by 60%, the OH by 40%
and the OD by 50%, while the CD absorbance had only
decreased by 10%. These results are qualitatively
similar to those given in the paper by Mayer et al(D-
They may indicate that the kinetic isotope effect for
a Br atom reacting with methanol, and not a vibration-
ally stimulated reaction is responsible for the re-
sults of Mayer et a l ( D . Work on determining this
kinetic isotope effect is continuing.

(1) S.W. Mayer, M.A. Kwok, R.W.F. Gross and
J.D. Spencer, Appl. Phys. Letters 17,
516 (1970).

(2) E. Buckley and E. Whittle, Trans. Faraday
Soc., 58, 529 (1962) .

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between
Hydrogen and Water
- J.P. Butler, J. den Hartog and F.W. Molson
- J.H. Rolston and D.E. Clegg
- K.P. Wagstaff 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 Photoelectron Spectroscopy
- P.R. Norton, R.L. Tapping and J.W. Goodale

3.3.2.1 Single Crystal Nickel Oxidation Studies

The properties of nickel make it an ideal model
system in which to investigate the effect of chemi-
sorption and oxidation on the core and valence levels
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of the substrate. The studies have been extended to
nickel (111) and (100) surfaces. The chemisorption
of oxygen at a coverage of ~ 0.5 monolayers causes
no detectable change in the energy of the core levels
of nickel, at least, with the present sample geometry.
The result confirms our previous study with poly-
crystalline nickel(1).

(1) P.R. Norton and R.L. Tapping, Faraday Discussions
#60.- 1976.

3.3.2.2 Studies with Filtered Helium Resonance Lamp Radiation

The use of polystyrene films as filters for
removing the Hel (21.2 eV) line from a helium resonance
lamp source has been successfully demonstrated. The
adsorption of CO on (111) and (100) nickel surfaces
has been investigated by UV photoelectron spectroscopy
using the filtered Hell line (40.8 eV) . By signal
averaging and spectral subtraction, the energy range
obtainable has been extended to about 35 eV below the
Fermi level (EF). The 3a level in adsorbed CO has
been tentatively detected for the first time and lies
about 30 eV below the Fermi level, as predicted by
recent assignments of the bands observed in the
range 5 - 15 eV below Ep. The position of this level
has been confirmed by X-ray photoelectron spectro-
scopy.

3.3.2.3 Studies on Pickering Pressure Tubes

Samples from Pickering-4 pressure tubing were
examined by X-ray photoelectron spectroscopy and ion-
sputtering techniques. No substantial differences
were observed between samples from the cracked and un-
cracked ends. Impurities such as lead, zinc, nitrogen,
sodium, chlorine and carbon were detected only in the
top ten nanometers of the surfaces in amounts lying
in the range 1 - 1 0 atomic percent. The origin of
these impurities remains uncertain because of the lack
of environmental control of the tubing after removal
from the reactor.

3.3.2.4 Channeling Studies on Surface Relaxation
- P.R. Norton, R.L. Tapping, J.A. Davies and
D.P. Jackson

Initial studies on surface relaxation on platinum
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samples that were not cleaned in_ situ have been
completed and reported(D . Further measurements are
now in progress on in_ situ-cleaned platinum (111)
surfaces using uni-axial double alignment techniques.

(1) J.A. Davies, D.P. Jackson, J.B. Mitchell,
P.R. Norton and R.L. Tapping, Physics
Letters. In press.

3.4 ISOTOPE CHEMISTRY

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

Improvements have been made in the method of dry-
ing and handling methylamine based on techniques sug-
gested for ammoniadr2). These have revealed the
spin coupling between the amino and methyl group
protons in neat methylamine previously observed in
fully thermolysed PMA/AM solutions. This gives a
proton spectrum of methy]amine markedly different
from that observed for concentrated potassium methyl-
amide in methylamine solutions, contrary to earlier
observations.

Figure 3.4.1.1 shows the methyl protons as a
1:2:1 triplet (JHCNH = 7 H Z ) formed from spin coupling
to the amino protons. This spin coupling is masked
in the amino proton portion of the spectrum by the
large coupling of these protons with l ''Nnucleus
(spin 1 = 1 ) , giving a quadrupolar broadened 1:1:1
triplet (JifNH = 44 Hz).

An additional feature of the spectrum is the
pair of small 1:3:3:1 quartets on either side of the
central amino line produced by the protons attached
to 15Nnuclei (spin I = 1/2) in natural abundance,
Ji5 N H = 66 Hz, J Hi5 N C H = 7 Hz.

Exchange of the amino protons can effectively
decouple the 1^N and cause the triplet to broaden
and eventually, at the limit of fast exchange, to
collapse to a narrow singlet. The methyl group
triplet will also form a singlet under these condi-
tions. Methylamide, methylammonium or hydroxide ions
from H20 can initiate this exchange. The trace amounts
of water adsorbed on the surface of glassware flamed
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(AM I NO)

(METHYL)

Figure 3.4.1.1 - Proton NMR Spectrum of Rigorously Dried
Methylamine. Amplitudes of peaks have
been scaled.
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under vacuum is sufficient to cause exchange nar-
rowing of the spectrum. This has been reported for
ammonia(2) and accounts for the simplified NMR
spectrum of methylamine previously observed.

Experiments using dry methylamine to measure the
amine-amide amino proton exchange

CH3NH2 + CH3NHK v=* CH3NHK + CH3NH?

as a function of PMA concentration and temperature
are in progress. Changes in the rate of this exchange
should be reflected in the methylamine proton NMR
spectrum with PMA concentrations in the 10"1* - 10~5

molar range.

(1) D.R. Clutter and T.J. Swift, J. Am. Chem. Soc.
9£, 601 (1968).

(2) R.E. Cuthrell and J.J. Lagowski, J. Phys. Chem.
7^, 1298 (1967).

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

3.4.3 GS Process Chemistry
- E.A. Symons, with W.J. Holtslander, D.C. Ouellette

and G.W. Gervais, Chemical Engineering Branch

The results of the research in Sections 3.4.2
' and 3.4.3 are given in internal CRNL reports.

3.4.4 The Hydrolysis of N,N*-Dimethylformamidine (DMFA)
- J.D. Halliday and E.A. Symons

An internal report has been written which sum-
marizes the results to date. Experimental work is
continuing on the program outlined in PR-CMa-33.



- 67 -

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

A Photoelectron Spectroscopic Study of the Inter-
action of Nickel and Oxygen
- P.P.. Norton and R.L. Tapping, Proceedings of the
Faraday Division of the Chemical Society, General
Discussion on Electron Spectroscopy of Solids
and Surfaces, University of British Columbia,
15-18 July, 1975.

Pulse Radiolysis of Alkali Metal Solutions in
Methylamine
- J.W. Fletcher, W.A. Seddon, J.J. Jevcak and
F.C. Sopchyshyn, Can. J. Chem. In press.

Alkali Metal Species in Liquid Amines, Ammonia and
Ethers: Formation by Pulse Radiolysis
- J.W. Fletcher and W.A. Seddon, Proceedings of the
International Conference on Electrons in Fluids
(Colloque Weyl IV), East Lansing, Michigan,
29 June - 3 July, 1975. To be published in a
special issue of J. Phys. Chem.

Dosimetry Methods for Structural Materials: Nuclear
Heating
- A.W. Boyd, Proceedings of 1st ASTM-Euratom
Symposium on Reactor Dosimetry: Developments
and Standardization, Petten, Netherlands,
22-25 September, 1975.

Picosecond Flash Photolysis: 3,3'-Diethyloxadi-
carboxyamine Iodide
- J.C. Mialocq, J. Jaraudias, A.W. Boyd and
J. Sutton, Report of the 27th International
Meeting of the Societe de Chimie-Physiquer Les
Lasers en Chimie Physique et en Biologie, Paris,
17-20 June, 1975.

Fluorescence Lifetimes of 3,3'-Diethyloxadicarboxy-
amine Iodide Excited by Single and Multiple Pico-
second Pulses
- J.C. Mialocq, A.W. Boyd, J. Jaraudias and J. Sutton
Chemical Physics Letters. In press.

The Pulse Radiolysis of n-Propanol at 147 to 300K
- L. Gilles and A.W. Boyd, Can. J. Chem. In press.
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Surface Relaxation Effects in (111) Platinum
Measured by Rutherford Backscattering
- J.A. Davies, D.P. Jackson, J.B. Mitchell,

P.R. Norton and R.L. Tapping, Proceedings of
the Symposium on Atomic Collisions in Solids,
Amsterdam, 22-26 September, 1975.

3.5.2 Lectures

Picosecond Flash Photolysis: 3,3'-Diethyloxadi-
carboxyamine Iodide
- J.C. Mialocq, J. Jaraudias, A.W. Boyd and J. Sutton

27th International Meeting of the Societe' de
Chimie-Physique, Paris, 17 - 20 June, 1975.

Dosimetry Methods for Structural Materials: Nuclear
Heating
- A.W. Boyd, 1st ASTM-Euratom Symposium on Reactor

Dosimetry: Developments and Standardization,
Petten, Netherlands, 22 - 25 September, 1975.

Alkali Metal Species in Liquid Amines, Ammonia
and Ethers: Formation by Pulse Radiolysis
- J.W. Fletcher and W.A. Seddon, International

Conference on Electrons in Fluids (Colloque
Weyl IV), East Lansing, Michigan, 29 June -
3 July, 1975.

A Photoelectron Spectroscopic Study of the Inter-
action of Nickel and Oxygen
- P.R. Norton and R.L. Tapping, Faraday Division

of the Chemical Society, General Discussion on
Electron Spectroscopy of Solids and Surfaces,
University of British Columbia, 15 - 18 July, 1975.

A Photoelectron Spectroscopic Study of the Adsorp-
tion of CO and CO2 on Platinum
- P.R. Norton, P.J. Richards and R.L. Tapping,

169th National Meeting of the American Chemical
Society, Philadelphia, 6 - 1 1 April, 1975.

Surface Relaxation Effects in (111) Platinum
Measured by Rutherford Backscattering
- J.A. Davies, D.P. Jackson, J.B. Mitchell,

P.R. Norton and R.L. Tapping, Atomic Collisions
in Solids, Amsterdam, Netherlands, 22 - 26 Sept.
1975.
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4.2 SURFACE CHEMISTRY

4.2.1 Quasi-Cleavage in Zircaloy-2

- B. Cox

Small transgranular features seen beyond the
termination of stress corrosion cracks (SCC) in double
cantilever beam (DCB) specimens were thought initially
(PR-CMa-20) to be evidence for either microscopic
tunneling ahead of the main crack, or fracture of hydrides
during the final mechanical fracture of the specimen.
Subsequent examination of mechanically fractured DCB
specimens of cold-worked (CW) Zircaloy-2, which had not
been exposed to a corrosive environment, showed that
these transgranular features were present as a random
distribution over the fracture face (Figure 4.2.1.1).

It is believed that these features originate from
a few grains of the alloy which are oriented with respect
to the crack and its stress-field so that they cleave
rather than fail in a ductile manner. They are not
thought to result from fracturing of hydrides (from the
initial hydrogen content of the alloy) since they are
generally smoother than surfaces which are produced by
fracturing pre-hydrided Zircaloy-2 in a SCC test (e.g.
Figure 4.2.1.2). None of these features in mechanically
cracked DCBs have shown "river patterns" or "fluting"
typical of SCC, so that the previous instances where
small areas showing such features were seen beyond the
apparent end of SCC (Figure 4.2.1.3) may still be evidence
for microscopic tunneling of the crack.

4.2.2 Sub-Critical Crack Growth in 300°C Water

- B. Cox and V.C. Ling

After 12 weeks exposure to pH 10 LiOH at 300°C
(573K) there was no evidence of crack propagation in a
cold-worked Zircaloy-2 DCB specimen. A CW Zr-2.5% Nb
specimen is currently being exposed for cycles of 7 days
at 300°C (573K) followed by 7 days at 100 C (373K). No
signs of crack propagation were visible on the surface
after one cycle, but there is a strong possibility that
any crack will "tunnel" in this material (i.e.- propagate
in the bulk of the specimen, leaving an unfractured
surface web of material) and not show clear evidence of
propagation on the specimen surface.

A similar CW Zr-2.5% Nb DCB specimen has been
given short thermal cycles (1 hour) to 30C°C (573K) in^
air, preceded and interspersed with 7 day holds at 100 C
(373K). During the first of these cyles 0.030" (0.8 mm)
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ia.) (b)

Figure 4.2.1.1 Small quasi-cleavage features seen in the
mechanically cracked areas of CW Zircaloy-2
DCB specimens not exposed to corrosive envi-
ronment (x2000).

I

Figure 4.2.1.2 Fracture at hydride-matrix interface (or
through hydride) in specimen prehydrided in
500°C (773K) steam and subsequently cracked
in mercury at roon; temperature (X3,000).
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(x3000)

(a)

(x3000)

(b)

Figure 4.2.1.3 Transgranular features from beyond the apparent end
of stress corrosion cracks which may not be purely
mechanical in origin. Note well-defined "fluting"
typical of SCC. (a) 4 mm beyond end of SCC
(b) 6 mm beyond end of SCC in bromine.
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crack propagation was seen on the surface, but this has
not been repeated during subsequent cycles. We do not
know, therefore, which phase of the thermal cycle caused
this propagation. Again, the high probability that any
crack will "tunnel" makes it impossible to draw any con-
clusions prior to the final fracturing of the specimen.

4.2.3 Corrosion of Zr3Al-Base Alloys

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

(a) §ffect_gf_Phase_Distribution

Previously (PR-CMa-33; 4.2.4), it was established
that the corrosion rate of a-Zr-bearing, Zr3Al-base alloys
was determined by Zr3Al content. The purpose of this
recently completed study was to examine the effect of the
a-Zr distribution within the alloy.

A commercial purity, Zr-8.6 wt% Al alloy was heat-
treated to produce fine and coarse distributions of a-Zr.
Each structure consisted of Zr3Al with = 12% (by volume)
a-Zr(Al). Figure 4.2.3.1 shows the oxidation curves for
exposures in 0.1 MPa steam at 673 K. The phase distribu-
tion is apparently an important variable in the corrosion
of these alloys. In the present case, the oxidation rate
for the fine distribution is approximately a factor of
10 less than that for the coarse. Thus, phase content
and distribution must be considered in explaining the oxi-
dation behaviour of Zr3Al-ba3e alloys.

(b) Effect_of_Pressure

Experiments reported earlier (PR-CMa-33; 4.2.4b)
have been continued to higher exposures. Figure 4.2.3.1.
As noted previously, pressure (10.5 MPa versus 0.1 MPa
steam at 673 K) has little effect on the oxidation kinetics
of Zr3Al up to 110 days.

The present alloy of Zr-8.9 wt% Al, annealed at
1160 K for 24 hours contains ^ 1% a-Zr(Al) by volume and
thus the oxidation kinetics are far less affected by .
a-Zr(Al) content than commercial-purity alloys (PR-CMa-32) .
Nevertheless, zones rich in a-Zr occur throughout the
microstructure and when these intersect the surface^catas-
trophic oxidation and blistering occur. Figure 4.2.3.2
is an example of such blistering and is typical of that
observed in steam at both high-and atmospheric-pressures.
The general thickness of the oxide layer, however, is
uniform and thin, typically = 1.5 ym after 85 days of
exposure.
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Figure 4.2.3.1 Oxidation curves showing the effects of a-Zr(Al)
distribution and steam pressure on the corrosion
behaviour of Zr3Al in steam at 673K.

Figure 4.2.3.2 Optical micrographs of Figure 4.2.3.3 Showing the
of Zr3Al (8.9% Al) exposed to atmos-
pheric pressure steam at 673K for
85 days. Blister formation localized
in the region of a a-Zr(Al) cluster;
the white phase is unidentified.
(x500) .

effect of temperature on the
oxidation behaviour of Zr3Al
exposed to steam at atmospheric
pressure.
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(c) Effect_of _Teingerature

To examine the effect of temperature, high-purity
alloys of Zr-8.9% Al, annealed for 240 h at 1160 K, have
been exposed to steam at atmospheric pressure and tempera-
tures of 673, 723, 748, 773, 823 and 873 K. Zircaloy-2
samples were exposed simultaneously. Figure 4.2.3.3
summarizes the oxidation results for shorter exposures
and Figure 4.2.3.4 comp-res the behaviour of Zr3Al with
Zircaloy-2 at 673 K for longer times. Transitions to
higher oxidation rates occur at progressively decreasing
times with increasing temperature. At 673, 723 and 748 K,
transitions occur around 110, 12 and 8 days, respectively,
after which the oxidation rates appear to increase with
increasing time. At higher temperatures, very high rates
of oxidation occur even from the earliest times and tran-
sitions are not really apparent (except, perhaps, for
773 K at = 1 day). Thus, the oxidation rate of Zr3Al
appears to be very temperature sensitive, increasing
catastrophically at temperatures above ^ 773 K.

Whereas at 723 K and above, Zr3Al oxidizes more
rapidly than Zircaloy-2,at 673 K the opposite is true
for exposures up to 150 days, Figure 4.2.3.4.

Metallographic examination revealed a difference
in the oxide structure with temperature. At 6 73 K, in
addition to the blistering already noted (Section 4.2.3b),
oxidation appears to occur intergranularly (Figure 4.2.3.5a)
This was also evident but more pronounced at 77 3 K
(Figure 4.2.3.5b), At 873 K, however, intergranular
oxidation did not occur. Instead, an "oxygen-rich" zone
(deduced from its dark-pink anodized color) appeared and
the oxide comprised two layers, Figure 4.2.3.5c. Hardness
indents revealed that the outer layer was soften than
the inner, but about the same hardness as the "oxygen-rich"
zone.

X-ray analysis* revealed that the oxide formed at
773 K was mainly tetragonal ZrO2 with a trace of monoclinic
ZrO2. The oxide formed at 873 K was predominantly

*performed by J.E. Winegar, Metallurgical Engineering Branch.
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Figure 4.2.3.4 Oxidation curves for Zr3Al
and Zircaloy-2 exposed to atmospheric pres-
sure steam at 673K.

loxide and
)blisters

Zr3Al matrix
containing <1%
volume of (a-Zr(fli)
+ Zr2Al

Flaky oxide plus
intergranular
oxide and unidenti-
fied "white" phase
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toouble-layer
/oxide

V' Oxygen-rich"
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Figure 4.2.3.5 Metallurgical cross sections of
Zr3AI (8.9% Al) exposed to steam at atmospheric
pressure (x500);
(a) 673K, 123 days; note the grain boundary "fingers"
(b) 773K, 3 days; note the flaky oxide and the

grain boundary"fingers".
(c) 873K, 3 days; note double-layer oxide, "oxygen-

rich" Zr3Al 2one and size of hardness indents
(anodized)
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monoclinic ZrO2 with a trace of tetragonal ZrO2, Not
revealed was the whereabouts of aluminum.

The interpretation of the oxidation behaviour
is thus complex. Tentatively, it appears that grain
boundary oxidation is a precursor to general oxidation
of Zr3Al at low temperatures, while at high (> 773K)
temperatures the oxide advances uniformly. Grain boundary
diffusion of oxygen may therefore be an important
mechanism controlling low-temperature oxidation, volume
diffusion being important at high temperatures. Since
the activation energy for volume diffusion is generally
greater than that for short-circuit, grain boundary
diffusion, the temperature sensitivity of the oxidation
rate should be greater at high temperatures if these
mechanisms are important. Figure 4.2.3.3 shows such -
behaviour, thus lending support to a diffusion-controlled
oxidation mechanism for Zz^Al.

(d) Oxidation_in_Pressurized_Water

Further to PR-CMa-33 (4.2.4d) exposures of high-
purity Zr^Al (Zr-8.9% Al; heat-treated for 240h/at 1160K)
have continued in pressurized water (8.4 MPa) at 573 K.
Figure 4.2.3.6 summarizes the results. After 88 days,
the alloys continue to show interference colors and
oxidation rates lower than those for Zircaloy-2.

4.2.4 Corrosion of Zr3Al Alloys Containing Trace Elements

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

This is described in an internal CRNL report.

4.2.5 Corrosion and Electrochemical Studies in Sulfide Solutions

- N. Ramasubramanian

(a) Eassivity__of_mild_steel_in_acidic__[nitric)_ _P.erman2
ganate_solution - - _ _

In previous experiments (PR-CMa-32, section 4.2.3)
cathodic reduction of the air-formed oxide film and
self-repassivation on opening the circuit were studied
in the same acidic permanganate solution. To avoid any
interference due to the reduction of the permanganate
on the reduction of the air-formed oxide film, the elec-
trochemical cell was modified. In the modified set-up
the oxide film could be reduced in a borate-boric acid
buffer solution and the sample exposed to acidified perman-
ganate, all operations being performed under a nitrogen



-o
\

E

UJ

O

O

LU
3

10 -

20 40 60

TIME (days)

80 100

Figure 4.2.3.6 Oxidation curves for Zr3Al (8.9% Al) and Zircaloy-2 exposed to pressurized
water (8.4 MPa) at 573K.
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atmosphere. The mild steel, cathodically stripped of
its air-formed film, was active; changes in the perman-
ganate and nitric acid concentrations did not restore
passivity. However, air exposure restored passivity
in the same solutions. These results confirmed that
passivity of the steel was due to the oxide (air-formed)
film and that the brown hydrated manganous oxide deposited
on the sample had no relation to the passivity.

(b) AnalYsis_of_suifide_films

When analysing sulfide films by oxidation in a
solution of 10~3N KMnOi, and 10~3N HNO3, steel samples
need to be frequently exposed to the air to passivate
exposed metal areas. Samples sulfided for an hour at
room temperature in hydrogen-sulfide-saturated water
were analysed. Weight measurements showed that, despite
the repeated air exposures and replenishment of the
solution during analysis, the samples lost iron by disso-
lution. Independent experiments on samples carrying
the air-formed oxide film showed no detectable weight
loss after immersion of up to 6 h in solutions of
1CT3N HNO3 and 10"11 to 10~zN KMnC\. However, when
immersed with a sulfided sample the one carrying the
air-formed oxide film lost iron by dissolution. The
reason for the loss of passivity in the presence of
sul.'Lde may be d':e to the sulfate produced during oxida-
tion; sulfate ions are known to act antagonistically
toward the inhibiting action of the permanganate ion.
Thus, oxidation by permanganate-nitric acid is not a
useful method to analyse quantitatively the sulfides on
mild steel.

(c)

Mild steel samples were sulfided for an hour at
room temperature in H2S saturated water. Reduction of the
air-formed oxide film and formation of an anodic oxide
film in a borate-boric acid buffer solution and exposure
of the samples to H2S saturated water, all under a nitro-
gen atmosphere were carried out in a corrosion cell. The
nitrogen flow was switched to H2S during corrosion. The
sulfide deposit could be stripped off the sample using
Bioden soaked in methyl acetate. From the weights of the
sample in the initial, sulfided and sulfide-stripped
conditions weight gain a3 sulfur, weight loss as iron and
weight of the sulfide deposit were calculated. Assuming
the deposit formed was FeS, comparisons were made of
the sulfur weight gain and iron weight loss converted to
equivalent sulfide weight with the weight of the deposit
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obtained. The presence or absence of the air-formed
oxide film, formation of the anodic oxide film and the
nitrogen atmosphere did not seem to influence the weight
measurements. However, the batches of borate-boric
acid supplied by different manufacturers showed a consi-
derable effect; experiments were done with small addi-
tions (1 ml to 300 ml of H2S saturated water) of 0.15N
buffer solution.

Two batches of borate-boric acid of different
impurity content were tested. When the buffer of low
impurity content was used the results were similar to
those obtained in H2S-saturated water, viz, the corrosion
potential was -0.46V (SHE) and the weight loss of the FeS
calculated from the iron loss was higher than that calcu-
lated from the sulfur gain and the weight of the deposit
(indicating that some iron was dissolved as Fe 2 + in
solution). In buffer solutions with a higher impurity
content, the corrosion potential was at -0.51V and weight
of FeS calculated from the iron loss was lower than the
deposit weight and that calculated from sulfur gain
indicating negligible Fe 2* in solution.

(d) Angdic_ formation_of_2i§tinum_disulfide

Anodic sulfidation of sputtered platinum was
performed in aqueous and nonaqueous solutions of Q.1H
sodium perchlorate saturated with H2S. Transmission
electron diffraction patterns of the stripped films
revealed the presence of platinum disulfide. In sulfuric
acid and sulfate solutions evidence for only the mono-
sulfide was found.

4.2.6 Anodic Oxide Films

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

(a) Qxide_Characteristics

Table 4.2.6.1.1 details the results of recent
studies on the anodization of crystal bar zirconium and
two zirconium alloys. Generally, tin within the zirco-
nium matrix stabilizes the cubic (or tetragonal) form
of ZrO2. Second-phase particles within Zircaloy-2
eliminate grain boundary effects and strong oxide textur-
ing which develops on crystal bar material.

In oxygen plasmas, oxides grow on crystal bar-
material as cells containing small crystallites which
give rise to ring SAD patterns. Superimposed are spot
patterns due to larger crystallites. As film thickening
progresses the oxide is transformed to aZrO2.



TABLE A.?. .6.1

Oxide Films Grown Anodically (Final Voltage - 25 Vo^ts, Current Density, CD = 1 mA/cm2, Constant Current
Mode) on Zr and ttfo Zirconium Alloys

Material

Crystal Bar

Zircaloy-2

Zr-5 wt%
Sn

Oxygen Plasmas

Electrolyte
(IN)

Lactic Acid

Phosphoric
acid (85%)
(CD = 2)

Sodium
Sulfate (IN)

Film thickness
(run)
<30

50

65

120

Lactic Acid

Sodium Sulfate

Ammonium
Nitrate

Lactic Acid

Oxide Crystal
Structure

monoclinic

monoclinic
(highly
textured)

cubic

cubic

cubic and
cubic/monoclinic

cubic and
cubic/monoclinic

cubic and
cubic/monoclinic

cubic

cubic

cubic
cubic/monoclinic

cubic

Crystallite
Size (nm)

30-50

15 to 25

-

40 to 120

60

60

?

20 to 50

20 to 50

45

Large
Pores

NO

NO

-

Small
Pores

YES

-

-

Other Observations

-

incomplete pore walls
(10 to 100 nm in
length by 10 nm wide)

(lll)m and (lll)m

reflections detected

Simultaneous ring and spot SAD
patterns oxide grew as 2.5 to 10 nm .̂
diameter cells i

Moire fringes

Extensive distribution of Moire
fringes

NO

NO

NO

NO

YES

YES

in
cubic
ZrO2
regions

YES

Ring SAD Patterns

Ring SAD Patterns

thin uniform thickness
cubic ZrO2 regions and
distorted aZrO2
regions
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Anodization of Zircaloy-2 in Ammonium Nitrate
produces first, uniform cubic ZrO2 films then, through
a process of transformation and growth, aZrO2. This
latter stage is thought to be associated with a second
plateau in the voltage versus time plots.

(b) Larg_e_Pores

Oxides were sequentially grown anodically on
crystal bar zirconium and Zircaloy-2 in two electrolytes.
First, the sample was anodized in IN lactic acid at a
current density of 1 mA/cm2 to thicknesses of 18 and
50 nm. Subsequently, the anodization was continued in
85% phosphoric acid at 2 mA/cm2 to final film thicknesses
of 50 and 100 nm respectively. No pores were found.

Films grown on Zircaloy-2 in phosphoric acid were
removed before, on and after the voltage plateau which
occurs in the voltage versus time plots. These three
stages corresponded to incomplete, complete and long
sinuous pores respectively. Pore formation occurs after
some tens of nanometers of initial oxide have grown.

(c) §mall_Pores

The following experiments were performed:

(i) AJI oxide film was tilted through an angular range
of ± 25°.

(ii) BF and DF images were over- and under-focused.

The results of experiment i) could not be used to
locate the plane of the small pores relative to depressions
in the oxide (resulting from inclusions removed from the
Zircaloy-2 sample during chemical polishing prior to
anodization) due to rapid contrast changes in the oxide
crystallites. The tilting experiment did reveal that the
pores were uniformly distributed over the specimen area
and that the reason for their apparent absence in some'
areas of the electron micrographs was due to crystallite
diffraction effects. Regardless of the oxide thickness,
pores remain constant in appearance and since ZrO2 films
grow at the oxide/metal interface, it was concluded that
the small pores are located at the outer oxide surface.

In BF micrographs the pore contrast changed from
white to black on changing from the under- to the over-
focus condition of the electron microscope objective
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lens, the black image being of smaller diameter. This
experiment indicated that the pores were indeed pores
and their visibility resulted from phase contrast. In
DF changing the condition of focus had, as was expected,
no effect on the contrast which therefore resulted from
simple absorption effects. The pore size as revealed in
DF micrographs was approximately 4 nm.

4.2.7 Transmission Electron Microscopy of a Thermal Oxide on
Zr3Al

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

A zirconium alloy containing 8.95% aluminum was
transformed at 1160 K for 240 hours, electropolished
and oxidized for 94 hours at 573 K in b.4 MPa steam.
The resultant oxide was estimated to be 250 nm in thick-
ness, stripped from its substrate and examined in the
Transmission Electron Microscope.

The oxide film consisted of closely packed oxide
"cells" and was extremely uniform in thickness with no
grain boundary effects or oxide crystallite texturing.
The crystallites displayed no preferred orientation
(specimen tilted through 30°), were usually contained
within the oxide "cell" (as deduced from tilting the film
through ± 30°) and were extremely thin.

The SAD patterns consisted of weak rings superimposed
on a dense background of diffuse scattering. Analysis
indicated cubic SrO2 crystallites with no trace of
alumina.

The possibility that the oxide "cells" are crystal-
line is inconsistent with the intensity of the ring SAD
pattern. Rather it appears that the "cells" are amorphous
and that somewhere within the "cell" (probably at the
oxide free surface due to occasional overlap of cell
boundaries) cubic ZrO2 oxide crystallites randomly nucleate
and grow.

DF micrographs display a gray background containing
considerable information rather than the normal black/white
contrast. For any given DF operating condition of the
electron microscope, all the amorphous oxide cells contri-
bute a limited amount of electron scattering except in
those areas where crystallite diffraction is occurring
and there the image appears black.

A particle size analyzer was used to perform an
analysis on the oxide "cells". The arithmetic mean of
1038 samples was 56.1 nm with a standard deviation of
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15.5 nm.

The stripped oxide was subjected to X-ray analysis
in the Cambridge Stereoscan. By comparing X-ray spectra
from the support and holder it was demonstrated that the
detected Al Ka X-ray peak originated from the oxide.

It is proposed that the Zr3Al oxidizes as follows:

(i) Oxide nucleates at many random sites over the
alloy surface.

(ii) "Cells" grow laterally sweeping out aluminum at
the growing edge but incorporating small amounts
into the amorphous ZrO2 "cells".

(iii) Lateral "cell" growth is poisoned by AI2O3
accumulation and "cell" growth then proceeds per-
pendicular to the free surface.

(iv) At a later stage of oxidation,cubic ZrO2 crystal-
lites nucleate in a random orientation relative
to the metal (and to one another) and grow away
from the oxide/metal interface.

4.3 CERAMIC STUDIES

4.3.1 Thermcluminescence (TL) of y-Irradiated ThO2

- P.J. Harvey and W. Gill

Single crystals of pure and doped ThO2 were
annealed in dry H2, 0 2 and CO at 1675 K for 7.2 x 10 s
and subsequently irradiated with Co-60 y-rays for
1.2 x 103 s to a dose of 540 krad. The TL was measured
and the results are summarized in Table 4.3.1.1.

The maximum TL intensity occurs for Ta+S-doped
ThO2 and the lowest for the Y+

3-doped ThO2. The optimum
emission wavelength for the doped ThO2 is 450 nm whereas
the optimum emission for pure ThO2 is 500 nm. This is
the result of a combination of two different effects.



TABLE 4.3.1.1

Intensities of TL peaks from 293-653 K ^-irradiation.

Annealing
Atmosphere

Dry H2

o2

CO

Dopant

Pure

Ca+2

Y + 3

Ta+5

Pure

Ca+2

Y+3

Ta+5

Pure

Ca+2

Y+3

TL Emission

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

4 5 0 500

(Y) 375

-

-

' 50 1 5

-

-

-

50 4 5

3 5

-

3 5 0 150

TL INTENSITIES

410

17

• 22

3

180

15

20

2

200

8

20

5

1800

20

6

-

50

8

15

-

150

20

3

-

700

> AT PEAK TEMPERATURES (K)

460

46

30

22

400

65

40

90

400

8

210

300

9000

70

14

20

120

50

15

50

400

3.0

40

120

4000

65

-

-

55

-

-

-

30

25

-

-

200

495

220

-

-

20

7

-

-

3 00

400

-

-

600

523

1 0 50

-

-

-

3

-

1 1 500

5

3

1 0 120

573

10

-

-

6 3

-

-

-

9 70

-

-

3 15
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These are:

(i) The efficiency of rare-earth luminescence (Pr+3

luminescence at 500 run) is much lower in doped
ThO2 than in pure ThO2.

(ii) The centres responsible for the 450 run emission
are thermally destroyed at temperatures above
460 K.

(b) 02_anneal

The TL profiles (not shown) are similar to those
for the corresponding crystals annealed in H2. The
major difference is the increased TL for the y+3-doped
ThO2. It is apparent that the same trapping sites are
present in both oxidized and reduced crystals but require
y-irradiation to populate them (in previous reports it
has been noted that the effects of UV irradiation on the
TL properties of ThO2 are markedly different for oxidized
and reduced crystals). Not only are there similarities
in profile for oxidized and reduced y-irradiated ThO2
but the emission wavelength for the oxidized is also the
same as that for the reduced, viz. 450 nm (cf 785 ran
emission for UV irradiated oxidized ThO 2). The inference
is that y-irradiation destroys the 785 nm centres and creates
450 nm recombination centres. This is compatible with
the theory that Fe + 3 centres are responsible for 785 nm
emission and Fe + 2 for the 450 mn emission.

(c) C0_anneal

For doped ThO2 the TL profiles are similar to those
for H2- and O2-annealed crystals. The intensities, however,
are much greater. For pure ThOi the TL profile changes.
With 500 nm emission the higher temperature TL peaks
became more intense. This arises because the luminescence
efficiency of rare-earths is much greater in ThO?. crystals
annealed in CO than in those annealed in H2 or O2..

4.3.2 Phototransfer with UV Light

- P.J. Harvey and W. Gill

Following yirradiation,crystals were cooled to
liquid nitrogen temperature (LNT *\. 80 K) and excited for
10 s with 310 nm UV light. This is known to affect a
phototransfer from deep to shallow trapping centres.
The results are summarized in Table 4.3.2.1.



TABLE 4.3.2.1

Intensitieis of TL peaks from 80-293 K after phototransfer with 310 nm light.

Annealing
Atmosphere

H2

o2

CO

Dopant

Pure

Ca+2

Ta+5

Pure

Ca+2

y+3

Ta+s

Pure

Y+3

Ta+5

TL

88

—

—

12

70

Intensities

109

10

2

92

!

—

123

30

3

10

4

40

at Peak Temperatures (K)

147

50

2

20

5

140
i

i

i

5 :

160

20

4

5

2

12

10

7

2

i •

18 ;

5 0 :

174

1 
1 

C
M

 
1

1 
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1
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1 
1

3

I 
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i

1 
to

 1
 

1

186

12

2

3

10

9

3

3

220

220

22

5

12

27

26

12

2

5

250

254

12

2

2

28

15

2

14

2

150

285

18

00
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The glow curve for pure ThO2 after y~ irradiation
is similar to that for pure ThO2 after only UV-irradiation.
This would indicate that no new types of trapping centres
are being created. Although the TL intensities for pure
and Ta+5-doped ThO2 were comparable above 29 3 K, the TL
intensity below 293 K is much greater for the pure ThO2.
After correcting for the temperature dependence of the
luminescence efficiency it is evident that the concentra-
tion of trapping centres is greater in pure ThO2. All
the TL emission occurs at 450 ran. No TL emission from
rare-earths, e.g. Pr+3 at 500 run, is seen below 293 K,
despite the fact that y~irradiation probably ionized the
rare-earths and made them available as recombination
centres in the +4 state. It appears that the shallow
trapping centres are associated exclusively with the 4 50 nm
recombination centre. The overall effect of dopants is
to decrease the types of trapping sites rather than create
sites directly attributable to the dopant.

Comparisons of the glow curves for 02-annealed and
H2-annealed ThO2 indicate a similarity for each dopant
regardless of the annealing atmosphere. This suggests
that the trapping centres present in ThO2 are not dependent
on the annealing conditions. They are unaffected by
oxidation or reduction and must then be non-variable
valence impurities or intrinsic lattice defects.

(c) C0_anneal

The TL is very high for both pure ThO2 and Ta+5~
doped ThO2. For pure ThO2 the lower temperature peaks
are the most intense, whereas for Ta+5- doped ThO2 the
greatest intensity occurs for the 220 and 254 K peaks.
This apparent difference results from the different effects
of increasing temperature on the luminescence efficiency
of the 450 nm emission centre in pure ThO2 compared to
Ta+5-doped ThO2.

4.3.3 Trapping Kinetics

- P.J. Harvey

The TL peak temperatures are similar for all
crystals regardless of dopant. The shape of the 375 K
peak is narrower for pure ThO2 than for Ca

+ 2 ThO2. On
calculating trap depth from peak shape one arrives at
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0.39 eV for Ca+2-doped TI1O2 and 0.75 eV for pure ThG2.
This difference in activation energies can be removed
if one assumes that the kinetics for trap depopulation
are 2nd order for- the Ca+2-doped ThO2 thereby giving rise
to a trap depth of 0.78 eV. Energy calculations show
that a similar explanation may account for the values
of 0.26 eV and 0.505 eV for the trap depth of the 220 K
peak in Ca+2-doped and pure ThO2 respectively.

4.3.4 Rare-Earth Recombination Centre Distribution

- P.J. Harvey

The high TL intensity (Table 4.3.1.1) indicated
for pure ThO2 subjected to a CO-anneal and subsequent
•y-irradiation results from the high luminescence
efficiency of a number of rare-earth ions, Pr + 3, Tb + 3,
Er+3 and probably Dy+3. Setting the emission wavelength
to detect emissions from each rare-earth during a TL
experiment gives rise to a series of glow curve profiles
for each type of rare-earth ions. This is indicated by
the TL intensities listed in Table 4.3.4.1

4.3.5 Ion Implantation

- P.J. Harvey and J.B. Hallett

Ion implantation studies have continued. In
Pr-CMa-33 (Section 4.3.4) implantation with iodine,
chromium and gold had failed to produce luminescence
changes which could be ascribed to the implanted ion.
The ion dose was increased from 1 x 10 1 6 ions/cm2 to
5 x 10 1 7 ions/cmz. After implantations with iron ions
the luminescence emission at 785 nm increased by a factor
of two. It appears, therefore, that the 785 nm emission
is linked to the Fe 3 + concentration in the ThO2.

4.4 METAL PHYSICS

4.4.1 Mechanical Testing

- S.R. MacEwen and F. Santone

(a) §teady.-State_Creep__Testing

The balancing procedure provided with the creep
machines has been shown to be incorrect. In a series
of tests it was conclusively established that in the
"balanced" position, and with no weight on the load pan,
the specimen was subjected to a dead weight load of



TABLE 4.3.4.1

Intensities of Rare-Earth Emissions in Y- Pure ThO2

Rare

pr+3

Tb+3

Er+3

Dy+a

p r + 3

HOST

Earth Ion

(cubic sites)

(non-cubic
sites)

LATTICE

Emission A(ran)

•b 500

-v 385

•v 540

-\- 575

a, 630

^ 450

TL

375

5

3

5

1

-

4

intensities

410

15

12

15

4

5

7

at Peak Temperatures

460

25

7

25

14

2

5

495

400

50

135

65

45

25

523

500

-

70

20

95

12

(K)

573

60

3

40

25

55

10

sO
I—<
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3.9 kg. The error originated in an incorrect calcula-
tion of the force exerted by atmospheric pressure on
the pull rod. Thus all stresses for the creep tests
reported by Fleck and MacEwen in previous Progress
Reports (PR-CMa-series) must be increased by approximately
7.5 MPa.

A new balancing procedure has been developed in
which the beam is balanced with the specimen under
vacuum, thus eliminating the need to estimate the effect
of atmospheric pressure.

(b) Computerized_Compression_Testin2

Tests have been performed to determine if tht
computerized Instron is suitable for compression testing.
An immediate limitation is imposed by the fact that
both hardware and software are designed to operate with
an Instron extensometer as the strain readout device.
Normally compression testing is done with a specimen
having a length to width ratio in the range 1.5 - 2.0.
The extensometer, however, requires a specimen to have
a gauge length of at least 2 cm, and thus a length to
width ratio of about 6. While such a specimen is ideal
in allowing either tension or compression testing to be
done on the same specimen without removal from the grips,
alignment to prevent bending becomes a significant
problem. To determine if the compressive deformation is
truly axial, a specimen of crystal bar Zr was deformed
at a strain rate of 1 x 10~5 s"1 in a series of four
loading and unloading steps, as shown in Figure 4.4.1.1.
The elastic modulii obtained from the four elastic
regions, 91, 86, 81 and 82 GPa respectively, are in
reasonable agreement with literature values, indicating
that no bending was occurring. The slight decrease in
the modulii with increasing plastic strain is consistent
with the effect of anelastic effects caused by disloca-
tion bowing decreasing the static modulus. A profilometer
trace, done after 0.6% plastic strain, confirmed that
the deformation had been uniform and axial. Other features
evident from Figure 4.4.1.1 are that the transitions
from elastic to plastic flow occurred abruptly, even in
the virgin specimen, and that after each unloading the
flow stress returned to its previous value.

Optical metallography of a cross section of the
deformed specimen revealed that many of the grains
contained long, narrow, parallel-sided twins. The twins
always intersected a grain boundary and often terminated
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within a grain. Figure 4.4.1.2 shows the type of
grain boundary rotation that can occur at a twin-
grain intersection. It also appears that a micro-
crack has formed along the grain boundary in the
vicinity of the twin. Since the total strain was
only 0.6% compressive, it seems safe to conclude that
the microcrack formed as a result of local stresses
generated in an attempt to maintain compatibility
across the boundary.

4.4.2 Strength Differential in Zircaloy-2

- S.R. MacEwen

It is of practical significance to know if there
are differences in the flow behaviour of specimens
deformed in tension or compression, and if flow in one
direction alters the subsequent flow in the opposite
direction.

A specimen of Zircaloy-2 was annealed for 2 hours
at 740°C (1013 K) and furnace cooled to minimize inter-
granular stresses due to differential thermal expansion.
It was then deformed at room temperature at a strain
rate of 1 x 10~s s"1, first in tension, then in compres-
sion, and finally in tension. Table 4.4.2.1 summarizes
the data.

TABLE 4.4.2.1

A Comparison of Mechanical Properties of
Zircaloy-2 measured in Tension and Compression

1st Tension 1st Compression 2nd Tension

Modulus (GPa) 96.5 99.1 96.6
Elastic Limit (MPa) 200 + 10 205 + 10 125
0.05% offset stress (MPa) 312* 355 268
Max. Flow Stress (MPa) 301 367 319
Plastic Strain 7.5 x 10""* 1.1 x 10"3 1.8 x 10"3

* extrapolated value

The important points to note are:

1. The elastic modulus (Young's) in compression is
only slighly higher than in tension.

2. The proportional limits determined in tension,
and in compression after 7.5 x 10~"* tensile strain.
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Figure 4.4.2.1 Stress-strain curves for Zircaloy-2 deformed first in
tension, then in compression, and finally in tension.
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are nearly identical.

3. The initial workhardening rate in compression is
higher than in tension.

4. The small corapressive strain, 1.1 x 10~ 3, reduced
the proportional limit and 0.05% offset, measured
in tension, to 60% and about 35% respectively
of their values in the undeformed specimen.

The stress relaxation behaviour, in tension and
compression, is plotted in Figure 4.4.2.1. Both the
amount of relaxation in a given time, and, more importantly,
the slope of the linear region of the stress drop plots
are lower in compression than in tension. Since the
tests were all done on the same specimen the difference
in slope cannot be attributed to a texture effect, such
as described in PR-CMa-33, section 4.4.4b. Thus it
appears that there may be a fundamental difference in
the activation area depending on the sign of the applied
stress.

A difference in the relaxation behaviour in
tension and compression will be of importance to the
analysis of the out-reactor relaxation of bent beams.

4.4.3 Irradiation Creep and Growth

-V. Fidleris and S.R. MacEwen

Reported in the Fuels and Materials Division
Progress Report.

(b)

One of the more puzzling aspects of irradiation
growth of zirconium alloys is the relatively large?
component cf strain that is observed along (or near)
the c direction. It was originally thought that prismatic
loops on the basal plane with a c-direction Burgers
vector could explain the dimensional changes. Carpenter
and Northwoodf1' have since proved that such loops do
not form in Zr alloys. The precipitation of irradiation-
produced point defects on dislocations produces strain
only in the Burgers vector direction. Therefore, in a
specimen containing only prismatic slip, <1120>, disloca-
tions, the only method to produce strain in the 5 direc-
tion is by the precipitation of vacancies on grain

(1) Carpenter, G.J.C. and Northwood, D.O.; to be
presented at the conference for Fundamental Aspects
c? Radiation Damage, Gatlinburg, Tenn., Oct. 9, 1975
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boundaries. For-cold worked Zr this mechanism has
been shown to give a rate much lower than observed
experimentally.

In a recent consideration of the strain
accommodation mechanisms in Zr it was concluded that
pyramidal slip, on the {1011} planes in the <1123>
directions can be an important deformation mode at
least near grain boundaries. If so, the presence of
such dislocations, having a C component to their
Burgers vector, could possibly explain irradiation
growth normal to the basal plane. Modifications to
the growth programme WEED are currently being made to
test the hypothesis.

4.4.4 Analysis of Stress Relaxation Data

- S.R. MacEwen

With the aid of the Mathematics and Computation
Branch, a computer programme is being developed to
obtain the stress dependence of the plastic strain rate
from stress relaxation data. The defining equation is:

. _ -1 da de ,,,
EP ~ T dt + dt ••"(1)

Ideally de/dt is zero. In practice there is a definite
strain transient lasting several seconds during which
the contribution from de/dt to Sp can be large. The
problem is thus determining t and <5 from noisy experi-
mental data. Noise originates from both the control
algorithm and the digitizing of the analog signals.
Various numerical methods have been tried:

i) polynomial fitting

ii) spline fitting

iii) spline fitting - method of knots

iv) multi parameter fit to an analytical expression

v) multi parameter fit to a differential equation

For the stress-time data each of the first four
techniques proved unreliable and finally, the last
method was adopted. The parameters a, b and c in the
general equation:

-g|- = -exp(a + ha + ca1) ...(2)

were found using regression analysis. In tests in which
the strain transient was negligible the method provides
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a satisfactory way to determine dcr/dt. Both the digi-
tizing noise and the small steps in the c-t curve are
smoothed out. However, the method could not handle data
where a large strain transient was obtained. The proce-
dure finally developed is as follows: The strain rate
during the transient is determined by a four parameter
fit to the expression:

Ae = A In (At + B) | 1 + ^ t \ Dj ~ 1 / 2 ...
• • • \ -> )

where Ae is the strain and At the elapsed time during
the relaxation test. In the absence of computer control,
a stress relaxation specimen undergoes variable stress
creep. The strain can be described by the first part,
A In(At + B ) , of the above expression. With computer
control variable stress creep occurs unaltered during
the time required for the crosshead of the testing
machine to change direction. Once reversed, the strain
is quickly brought back to the value at the beginning
of the relaxation test. To describe this behaviour
mathematically the creep portion of the e-t curve,
A In(At + B ) , is multiplied by a low pass filter,
d + (At/C)0!"1'2. (This function was inspired by the
transfer function for a low pass Butterworth filter.)
The constants C and D depend on the time required to
reverse the crosshead and on the damping factor in the
software loop which controls strain; Figure 4.4.4.1
shows a typical strain transient, and the de/dt vs t
curve calculated using regression analysis to determine
the constants in equation (3). The stress-time data
are then differentiated by solving for the constants in
a modified equation (2) :

§2- = -exp(a + ba + ca2) + || ... (4)

with de/dt given by the derivative of equation (3).
Figure 4.4.4.2 shows stress relaxation data wiLn a
typical initial "bump" caused by the strain transient,
the fitted cr-t curve, and the do/dt vs t curve. Having
thus determined both the stress rate and the strain rate
the plastic rate can be determined. From the slope of
such a curve one can obtain the activation area and
strain rate sensitivity as functions of stress.

A more detailed description of numerical methods
used to differentiate noisy experimental data is given
by J.M. Blair and B.V. Riff of the Mathematics and
Computation Branch (PR-P-107, AECL-5256) .
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4.4.5 Peritectoid Formation of Zr3Al

- E.M. Schulson

(a) 5i5_Thickening_Kinetics (in collaboration with
D. McColl and M. Sahoo"7 Dept. of Metallurgical
Engineering, Queen's University, Kingston)

Further to PR-CMa-31 (4.4.8a) experiments have
been carried out to determine the growth rate of Zr3Al
rims on planar particles of Zr2Al at temperatures between
1073 and 1198 K. Table 4.4.5.1 summarizes the prelimi-
nary results. If the data are plotted as thickness, w,
versus t*5 reasonably good straight lines are obtained.
This confirms the earlier observation (PR-CMa-31) and
shows that over the range of temperatures explored
growth is controlled by long-range diffusion. Thus,
w = A(T)t'5 where A(T) is a parameter which increases
with temperature.

The results can be analyzed further in terms of
the diffusion-controlled growth model described in
PR-CMa-32 (4.4.6) by assuming that, to a first approxi-
mation, Zr3Al rim growth is determined by diffusion
through ZraAl. This approach leads to an activation
energy for diffusion of Zr and Al in Zr3Al of 1.4 ± 0.2 eV.

TABLE 4.4.5.1

Thickness of Zr3Al rims formed on Zr2Ai plates
versus transformation temperature and time

Zr + Zr2Al •+ Zr3Al

Temperature
(K)

1073

1098

; 1130

1173

1198

Time (h)/Rim Width (yrn)

2

1.8 ± 0.5

1.7 ± 0.6

1.5 ± 0.9

1.6 ± 0.6

1.7 ± 0.8

8

3.3 ± 0.6

3.3 ± 1.2

3.3 ± 0.6

4.5 ± 0.8

4.3 ± 1.0

32

5.2 ± 1.8

5.2 + 1.0

6.3 + 1.3

6.4 ± 1.5

6.7 ± 1.4

128

8,8 + 1.4

7.7 ± 1.4

8.1 ± 1.9

10.8 ± 1.5

12.0 ± 1.8
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(b) i£§05f2£5i!£i2D_Within_Rolled_Plate - with J.A. Roy

The peritectoid transformation to Zr3Al has been
examined in Zr-8.6 wt% Al ingots of commercial purity
which had been rolled to plate at 1325 to 1375 K*. The
average width of the Zr2Al particles was 6.3 + 1.0 ym.
The volume fraction of Zr3Al was determined using quan-
titative television microscopy. Ten fields of view
(at = xl500) were counted for each specimen, care being
taken to examine areas containing Zr2Al particles of
similar size.

Figure 4.4.5.1 shows isothermal transformation
curves (volume fraction versus log time) for 1123, 1148,
1173 and 1198 K. In general terms, the transformation
is similar to that previously reported for Zr-8.5 wt% Al
ingots containing 3-4 ym Zr2Al particles (PR-CMa-32,
4.4.6). An incubation period exists during which no
Zr3Al could be detected, followed by growth and impinge-
ment of separate transformation cells. The incubation
period for the wrought alloys, however, appears to be
less than that for the ingot. This difference was
noted previously when transforming ingot and tubular
Zr-7.6 wt% Al material (PR-CMa-33, 4.4.6) and may be
related to a finer transformed B-structure in the more
rapidly cooled, wrought products. From a practical
viewpoint, differences in incubation time between ingot
and wrought products are of little significance since
the overall transformation time is generally growth
dominated, at least for alloys containing Zr2Al particles
larger than about 1 to 2 ym.

Figure 4.4.5.2 shgws the temperature dependence
of the production rate, V0-3 (determined by taking the
slope of separate volume fraction-time curves at a
volume of 0.3). For comparison similar data for other
commercial ingots containing finer and coarser particles
of Zr2Al are shown. Exponential behaviour is apparent
in each case and the production rates for the present
material fit between those for the finer and coarser
alloys. Also a maximum appears around 1173 K for the
wrought plate, similar to that observed at 1160 K for
the finer ingot material. This feature suggests that

*Supplied by B.J.S. Wilins, Whiteshell Nuclear
Research Establishment
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Figure 4.4.5.1 Isothermal transformation curves for the transformation
Zr + Zr2Al •+ Zr3Al in wrought Zr 8.6 wt% Al plate.

TEMPERATURE ( K )

1300 1200 UOO ' 0 0 0 9CJ0

Figure 4.4.5.2 Arrhenius plots of the isothermal production rates of
Zr3Al in commercial alloys versus Zr2Al particle size.
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at high temperatures (i.e. within 75 to 100 K of the
1265 K equilibrium peritectoid temperature) the produc-
tion rate reflects the nucleation behaviour more than
at lower temperatures. This aspect of Zr3Al production
is discussed further in a paper submitted to Acta
Metallurgica.

4.4.6 Strength and Ductility of Zr3Al

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

(a) §urface_Effects

Further to PR-CMa-33 (4.4.8), samples of a
Zr-8.6% Al alloy (B-soaked and then transformed to
Zr3Al at 1160 K for 30 h) having freshley machined
surfaces were tested in tension at 295 K (y 3 x 10"1* s"1).
As suggested by the earlier results (PR-CMa-33), the
ductility and UTS were very low, relative to identical
material having electropolished surfaces. Table 4.4.6.1
summarizes the observations to date. Clearly, the
presence of a surface notch created by abrasion, by
cracking of a reverted Zr/Zr2Al surface layer or by
machining leads to premature fracture of Zr3Al. This
behaviour shows'that Zr3Al is notch sensitive at room
temperature. Surface preparation is an extremely impor-
tant parameter in testing these materials.

TABLE 1.4.6.1

Effect of surface condition on the tensile strength and ductility of
Zr3Al deformed at 293 K at an initial strain rate cf

^ 3 x 10-" s

Surface
Condition

Elongation(%)

UTS
(MN/m2)

i .

Electrochemically
Polished (EP)

33

1196

34

1206

EP + Abraded

14 j 17

i
953 j 996

I

EP + Reverted

16

935

18j 21

98911050

Macnined j

2! 8
j
1

422i682

(b) Notch_Sensitiyity_

In view of the marked effect of surface irregu-
larities on the tensile ductility and strength of Zr3Al,
experiments to measure notch sensitivity versus temperature
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have been carried out. Notched* and unnotched (chemically
polished) alloys identical to those described in section
4.4.5 were tested in tension.

Table 4.4.6 .2.summarizes the results. Over the
temperature range examined (295 to 725K) the yield stress
(ao.2%) is essentially temperature independent. The UTS
is only slightly temperature sensitive, decreasing linearly
with temperature. The notch tensile strength (UTSN), on
the other hand, appears to be temperature insensitive
between 295 and ^ 475K, increase with temperature between
475 and 575K, and then decrease slightly between 575 and
725K. Correspondingly, the notch-strength or notch-
sensitivity ratio and the notch-yield ratio, defined in
Table 4.4.6.2 increase by 50 and 30%, respectively,
between 475 and 575K.

The-transitions in NSR and NYR between 475 and
575K suggest an increase in the ability of Zr3Al to undergo
plastic deformation in the presence of stress-raisers.
However, the observation that the NSR's are below 1.0,
even at elevated temperatures, implies that the material
will probably be notch sensitive at reactor operating
temperatures, a characteristic which could be aggravated
by radiation damage.

(c) Grain_Size_Effects

Previous work (PR-CMa-31, section 4.4.6) using
commercial-purity material (Zr3Al + 10% Zr2Al + 10% aZr)
showed a marked dependence of flow stress on the grain
size of Zr3Al. Further experiments at room temperature
have thus been initiated to obtain better measures of
this dependence using high-purity Zr-8.95 wt% Al alloys
(transformed to 100% Zr3Al). Another purpose is to
determine whether grain size affects the notch sensitivity
of Zr3Al.

Preliminary data from the present series of experi-
ments are in good agreement with the earlier results.
Again a high Hall-Petch slope (0.80 MH/m3/2 compared with
0.87 ± 0.09 MN/m3/2 found earlier) which is independent

*circumferential 60° notches having a root radius of
- 0.05 mm.
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TABLE 4.4.6.2

Tensile properties versus temperature (at t = 3 x 10"1* s"1) for
notched and unnotched Zr3Al of commercial purity (grain size % 5 ym;
92% Zr3Al by volume plus ^ 8% aZr(Al)).

Temp.

(K)

295

440

525

550

580

650

725

°0.2%
(MN/m2)

380 ± 20

383

406

(400)(e>

422

413

423

UTS

(MN/m2)

1200 ± 5

1115

1060

(ioa5^e)

1056

995

920

UTS N

(MN/m2)

650 ± 50

661

828

836

957

917

810

(%)

34 + 1

39

38

-

40

43

52

NSR ( C )

0.54 ± .04

0.59

0.78

0.79

0.91

0.92

0.88

1.66 ± 0-13

1.73

2.04

2.09

2.27

2.22

1.92

a) The yield stress, Oo.2%f was taken from the unnotched,
polished specimen at 0.2% offset.

b) Ductility of specimens having electropolished surfaces;
e f = Ll/lo x 100.

c) Notch-Strength Ratio (Notch-Sensitivity Ratio);
NSR = UTSN/UTS.

d) Notch-Yield Ratio; NYR = UTSN/o0.2%-

e) Values extrapolated from neighboring data.
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of strain has been observed. This feature is in keeping
with the planarity of slip in ZrsAl; its independence of
strain implies that work hardening occurs predominantly
through intra-granular dislocation interactions, rather
than through dislocation/grain boundary interactions.
The results also show the ao (PR-CMa-30, 4.4.14) increases
linearly with strain from 90 MN/m2 at yield to 930 MN/m2

at a strain of 0.2. To a first approximation, therefore,
plastic flow of ZraAl-base alloys appears not to be
affected by small amounts (i.e. <10%) of aZr(Al) and/or
Zr2Al.

Concerning notch sensitivity, Table 4.4.6.3 shows
that grain size over the examined range has little
effect on the NSR at 295K. Grain size does, however,
affect the NYR. On increasing the grain size from 3.5
to 4.1 ym, the NYR increases by a factor of 2.7, reflect-
ing the marked dependence of the yield stress on grain
size.

TABLE 4.4.6.3

Notch sensitivity versus grain size for single phase
Zr3Al (Zr-8.95 wt% Al) at 295K. (ef, NYR and NSR are
defined in Table 4.4.6.2.)

Grain
(Ui

3

8

19

41

Size
m)

.5

.3

.5

0.2%
(MN/m2)

523
558

296
282

234
268

180

UTS
(MN/m2)

1158

1137
1082

965
1130

1054

UTSN

(MN/m2)

951
779

765
806

751
827

782

1.

2.

3.

4.

60

72

15

34

NYR

± 0

+ 0

.20

.14

.30

0

0

0

NSR

.74 ±

.71 ±

.77 ±

.74

0.

0.

0.

07

04

09

4.4.7 Recovery and Recrystallization of Zr3Al

- M. Gagne and E.M. Schulson

Experiments on the recovery and recrystallization
of cold-worked Zr3Al have continued during the last three
months. Previous work was reported in PR-CMa-33 (4.4.9).
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Figure 4.4.7.1 shows annealing curves at 57 3,
673, 773, 833, 898, 973, 1073 and 116OK for samples
of commercial-purity Zr3Al (8.6 wt% Al) cold-rolled
to 25%. As reported previously, the "three-stage"
shape of the curves (i.e. softening, hardening, softening)
can be seen at 673, 773, 833, 898 and 973K. At 1073
and 1160K, the first two stages probably occur quickly
giving rise to an apparent single-stage curve. At
898, 973, 1073 and 1160K, a second hardening stage
can be observed at longer times: the higher the tempera-
ture, the earlier the occurrance. For the lower tempera-
tures (833, 773, 673, 573K) the second peak was net
observed, possibly because it occurred at times longer
than the test period. Thus, two hardening peaks occur
during annealing. It must be determined whether the
peaks are due to phases other than Zr3Al (aZr or Zr2Al).

Experiments were repeated at 898 and 973K with
high-purity material (Zr-8.95% Al), essentially 100%
Zr3Al. The procedure followed to prepare and to anneal
the specimens is reported in PR-CMa~33 (4.4.9). Figure
4.4.7.2 shows the results. The annealing curves for
both materials are essentially the same, two hardness
peaks occurring in each case at the same annealing
time. The high-purity curves are slightly lower, however,
probably because the high-purity alloy had a larger
grain size (= 8 versus 4 ym) . Thus, the hardening peaks
are due to ZraAl.

Figure 4.4.7.3 shows annealing curves at 67 3, 77 3,
893, 973 and 1073K for samples of commercial-purity
mat-__-ial cold-rolled 11%. At all temperatures other
than 1073K the first peak which was observed on the 25%
cold-rolled material again appeared, but was less
pronounced. At 1073K, as in the 25% C.W. case the peak
probably occurred too early to be detected. Although
there is some evidence for a second peak, further results
are necessary before its presence or absence can be stated
with certainty. Thus, the latter part of each curve is
broken.

Figure 4.4.7.4. shows annealing curves at 673,
773, 898 and 973K for commercial-purity samples cold-
rolled 5%. Possibly, there are also peaks on these
curves, but they could be clouded by small local varia-
tions in the amount of cold-work giving relatively large
variation in hardness (based on the hardness trend from
25 to 11% cold-work).

The rate of formation of the first hardening
peaks (taken as the reciprocal of the time for the mini-
mum) displays an Arrhenius behaviour for both the 25
and 11% cases. The calculations of activation energy
gives <v- 0.5 eV for the 25% C.W. and ^ 0.25 eV for the
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Figure 4.4.7*1 Annealing curves for 25% cold-rolled Zr3Al.

Figure 4.4.7.2 Annealing curves for 25% cold-rolled Zr3Al for
commercial-purity and high-purity Zr3Al.
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Figure 4.4.7.3 Annealing curves for 11% cold-rolled Zr3Al.
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Figure 4.4.7.4 Annealing curves for 5% cold-rolled Zr3Al.
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11% C.W. While this is in keeping with thermally
activated annealing, the processes by which the
hardening occurs are not yet known. Transmission
electron microscope studies now in progress should
help elucidate a mechanism.

4.4.8 Scanning Auger Microprobe (SAM) Examination of Fracture
Surface of Zr3Al

- E.M. Schulson (in collaboration with C.A. Evans, Jr.,
Materials Research Lab., University of Illinois,
Urbana, 111.)

Experiments are in progress to determine whether
intergranular fracturef1) and notch sensitivity in
Zr3Al (PR-CMa-33; 4.4.8) are related to grain boundary
segregation. Two alloys have been examined, type A
(Zr-8.95% Al prepared from crystal bar Zr and 99.999+%
purity "") and type B (Zr-8.6% Al, prepared from reactor
gra<? *r.->vnge zirconium and 99.9% purity Al) . Both were
annealed at 1160K for 30h to form the Zr$Al matrix.
SAM* examinations were performed for each type which
had been fractured in situ at 4 to 8 x 10~° Pascals at
295K. The initial examinations were performed within
minutes of fracturing.

Figure 4.4.8.1 is a typical Auger electron spectrum
obtained within 5 minutes of fracturing. Aside from the
Al and Zr peaks, the main species detected were C, O,
N and occasionally Fe (i.e. in one A and one B sample).
The intensity of the C and 0 peaks, however, increased
with time, whereas the N peak remained constant. This
view is supported by separate plots of ln(l-c) versus
t (where c is a normalized value for O and C concentra-
tions) which extrapolate through unity at time t = 0.

Thus, it appears that nitrogen may be segregated
to Zr3Al grain boundaries. Further experiments are
planned in which fracture surfaces will be ion-sputtered
during examination to determine unambiguously whether the
N level is higher at the surface than in the bulk. At this

E.M. Schulson, J. Nucl. Mater, in press .
*Physical Electronic Inc. Scanning Auger Microprobe.
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Figure 4.4.8.1 Auger spectrum of in-situ fracture Zr3Al of
commercial purity obtained using a scanner Auger microprobe.
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Figure 4.4.9.1 Thermal expansion coefficients (a) versus tempera-
ture for a wrought Zr-8.6 wt% Al alloy transformed to Zr3Al.
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point,the SAM observations are in agreement with an
earlier X-ray photo-electron spectroscopic (XPS)
study of fracture surface in Zr3Al (P.R. Norton and
E.M. Schulson, unpublished results).

4.4.9 Physical Constants of Zr3Al

- E.M.Schulson (in collaboration with R.B. Turner,
Engineering Research Branch)

Thermal expansion coefficients (a) of a wrought
Zr-8.6 wt% Al alloy (transformed to Zr3Al by annealing
at 1148K for 24 hours) have been measured at temperatures
between 323 and 773K. Figure 4.4.9.1 summarizes the
results. The increase of a with temperature reflects
an increase in specific heat, characteristic of solids,
At room temperature, the expansion coefficient for
Zr3Al is; 8.2 x 10~

6/K compared with •v 5.8 x 10"6/K for
zirconium. Presumably, the higher value for Zr3Al
reflects the high expansion coefficient (20 to
25 x 10~6/K) of aluminum.

The experimental technique and further discussions
are given in the Special Projects Division progress
report (R.B. Turner, P.R.-SPD-24).

4.4.10 Positron Annihilation Measurements (PAM)

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

The vacancy formation energy, E£, for Al has been
determined via the Doppler Shift technique. The preli-
minary results, E^ = 0.63 ± 0.06 eV, are consistent with
values determined from PAM using the angular correla-
tion and lifetime techniques.

The use of a Canberra Model 1468 pile-up rejector
has been found to yield a marked improvement in both
(a) resolution and (b) peak to background ratios at
moderate count rates. For example, at 2 x 10* Hertz
the following relative values were determined for (a)
and (b), with and without the 1468 - a mixed source of
7Be and 68Ge was used.

(a) (b)
WITH the 146° 1.405 KeV 45.48

WITHOUT the 146 8 1.515 KeV 18.14
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4.4.11 Radiation Growth in Zirconium

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

Experimental evidence apparently rules out the
application of Buckley's theory to account for radiation
growth in neutron irradiated a-zirconium. Insufficient
stress can be generated by anisotropic expansion in
thermal spikes to provide the energy required to nucleate
dislocation loops having a C-axis component. In addi-
tion, the displacement events under neutron irradiation
may not be sufficiently energetic (compared to fission
fragment damage in uranium) to give a high local vacancy
concentration for direct collapse into a dislocation
loop. Fission fragment damage may be resulting in
radiation growth in zirconium as described by Buckley's
theory. This work has been written up for publication
in greater detail.

4.5 PUBLICATIONS, REPORTS AND LECTURES

4.5.1 Publications

Submitted to:
Advances in Corrosion S.ience
and Technology

Submitted to:
J. of Nuclear Materials

Submitted to:
J. of Electrochemical
Society

Submitted to:
Met. Trans. B.
AIME

Accepted by:
J. Phys. F.
Metal Fhysics

Oxidation of Zirconium
and its Alloys

- B. Cox

Transmission Electron
Microscopy of a-ZrO2
Films Formed in 573K
Oxygen

- R.A. Ploc

Factors Influencing
the Photo-Luminescence
Behaviour of Thoria

- P.J. Harvey and
J.B. Hallett

Forming of Zr3Al-Base
Alloys

- E.M. Schulson and
M.J. Stewart

The Mechanism of
Diffusion in the Ano-
malous b.c.c. Metals

- G.M. Hood
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4.5.2 Lectures

14th Annual C.I.M. Conference
of Metallurgists
Edmonton, Alberta
August 24-27, 1975

Stress Corrosion
Cracking of the Reac-
tive Hexagonal Metals
Titanium and Zirconium

- B. Cox
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5. REPORT OF McMASTER UNIVERSITY

J. D. Embury

The contributions for this section will appear in the next quarterly

progress report.
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6. REPORT OF QUEEN'S UNIVERSITY

E. Buncel

6 .1 Deuterium Exchange in Strongly Basic Systems- B.C. Menon

Our research on the acidity of molecular hydrogen
has reached its initial objective as described in
reports PR-CMa-32 and PR-CMa-33. However two aspects
give rise to concern as to the validity of the pKa value
which was derived.

Firstly, the measurements are,of necessity, compar-
ative, i.e., one relates the acidity of H2 to that of a
standard hydrocarbon acid RH via the equilibrium set up
with a metal hydride MH:

RH + MH <=^ RM + H2 [la]

Hence the experimental conditions (solvent, nature of
M, etc.) used in setting up the equilibrium should be
closely similar to those under which the acidity of
RH is determined. This has not been achieved so far,
and could potentially lead to serious error in the
assigned pKa value for H2. For example, the equilibrium
system of phenylacetylene and 9-phenylfluorenylsodium
in ether or benzene led to the assignment of equal
acidities for phenylacetylene and 9-phenylfluorene(1),
whereas the equilibrium involving the respective lithium
salts in cyclohexylamine showed that phenylacetylene is
five powers of 10 less acidic than 9-phenylfluorene(2).
The source of this potential error is ion pairing ef-
fects (3), as will be described later in the report.

Secondly, it is important that one should be able
to approach the equilibrium of eq. [la] from either
direction (Eigen). However, when we initially attempted
to approach this equilibrium from the right (PR-CMa-31),
experimental difficulties were encountered in the
reaction system used (alkyllithiums in tetrahydrofuran).
We have now altered the reaction system in an attempt
to resolve the implicit uncertainty. This has been
effected by using the cesium salts of the hydrocarbon
acids in cyclohexylamine.
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6.1.1 Effect of Ion Pairing on the pKa of Molecular Hydrogen
in Different Media

We have previously described (PR-CMa-32 and
PR-CMa-33) the results of reaction between potassium
hydride and a series of hydrocarbon acids in THF in
the presence of the macrocyclic polyether 18-crown-6,
and the consequent evaluation of the pKa of H2. The
reaction under study may be represented by eq. [2] in
which (H~, X, K+) represents a "loose" ion pair:

X = 18-crown-6

In the presence of X, the equilibria [3] and [4] are
established (i.e., "tight" ion pairs are converted
into "loose" ion pairs),

[3]

(R~,KT) + X . •* (R~,X,KT) [4]

It follows that

KM [ I T , K + ] [ H 2 1
K2 = — • [5]

K3 [H",^] [RH]

The concentration terms in eq. [5] represent the equi-
librium constant, Ki, for the reaction between KH and
RH in THF in the absence of X:

(H~,K+) + RH v (R~,K+) + H2 [1]

Hence,

K2 = Ki • —
K3

loa K2 = log Ki + log —
K3
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and pKz = pKi - log — [6]
K3

It may be seen from eq. [6] that pK2 is equal to
provided that IU/K3 ~ 1* This is likely the case
since equilibria [3] and [4] may be expected to lie far
to the right, i.e., K3 and KK should be large and com-
parable in magnitude.

Thns the use of crown ether in our work leads to
an estimate of K2, applicable to "loose" ion pairs, not
materially different from Ki, and applicable to
"tight" ion pairs (when K3 = Ki») . Therefore the use of
ion pair acidity pK a values for the reference acids
(from Streitwieser's work in the CsCHA/CHA system) is
justified as being compatible with our measurements for
the RH/KH/crown ether/THF system.

Since tetrahydrofuran and eyelohexylamine are
believed to be comparable in terms of "loose" and "tight"
ion pair equilibria(4)f the relationship pK z

 a pKi
should hold alike for these two solvents. Hence the
experimentally determined pK a of 37.5 ± 1 for H2 in THF
should require very little if any correction.

6.1.2 Reaction Between Alkylcesiums and Hydrogen in Cyclohexylamine

It is desirable to approach the equilibrium in
eq. [la] from the right, since this would corroborate
the pKa value of H2 in the context of Eigen's theory of
proton transfer processes. Thus an extremely slow
reaction from one side of the equilibrium should be re-
flected in a fast reverse reaction provided the pKa of
RH and H2 are sufficiently far apart, but relatively
slow rates of reaction in both directions should result
when the pKa's are comparable in magnitude. For reasons
mentioned earlier, we have chosen to react the cesium
salts of RH with H 2 in cyclohexylamine:

RCs + H2 5==* RH + CsH [7]

Since the pK a of H2 has been found to lie between the
values for di-2,4-xylylmethane (DXM, pK a = 36.3) and
p-phenyltoluene (PPT, pK a = 38.6), our initial investi-
gations have involved the cesium salts of these acids.
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The experimental procedure (described in detail as
Method B in PR-CMa-31) is as follows- The cesium salt
RCs was partially generated from the corresponding
hydrocarbon RH by the addition of CsCHA/CHA using a
vacuum line and was followed by the introduction of H2-
The reaction vessel was shaken mechanically; no reac-
tion was found to occur in the absence of shaking. The
decrease in carbanion concentration was followed by
UV-visible spectroscopy. Exceedingly long reaction
times were involved in these experiments (Table 6.1.2.1).

It may be seen from Table 6.1.2.1 that the cesium
salts of DXM and PPT are unstable in CHA (runs 1 and 3
are blank, control experiments). Whereas the cesium
salt of DXM decomposes most likely into the correspond-
ing hydrocarbon (there was no extraneous absorption in
the spectra), that of PPT gives rise to a product that
absorbs at 590 nm. By analogy with the behaviour of
benzylsodium in THF(5), the decomposition product that
absorbs at 590 nm could have resulted from polymeriza-
tion of the PPT~CS+ ion pairs.

Runs 1 and 2 show that there is very little reac-
tion between DXM~Cs+ and H2- On the other hand, PPT~Cs+

does react with H2, as shown in runs 3,4 and 5 (the H2
pressure in run 4 was halved to test for consistency).
Whether or not the decomposition product that absorbs
at 590 nm reacts with H2 in this reaction system still
needs to be determined. Attempts were made to accelerate
the reaction between PPT~Cs+ and H2 by (a) heating the
reaction system, and (b) introducing 18-crown-6. Both
these attempts failed because of extensive decomposition
and precipitation in the reaction mixture.

The observed decomposition of the cesium salts of
the hydrocarbon acids PPT and DXM in cyclohexylamine
(in the absence of added H2) has prevented us from
making quantitative equilibrium measurements of
reaction [7]. However the apparent reaction (in excess
over the controls) of H2 with PPT~Cs

+, but not with
DXM~Cs+, is in agreement with expectations based on our
previous work that the acidity of H2 should be inter-
mediate between those of the two hydrocarbons. More
conclusive results might be obtained if one could find
a more stable carbanion/solvent system for the reaction
with H2.



Run
No.

1

2

3

4

5

RH

DXM

DXM

PPT

PPT

PPT

Reaction between

Rxn. t inie
h

576

576

408

408

408

alkvlcosiums

0.660

0.845

0.750

0.666

0.429

TABLE

jmdJiydronen

xlO (M)

-

" 5C

-

~ 2 d

- 5C

6 . 1 . 2 . 1

in cvclohoxvlamine at

x!03(M)

0.213

0.224

0.626

0.6.30

0.780

fRCs]|,
xlO3(Mi

0.092

0.105

0.490

0.401

0.093

. J.QQBL temp era t ur.e

[RCs]o-[RCs]t, {
xl03(M)

0.121
0.119

0.136

0.229

0.687

b
o t Corr

xl0li(M)

-

(-0.002)

-

0.093

0.551

a
Carbanion concentrations measured spectrophotometrically

b
Corrected for the decomposition of RCs

c> Estimated solubilities of H 2 in CHA when the H2 pressure in the reaction vessel is 1 atm and •=• atm respectively
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