
MATERIALS
RESEARCH

in AECL FALL 1972



AECL-4353

The reviews in this document are intended to give I he reader a resume of
materials research at Atomic l-nergy of Canada Limited. Those who wish to
obtain more detail ui' the work reported in this document can request copies of
the literature cited and the published progress reports of the appropriate
Divisions. Application should he made to: The Scientific Document Dislribution
Office, Aa>mie bnergy of Canada Limited, Chalk River. Ontario, Canada.

A Micrograph of spherical UO2 particles, about 250 jum diameter, coated
/ with pyrolytic carbon. The appearance of a "Maltese Cross" is due to

optical anisotropy of the polished surface viewed under polarized light.
(See "Fabrication of Coated Particle Fuel" by R.K. Rondeau and H.R.
Lee.)
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FABRICATION OF COATED
PARTICLE FUEL

Nuclear fuel consisting of small fissile particles
dispersed in graphite <s attractive for special applica-
tions. A three-stage process for fabricating this fuel is
described.

The provision of excess reactivity to overcome the
effects of fission product "poisons" allows CANDU
power reactors to be returned to power rapidly after
a shut-down. This reactivity is provided by inserting
concentrated fissile material, contained in "booster
assemblies", into the reactor core. To ensure efficient
use of neutrons and good fission product retention a
graphite-matrix disperson-type fuel has been de-
veloped for booster applications. Small spheres (ca.
250 nm diameter) of UO2, coated with multiple
layers of a semi-permeable pyrocarbon, are dispersed
in graphite-matrix pellets which are then sealed in
melal sheaths (see cover photograph). With a single
fuel element consisting of a large number of indivi-
dually coated particles, several coating failures may
be tolerated without serious contamination of the
coolant even if the sheath were to be ruptured.

Microsphere Fabrication

A sol-gel process has been selected lor fabricating
microspheres, since it is suitable for large-scale auto-
malic production.

UO2 sols are prepared by the precipitation of
hydrous U(IV) oxide and its subsequent filtration,
dispersion and peptization. Figure 1 illustrates an
engineering-scale flow sheet for preparing concen-
trated stable sols. The reduction and all subsequent
handling and storage are carried out under an inert
atmosphere as the presence of excessive concentra-
tions of the ,U(V1) ion results in a precipitate which
will nol pepti/.e.

After the U(IV) hydrous oxide is precipitated,
washing reduces the ionic concentration of the pre-
cipitate to the point at which incipient peptization
occurs. The precipitate is than transferred to a closed
vessel and peptized in an ultrasonic bath operating at
a frequency of SO kHz. Distilled water is used as the

coupling medium and this, together with the preci-
pitate, is self-heated to approximately 60°C. The
peptization process is monitored, again by measuring
the conductivity of the sol. These sols are quite
stable, having a shelf life of several months.

Gel spheres are formed in a tapered glass column
which is based on a design from the Oak Ridge
National Laboratory in the USA. The equipment
flowsheet is illustrated diagramatically in Figure 2.
The sol is fed from ;i constant flow syringe pump to
an injection nozzle mounted coaxially in a tube with
the solvent flowing downward past the jet. The
droplet size is controlled by: feedrate, flovv rate of
solvent past the jet and the size of the injection
nozzle. The droplets are fluidized in the column by a
recirculating upflowing stream of an alcohol, 2-ethyl-
1-hexanol. As the waler is extracted and the droplets
gelled, tl'e settling velocity of the particles increases.
The configuration of the column and the fluidizing
How rates are selected so that the gelled microspheres
drop out continuously into a product collector at the
bottom of the column at roughly the same rate that
sol drops are being formed at the top of the column.

Agglomeration of the spheres in the column is
prevented by the addition of surface active agents,
the gelation tim? varying from 6 x 102 to 2 x 103s
according to sol concentration and droplet size. It is
necessary to control the rate at which water is
removed from the spheres by adjustment of the initial
water content of the hexanol. When the rate of water
removal is excessive (virgin alcohol) the different sizes
of spheres produced sinter to different densities due
to the increase in macroporosity in the centre of the
larger spheres. Uniform density and sphere size, see
Figure 3, is obtained by using hexanol containing
initially 25% of the amount of water required for
saturation.

The partially dried microspheres are fired in high
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purity alundum boats. The firing cycle is necessarily
complicated and lengthy due to the need to remove
all traces of water and alcohol before sintering of the-
outer surface of the microspheres commences. The
cycle involves heating to 800° C in a steam/hydrogen
mixture over a period of 5.8 x i C s and holding at a
temperature of 1400°C for 1.4 x 104s. Typical
microspheres are reproduced in Figure 4.

Coating Techniques

A tubular fluidized bed coating furnace, typical of
those used in pyrocarbon deposition, is contained
within a Vycor tube. The tube and coating assembly
are mounted coaxially inside the coils of an RF
induction heater. The lower end of the bed, which
also acts as the susceptor, terminates in a cone with a
nozzle at its apex through which the fluidizing gas
passes into the coater. The fluidizing gas, helium,
levitates the particles while the pyrocarbon is de-
posited on them as a result of the high temperature
pyrolysis of the coating gas. A wide range of hydro-
carbons has been employed in the latter capacity, the
identity of this gas, as well as its concentration,
temperature and flow determining the characteristics
of the pyrocarbon.

The coating of fuel particles serves a dual purpose,
as a diffusion barrier and pressure vessel, since in
preventing the escape of fission product gases it must
be able to contain them against a steadily increasing
internal pressure as the fuel is burnt up. A secondary
function is to absorb recoiling fission fragments from
the fuel kernel without suffering serious damage. A

Figure 1 Preparation of format sol.
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Figure 3 Partially dried microspheres as removed from the
forming coiumn.

consequence of these various requirements has been
the gradual evolution of monolithic pyrocarboi,
coatings into more complex structures, with
successive layers having different characteristics and
serving different functions as illustrated in Figure 5.

An inner sacrificial layer of relatively low density
pyrocarbon is included in all coatings to accom-
modate the severe damage expected from fission
recoils. This coating, deposited from acetylene at
1100°C, has a density of approximately 1.0g/cm3. It
provides an additional volume for fission gas, serves
to absorb kernel swelling and protects the outer
coating against uranium migration under irradiation.
A second, outer pyrocarbon layer, constituting the
pressure vessel, is deposited from propylene under

Figure 4 Surface appearance of
typical dried microspheres. Note
the sphericity and smooth sur-
face finish.



(a) SURFACE OF FUEL KERNEL

(b) INNER LOW DENSITY COATING

(c) OUTER HIGH DENSITY PRESSURE VESSEL

50

15 mm

Figure 5 Cross section of finished coated particle.

Figure 6 Neutron radiograph ot finished fuel element
illustrating the excellent dispersive effect of the fabrication
procedures adopted.



conditions to produce a density of approximately 1.8
g/cm3.

Although coatings have evolved into rather
complex structures involving layers of widely varying
composition, their deposition is carried out in a single
furnace operation in which bare kernels are intro-
duced at the start and completely coated particles are
extracted from the bed at the end. Changes in
temperature and the nature, flow rates etc., of the
coaling and Duidizing gases produce the required
variation in properties in a continuous program.

Pellet Fabrication

Fuel bodies are cold pressed by incorporating the
coated particles with graphite flour and ar. appro-
priate resin binder. In an elegant method of doing
this, the miciospheies are covered with a coating of

resinated graphite powder, poured into a die of the
correct shape and size and pressed into a compact at a
pressure of 175 MN/m2. The green compact is sub-
sequently aged at room temperature and heat treated
to cure and carbonize the resin. This method yields a
uniform distribution of particles (Figure 6), reduces
particle damage during fabrication and produces an
isotropic compact having a high thermal conductivity,
calculated to be about five times that of a loosely
bonded bed.

Judicious selection of a diameter for the forming
die produces a finished pellet that is wilhin the
normal dimensional tolerances applicable to booster
fuel fabricated via more conventional routes.
Grinding and further fabrication procedures are thus
not necessary before the fuel is assembled in stacks
for encapsulation.

R.K. Rondeau &H.R. Lee



STRESS-CORROSION CRACKING
OF ZIRCONIUM ALLOYS

The environments causing SCC of zirconium alloys
are reviewed and the nature of the cracking process in
each environment summarized.

Although stress-corrosion cracking (SCC) of tita-
nium alloys has been known to occur in many
environments for a considerable period of time, little
work has been reported on the metallurgically similar
zirconium alloysO^). Thjs may, in part, be due to
the tar more restricted range of environments in
which zirconium alloys have been commercially ex-
ploited. In the chemical industry titanium is used,
because of its lower cost, to the almost complete
exclusion of zirconium and it is only in nuclear
reactors, where savings in parasitic neutron absor-
ption may be more important in the overall econo-
mics of the system than the initial cost of the
material, that zirconium alloys have seen extensive
commercial use.

As a result of the different situations in which
titanium and zirconium alloys are used, the latter
have seen exposure to only a limited number of
environments which could potentially lead to SCC
failures. However, with experience, the situations in
which zirconium alloys are being employed in nuclear
reactors are expanding beyond the traditional uses as
fuel cladding and in-core structural components (e.g.
pressure tubes), and the possibilities of encountering
environmentally induced failures are correspondingly
increased.

The environments known to crack titanium alloys
(Table 1) h-ve been examined at CRNL^5), Mid at
least one of each major group of these environments

has been shown to cause cracking of zirconium alloys.
The conditions under which zirconium alloys are
known to crack are summarized in fable 2 togeihei
with a brief description of the type of cracking, and
possible situations in which this type of cracking
might be encountered.

In situations where in-service failures occur, how-
ever, it may not be immediately obvious whal the
environment causing the failure was, since the con-
dit'ons necessary for cracking may be only transient
and result from maloperation or malfunction some-
where else in the system. As a clue to the cause of the
failure, fractography can be very useful and Figure I
shows that the characteristics of the fracture lace
produced in the environments studied at CRNL can
be sufficiently diverse to have some diagnostic im-
portance. However, under service conditions the
presence of oilier factors (such as cyclic stressing)
contributing to the failure could dislorl the i'raeto-
graphy sufficiently to make identification of the
cause of failure more difficult.

In addition to an environment capable of causing
cracking, the metallurgical condition ol the material,
and the method of testing can be major inliuences in
determining whether cracking occius or mil. More-
details of the manner in which these variables allecl
cracking in one environment (I; vapour) a it given in
the nexl contribution to Ibis' issue ol "Materials
Research in AKCI.".



Figure 1 Fractography by scanning electron micro-
scope of low-nickel Zircaloy-2 fuel cladding (Batch
ML 1-788) in;

(a) Methanol/iodine

(b) Methanol/HC I

(c) Aqi.'.'Oiis sodium chloride

(d) Mercury

(e) L iCI /KCI eutectic at 350°C

(f) KNO.,/NaNO.,/KI at 300°C

(g) I , at 300°C

(a)-(d) were at room temperature.

Note presence of striations only in R T transgranular
failures. Cleavage features occur on all transgranular
fractures, but are severely etched in (b).

Al l fractographs 3.000X.

(a)

(b) (c)



(d) (e)

(f) (g)



TABLE 1. Environments in which some titanium
Temperature

°C

alloys are known to crack'6/

Type of environment Example

1. Organic liquids

2. Aqueous chloride solutions

3. Hot and fused halide salts

4. Halogen and halogen acid vapours

5. Liquid metals

6. Solid metals

7. Oxides and oxy-acids of nitrogen

8. Miscellaneous

RT Methanol and solutions with
l 2 ,B r 2 ,HCI , KBr, KI.NaBr,
NaCI, HC'JOH,H2SO4

RT Higher alcohols with similar

additives

RT Ethylene Glycol

300 - 800 Chlorinated Hydrocarbons
RT (e.g. methylchloroform, CC(4,

trichlorethylene, chlorinated
diphenyl-"Aerochlor 1262")

RT Freons (e.g. Freon PCA, Freon
TF, Freon MF, Freon C318)

RT
2 5 - 154

300 - 450

300 - 450

350

350

350 - 400

RT & 400

300

450

RT

RT

RT

0

RT

Hydrochloric acid (10%)
NaCI, KG I, KBr, MgCI, CuCI2

NaCI.KCI, KCI/LiCI, KBr/LiBr
AgCI,MgCI2 ,SnCI2 ,CsCI,
CaCI2,SrCI2, BaCI2

Dried "sea-salt"

KNOa/NaNOj/KI

UNO3/KNO3/KCI

CI 2 ,HCI

Mercury, cadmium, cesium, zinc

Cadmium

Silver

N2O4

Red fuming nitric acid

Sulphuric acid

Hydrogen gas

Methanol vapour

10



TABLE 2. Environments shown to cause cracking of zirconium alloys

Type of Environment
and possible occurrence

Temperature Example Remarks

Organic Liquids
- Use of organic cleaning

liquids, or of organic
liquids in tests simulating
high temp, water

Aqueous chloride solutions
- Leaching of chlorides

from valve packing or
concentration of leaks
could give suitable
environment

RT

RT

RT

RT

RT

RT

Methanol and solutions
with Br ; , l 2 , NaCI

Methanol/HC I

Freon 11

Methanol and solutions
wi thH2SO4 ,HCOOH(1 i

Ethanol/HCI*11

I'JaCI (0.01 -5%)<10)

RT

Hot and fused salts
- dry-out conditions in-

reactor may lead to
accumulation of salt
deposits if prolonged
times ae involved.
Nitrata ion could
come from radiolysis
of ammonia

300 °C

300 - 350

300

300

Halogen and halogen acid vapours
- Iodine is a common fission

product in irradiated fuel

RT

NaCI, L iCI /KCI.Csl

KNOj/NaNOj/KIIKBr)

KNO.,/NaNO3/KCI

C;2 B r 2 , l 2

250-400 12 (+O2 or Fe)

Liquid metals

— Cesium is a major fission
product in irradiated fuel

RT Mercury, cesium

Intergranular; unstressed
specimens degraded

Initiation intergranular,
propagation transgranulai.
Unstressed specimens
attacked buv not disintegrated.

Precracked specimens only

Predominantly transgranular.
Requires anodic polarization
beyond oxide breakdown
potential. May be achieved by
galvanic coupling to Pt if
preoxidized.

fntergranular

No tests yet at CRNL

Predominantly transgranular,
appears to be initiated by
cracking of protective oxide
film

Severe intergranular penetration
with internal oxidation. Has
been observed in leaking inreactor
autoclave tests'8.9).

Predominantly transgranular.
Crack velocity is slowest in
C l 2 . Requires precracked specimens.

No precrack required, but
needs O2 or Fe as "catalyst".
Metallurgical variables
important. Predominantly
transgranular.

Requires dynamic loading
and good wetting. Transgranular.

11



All the zirconium alloys in common use appear to
be susceptible if in the right metallurgical condition,
although in some environments this is not critical. In
general, as progress towards higher-strength zirconium
alloys is made, one would expect a trend towards
greater susceptibility to SCC such as is observed with
the high strength titanium alloys.

B.Cox

REFERENCES

1. K. Mori, A. Takamura and T. Shimose, Cor-
rosion, 22 (1966) 29.

2. H.S. Rosenbaum, Electrochem. Tech., 4 (1966)
153. and U.S. Report GEAP 5100-5 (1966).

3. J.T. Dunham and H. Kato, U.S. Report BM-RI-
5784(1961).

4. K.C. Thomas and R.J. Allio, Nucl. Appl., 1
(1965)252.

5. B. Cox, Corrosion, 28 (1972) 207.

6. Proceedings of Conference on "Fundamental
Aspects of Stress Corrosion Cracking", Ed.
Staehle, Forty and van Rooyen, NACE (1969).

7. M.J. Blackburn, J.A. Feeney, T.R. Beck, "Stress
Corrosion Cracking of Titanium Alloys", Boeing
Scientific Research Labs. U.S. Report
Dl-82-1054 (1970).

8. B. Cox, Oxidation of Metals, 3 (1971) 399.

9. B. Cox, U.K.A.E.A. Report AERE C/R 2826
(1959).

10. B. Cox, Corrosion, to be published.

11. R.L. Cowan, G.E. Vallecitos, private communi-
cation.

12



STRESS-CORROSION CRACKING OF
ZIRCONIUM ALLOY FUEL ELEMENT
SHEATHS IN IODINE VAPOUR

Metallurgical factors influencing SCC of zirconium
alloys in iodine vapour are described, and a possible
model for cracking of fuel element sheaths is given.

Iodine vapour induces transgranular and inter-
granular cracking of zirconium alloys when they are
stressed in tension'' '• ' ' . The subject is of interest
because iodine is an abundant fission product and
tensile stresses arise in fuel element sheaths due to
thermal expansion of the UO2 fuel pellets during
irradiation.

Rings of zircorsicm alloys cut from sheath tubes
were split longitudinally on one side and opened on
zirconium wedges to produce a tensile stress at the
inner surface. The stressed slotted rings were sealed
with known amounts of iodine crystals in Pyrex
capsules from which air and moisture had been
evacuated. Then they were heated to temperatures
experienced by fuel sheathing. This simple technique
has enabled evaluation of many metallurgical and
environmental variables including applied stress,
residual stress, crystallographic texture, surface
condition, cold work, irradiation hardening, tempera-
ture, iodine concentration, and the presence of
catalysts - notably iron and air.

In order for stress-corrosion cracks to nucleate and
grow, three conditions must be satisfied, viz. a sus-
ceptible alloy by virtue of its chemical composition
and metallurgical structure, stresses exceeding some

critical stress, and a (mildly) aggressive chemical
environment. The alpha-phase zirconium alloys icsled
were Zircaloy-2*, Zircaloy-4f, Zr-2.5 wt',7 Nh, and
Zr-1.25wt'/Cr-0.1wlr;;Fe. All have the hexagonal
close-packed structure which is susceptible to trans-
granular SCC and all will crack in iodine vapoi'r :;i
some metallurgical conditions. The iodine concen-
trations in which Zircaloy-2 rings have been cracked
and the resullanl limes lo failure are shown in Figure
1.

The critical stress for stress-corrosion cracking
(SCC) can be achieved when the yield strength of an
alloy is high (e.g. work hardened or irradiation
hardened) or when a high residual tensile siicss in the
material combines with the applied tensile sliess. In
the fully annealed condition none of the alloys
mentioned above is susceptible (o SCC in iodine but
after irradiation in a fast neutron flux ol 5 \
1024n/m2 (E>IMeV)all will crack. Cold work causes
Zr-2.5 wl'/t Nb to fail more readily lhaii the othei
alloys because it work hardens to higher strength. All
the results shown in the figures were obtained using a
batch of Zircaloy-2 with a high residual tensile stress
at its inner surface. It was demonstrated that residual
stress can be more important than cold work in

* Z i r c a l o y - 2 = Zr-1 .5wt%Sn-O.2wt'/ Fe-
0.1wt7rCr-0.05wt%Ni.

= Zr-l.5wt',s*Sn-0.2wr,*h:-().lwl'.<<'r.

13
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Figure 1 Dependence of time to fail on iodine con-
centration for Zircaloy-2 rings with an initial applied
stress of 310 MN/m2 (45 kpsi).
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Figure 3 Variation of time to fail with temperature at
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Figure 4 Possible mechanism for stress-corrosion
cracking of zirconium alloy fuel sheaths in iodine
vapour in which iodine is recycled within the crack.
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determining susceptibility to SCC by removing the
residual stress in two different ways:

(1) by annealing — which also decreased cold work,
and

(2) by hydraulically straining - which increases cold
work while removing residual stress.

The results of the experiment, given in Figure 2, show
that specimens resisted SCC when stressed to the
yield point in 300°C iodine vapour if the residual
stress had been removed.

Crystallographic texture had no strong influence
on susceptibility to SCC but it did affect crack
direction. !n tubes with basal poles preferentially
circumferential, cracks were almost straight and radial
whereas radial basal poles gave rise to branching
cracks oriented about 45 degrees from the radial
direction. Thus cleavage on or near the basal plane is
a likely fracture mode.

Times to failure o( stressed Zircaloy-2 rings in-
creased strongly with decreasing temperature in the
range of 3OO-22O°C (Figure 3). It is known(2) that
tubular specimens of Zircaloy-2 stressed by thermally
expanding mandrels will fail up to 510°C. FastW has
shown that the chemical reaction rate between zir-
conium and iodine in the van Arkel(') process is a
maximum at 300°C and decreases to about 70% of
the maximum at both 220 and 510°C. This coinci-
dence suggests a possible model for the SCC of fuel
sheaths involving very small quantities of iodine. If a
volatile zirconium iodide formed at the crack lip it
could migrate up the temperature gradient to either
decompose thermally or release iodine by reaction
with oxygen from the UO2 fuel. Zirconium oxide

could then be deposited on the crack walls passivating
them to localize further attack at the crack tip
(Figure 4).

Several ways of preventing SCC of zirconium alloy
fuel sheaths by iodine have resulted from these
studies and some have already been demonstrated
in-reactor. These may be the subject of a future
review, subject to the results of current patent appli-
cations.

J.C. Wood

REFERENCES

1. H.S. Rosenbaum, Eleclrochem. Tech. 4 (l%(i)
153.

2. A. Garlick and P.D. Wolfendcn, J. Nucl. Mat. 41
(I97I)244-2C)2.

3. J.C. Wood, to be published in J. Nucl. Mai.
(1972).

4. J.D. Fast, Z. Anorg. u. Allgem. Chem., 239 (J43N)
145.

5. A.E. van Arkel and J.H. de Boer, Z. Anorg. Chem.
148(1925)345.

15



DISTRIBUTION OF ZIRCONIUM
HYDRIDE IN ZIRCALOY

In slowly cooled Zircaloy the amount of inter-
granular hydride is a linear function of the hydrogen
concentration. Below approximately 423 K (150°C)
all the hydride is precipitated at the grain boundaries.
The orientation frequency of the intragranular hy-
dride is a non-linear function of the hydrogen concen-
tration.

ZiiconiiiMi is a member of the group of metals
which lorm solid hydrides. At ambient temperatures
hydrogen has negligible solubility in zirconium and in
slowly cooled material il is present as well developed
hydride plates. These are brittle at room temperature
and. depending upon their degree of orientation
relative to ihe stress system, can drastically reduce
Ihe strength and ductility of zirconium alloys^''. At
temperatures above 423 K (15O°C) zirconium hy-
dride is ductile and has little effect on mechanical
properties''-'.

In polycrystalline zirconium alloys the hydride
plates are both intergranular and intragranular (Fig.
I). Since inlergranulai hydride may have a greater
effect on mechanical properties than intiagranular
hydride, we have measured ihe relative amounts of
I lie two forms in annealed, slowly cooled Zircaloy*.

Specimens from six batches of reactor fuel sheathing,
covering a range of hydrogen concentrations, were
examined.

For the specimens with grain sizes in the range 12
to 55 ium. the volume fraction of the intergranular
hydride was:

independent of grain size and erystallographic
texture.

inversely dependent upon hydrogen concentration
up to approximately 200 ppm, above which it was
virtually constant (Fig. 2).

The amount of intergranular hydride, expressed as
ihe hydrogen concentration present as grain

* A zirconium-rich alloy containing 1.5 wt1? Sn,0.2
wt% Fe and 0.1 wt%Cr.

Intergranula
Hydnde

Intragranular
Hydride

Figure 1 Inter- and intra-granular hydride plates in annealed Zircaloy containing 123 ppm hydrogen Polarized
light (500 X).

16



boundary hydride, war- directly proportional to the
anal hydrogen concentration (Fig. 2). The slope of
I he line is about 0.5.

Hxtrapolation of the linear relationship (Fig. 2)
indicates that at hydrogen concentrations less than 25
ppm, all the hydride would be at the grain boun-
daries. The form of the relationship can he explained
if. during cooling, inter- and intra-granular hydride
precipitate in equal amounts until the temperatuie
reaches 423 K. (150°C), after which the last 25 ppm
precipitates exclusively at the grain boundaries.

Using other specimens, we were able lo demon-
strate experimentally that the last 25 ppm hydrogen,
i.e. below 423 K (150uC). did precipitate at ihe grain
boundaries but prior to this morr- inter- than intra-
graiuilar hydride was formed (Fig. 3). The reason for
this difference from previous results is probably the
tine grain si/.e of the new specimens (8 /JIII) compared
lo that of those used in the initial experiments (! 2 to
55 /urn). This indicates that for grain sizes less than
approximately 10 /urn, the volume fraction of inter-
granular hydride increases with decrease in grain si/e.
The fraction would probably decrease with increase
in grain size for course grained material.

Grain boundary stresses, resulting from the ani-
sotropic contraction of the individual zirconium
grains during cooling, are thought to be the reason
why the last 25 ppm hydrogen precipitates exclu-
sively at the grain boundaries. These stresses would
become significant only at a temperature where the
rate of stress increase was greater than the rale of
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Figure 2 Fraction and amount of intergranular hydride as
a function of total hydrogen concentration in annealed
Zircaloy.
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solubility temperature and the quench temperatures, was
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almost complete segregation of the hydride at the
grain boundaries'-'.

Measurements of the orientation of the two forms
of hydride, expressed as the frequency, F n *, showed
that:

F for the intergrunuhir hydride was independent
of the hydrogen concentration.

-• I* for the intragranular hydride was a maximum
or minimum at hydrogen concentrations between
50 and 150 ppin, depending upon the particular
fuel sheathing batch (Fig. 4).

We were unable to explain these two observations but
il follows that, qualitatively, the orientation fre-
quency for the total hydride depends upon the
hydrogen concentration in the same way as does the
orientation frequency for the intragranukir hydride.

F n is the fraction of hydride plates lying within
0.6c>8 rad (40°) of the radial direction of the tube
as seen on a transverse section.

Thus hydride orientation is not simply a function of
the fabrication process.

J.F.R. Ambler
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CRYSTAL DEFECTS STUDIED
BY INTERNAL FRICTION

Internal friction measurements can give infor-
mation on the interaction between dislocations and
point defects. Results are given for single crystals of
magnesium oxide.

INTRODUCTION

Over the last fifteen years, the technique of in-
ternal friction has become well known as a tool for
I he investigation of dislocations and their interaction
wilh point defects in crystalline solidst-1). A great
many of the theoretical developments in the field of
dislocation damping have originated from the
Granato and Lu'cke (G - L) theory^2). In the G - L
model, the dislocation, under the action of an applied
stress, behaves like a stretched string and bows out
between pinning points. The dislocation is assumed to
be strongly anchored at its extremities where stable
nodes are formed with the dislocation network. At
intcrmediaie points, the dislocation is weakly pinned
at local sites such as point defects. As the dislocation
bows, the localized anelastic strain gives rise to
dissipation of energy clue to the scattering of thermal
phonons. This energy is supplied by the mechanical
system applying the stress and manifests itself as heal
in the material which is transferred irreversibly to the
surrounding environment. The magnitude of this
dissipation is measured in an internal friction experi-
ment where the attenuation of amplitude is measured
in a freely vibrating specimen, energy being dissipated
in each cycle. The measure of damping, the decre-
ment, is expressed as the ratio of the energy du-
sipated per unit volume in one cycle to twice the
maximum strain energy per unit volume realized in
that cycle.

For low initial strain amplitudes, the damping is
independent of the strain amplitude. However, as the
initial strain amplitude is increased, a critical thres-
hold stress is eventually reached where the dislocation
breaks away from the weaker pinning points. The
resulting sudden increment of anelastic strain results
in a further contribution to the overall damping. As
this strain increment is constant and invariant with

stress above the breakaway siress. the resulting
damping contribution, as defined above, is amplitude-
dependent, decreasing wilh stress because ihe maxi-
mum strain energy per cycle increases wilh am-
plitude.

Initially, this model met wilh a greai deal of
success in explaining Ihe observed experimental
results. The model continues lo be successfully
applied to experimental amplilude-independcnl Jala,
but amplitude-dependent data, for many materials,
cannot be explained on the basis o\ this model alone.
This inconsistency can be attributed io 1 lie mis-
application of a model, which is essentially :i zero
temperature description, lo temperature leginies
where dislocation breakaway is thermally assisted.

The study of damping that is dependent on siiain
amplitude yields information on both point delects
and dislocations and their mutual inleiaclion. li
therefore intimately relates to the fields of plastic
deformation and radiation damage and is. conse-
quently, of considerable theoretical and technological
interest. Further developments in this held ol ic-
search have awaited a tractable theory ol ihennally
assisted unpinning.

THEORY OF THERMALLY ASSISTED
UNPINNING

The first ultempt at interpolating thermal acti-
vation into the G L theoiy was made by Teutonico.
Granalo and Lucke (T-G-L)^ ' . Then results, how-
ever, were too complicated h> compaie wilh I'xpeii-
menial dala. Recently. Blair. Hutchison and Kogeis
( B - H - R / 4 * have incorporated a general pinning loicc
into the T-G-l- theory and wilh siniphlyiuy,. yet
justifiable assumptions, have made detailed •alcii-
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lations of the complex damping behaviour attribu-
table to thermally assisted breakaway. They have
shown that the results can be conveniently repre-
sented in a Temperature (T) - Strain (e) diagram. For
very long dislocation loops, the T-e diagram has given
regions (A-E) of different damping behaviour, as
shown in Figure 1. The corresponding damping versus
strain amplitude curves are shown in Figure 2, where
the positions of the boundaries between adjacent
regions are indicated. Blair, Hutchison and Rogers
have formulated theoretical expressions for these
boundaries in terms of the dislocation loop length
and the dislocation-pinner binding energy.

The five regions of the T-e diagram are required to
describe all the possible activated complexes of a
dislocation with multiple pinners. Thus, in regions A
and E, breakaway is activated over a group of pins,
while in regions B, C and D, breakaway from the
whole row of pinners is activated at a single pin.
Regions A and B are characterized by few of the
dislocations breaking away in a given strain cycle,
whereas in regions C and E nearly all the dislocations
breakaway in a given cycle. Region D, which is
characteristic of very long loops, is different from all
other regions in that the activation energy for un-

(a)

(e)

Figure 1 Schematic diagram of the strain amplitude
(e) - temperature (T) plane for very long loops [after
Blair et al. (4) ] .

Figure 2 Schematic curves of decrement (A) as a function
of strain amplitude (e) for very long loops used in con-
structing Fig. 1. The temperature lecreases from (a) to
(e) [after Blair et al. (4) ] .

pinning is effectively constant, during a given cycle.
Some of the theoretical prediction of the B-H-R

theory can be tested quite readily by experiment and
the self-consistency of the expressions for the critical
strains checked. In addition, the most interesting
predictions, which are for very long loops, can yield
definitive information on the asymptotic behaviour
of the law of force between dislocations and pinning
points. The experiment should, therefore, be carried
out on a material, such as MgO single crystals, in
which fresh dislocations can be easily generated at
temperatures where they are not rapidly pinned by
diffusional processes. This, together with the fact that
well annealed single crystals have a low intrinsic
dislocation density, ensures the requirement of 'very
long loops'.
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Figure 3 Counterbalanced reed pendulum.

EXPERIMENTAL TECHNIQUE

investigation of strain amplitude . dependent
dumping requires an apparatus in which the strain
amplitude and temperature can be controlled with
accuracy and small changes in damping be accurately
recorded. The counterbalanced reed pendulum shown
schematically in Figure 3 meets these requirements.
In principle, the operation of the pendulum is very
simple. The specimen S, in the form of a rectangular
prism, is clamped between grips fixed in the i_jse and
grips attached to the pendulum rod, R. Static com-
pressive strains are removed from the specimen by
i-irefully counterbalancing the assembly. Flexural
vibrations of the pendulum are initiated by pulsing

the electromagnet E and the subsequent free decay in
amplitude is monitored by the optical transducer T.
This transducer is a fibre optical device which
measures linear displacement with a sensitivity of
about 1CT5 cm.

After curve-fitting the amplitude decay curve and
applying a correction for the strain distribution in the
specimen, the results can be compared with the
B-H-R theory. Typical experimental curves are shown
in Figure 4. These should be compared with Ihe low
strain portions of the theoretical curve (c) in Figure

RESULTS

A typical T-c diagram for an MgO crystal thai was
neulron-irradiated then annealed is shown in Figure
S. All of the regions predicted by the B-H-R theory
have been detected. Quantilalive comparisons of our
data with the B-H-R theory have generally shown
good agreement. Calculation shows that, in our

2 81 "C

_ ] J 1 - I - - . 1 - I
I 2 3 4 5 6

SURFACE STRAIN AMPLITUDE (

1 . . 1 . J
7 8 9

. 1 . . I . 1 . . -1 -
10 II I? 13

Figure 4 A selection of experimental curves of decrement
as a function of strain amplitude for an MgO single
crystal. Note the change in shape of the curves, with
temperature and compare with the theoretical curves in
Figure 2.

21



20 40

£ SURFACE STRAIN AMPLITUDE « 10

Figure 5 Strain amplitude - temperature diagram for a
neutron irradiated and annealed single crystal of MgO.
Compare with the schematic diagram Fig. 1.

specimens of MgO, the fresh dislocations have a loop
length of about 1 x Id 4 cm and are pinned by a
species of pinner having a binding energy to the
dislocation of about 1 eV. There is some theoretical
evidence to suggest that the pinner is the positive-ion
vacancy, but this has not yet been confirmed.

available which directly measures the interaction
between dislocations and point defects. It is evident
that the experimental approach presented here, in
conjunction with other established techniques,
presents the experimentalist with a new and powerful
tool for the study of many aspects of radiation
damage and mechanical properties.

I.G. Ritchie
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FUTURE EXPERIMENTS

In experiments on neutron-irradiated MgO single
crystals, the cycle of shapes shown in Figure 2 has
been observed to repeat several times in the tempera-
ture range, ambient to 700°C. This results in over-
lapping T-e diagrams that are difficult to interpret. In
addition, the thermally assisted breakaway mecha-
nisms are probably accompanied by changes in
damping due to rearrangement of the pins by core
diffusion. However, the results indicate that there
may be a whole spectrum of pinners of different
strengths in the neutron irradiated material and that
fresh dislocations can be effectively used as an
internal friction probe to study the structural changes
associated with radiation damage. Thus, further
experiments on irradiated MgO are planned. Besides
aiding in the identification of the species of pinners
responsible (and hence the nature of the radiation
induced point defects), a direct indication of their
el lee! on mechanical properties and annealing charac-
teristics should be possible from these experiments.

Internal friction is the only method at present
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TECHNIQUES TO STUDY TRANSPORT
PHENOMENA IN ANODIC OXIDES

Techniques have been developed to study whether
anodic oxides grow by migration of oxygen, metal, or
both and also to study the movement of foreign
atoms in anodic oxides. These techniques could find
applications in thermal oxidation, corrosion and
investigations of their films in general.

In studies of transport phenomena the objective is
often to determine whether, during oxidation of a
metal, the oxide grows by migration of oxygen
inwards through the oxide film, migration of metal
outwards, or a combination of both. One may also
want to find how these transport phenomena are
affected by oxidising conditions. Techniques in-
volving "inert markers" have proved invaluable in
these experiments.

The basis of the methods is to introduce into the

OXIOE

ANODIZED M J J H ANODIZED
TO LOW : ; £ | f p TO HIGH

VOLTAGE M E T f l L VOLTAGE

MARKER '
INJECTED
IN METAL

MARKED
LAYER

CONVERTED
TO OXIDE

FINAL
POSITIONS

OF MARKED
LAYERS

Figure 1 Diagram illustrating the possible fates of inert
markers during oxidation.

metal surface an immobile 'marker' and then, alter
oxidation, determine whether the oxide has formed
below the marker, above it, or both. Oxide formed
below the marker has formed by inward migration of
oxygen whilst oxide formed above the marker has
lormed by outward migration of meial (Figure I ). In
practice, it is often preferable to introduce the
marker into a thin oxide already grown on I he metal
and then grow more oxide. To make the experiments
quantitative il is necessary, in either case, to measure
both the thickness of oxide grown and the depth of
the marker within it, or strictly speaking, the ratio of
these two quantities.

For very thick oxides the marker could lie a solid
object such as a line platinum wire. However, foi iliin
oxides and specifically for anodically formed oxides,
whose thickness1 does not exceed a lew thousand
Angstroms, this procedure is clearly impractical. One
must now resort to introducing foreign atoms as
markers and after oxidation one must locale llieit
depth by sonic technique Ihal has a resolution in (he
order of lOOA. or preferably less.

In all our work we have used atoms ol the noble
gases, argon, krypton, xenon <>t radon. as markers.
They have been introduced into the metal, or pre-
formed oxide, by ion bombardment. "Ihe electro-
magnetic isotope separator at C'KNL is an ideal
instrument since it can provide, when required, beams
of isotopically separated radioactive tracers. A
bombardment energy of 5 kcV is typical; the range ol
such heavy ions is less than 5()A hence lliey lonu a
narrow distribution, initially very close to the suilace

Techniques tor measuring the depth ol the
markers after oxidation fall inu> two broad classes
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the first of which depends upon controlled stripping
of Ihe oxide. A radioactive tracer, e.g. 8 SKr, is used
as marker. After oxidation thin, uniform layers of
oxide, of known thickness, are removed and the
activity remaining at each stage is measured, whereby
the depth profile of the marker is easily established as
shown in Figure 2.

The best and most extensive studies of this type
have been made on the anodic oxidation of tan-
talum' ' ) . Anodic Ta2O5 can be dissolved very uni-
formly by a solution of HF and NH4F. Furthermore
the oxide shows good interference colours and by
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Figure 2 Depth profile of 1 2 5 Xe in zirconium after
anodic oxidation.

using a spectrophotometer the initial thickness of
oxide and the thickness remaining after each stripping
cycle can be measured accurately.

Uniform chemical stripping is not possible with
many oxides, hence in studying anodic oxidation of
zirconium^) it was necessary to remove layers of
oxide by a vibratory polishing machine. Anodic ZrO2

also shows good interference colours hence the thick-
ness measurements could again be made with the
spectrophotometer.

The second class of experiments relies on the fact
that energetic charged particles, such as electrons or
helium ions, lose energy as they pass through solids.
The simplest example is probably the work on anodic
oxidation of aluminum and tantalum(3) using, as
marker, the radio-tracer222 Rn which is an a-emitler.
The energy of the emitted helium ions after im-
planting the 2 2 2 Rn, but before anodizing, was
measured using a solid-state detector and a pulse
height analyser. After anodizing, the helium ion
energy was measured again and found to have de-
creased (Fig. 3). The decrease in energy can be related
to the depth of the 2 2 2 R n using published data on
stopping powers for helium ions, i.e. on the rate of
energy loss per unit distance. The total thickness of
oxide can be found from known voltage-thickness
relationships.

A similar type of experiment was used to study
anodic oxidation of aluminum, niobium, tantalum,
tungsten, zirconium and hafnium'^). In this case the
marker was 1 2 5Xe which decays by emitting 21.8
keV conversion electrons whose energy was measured
extremely accurately using the TW/I 0-spectrometer.

6000-

Figure 3 The a-spectrum of 2 2 2 R n
in aluminum before and after anodic
oxidation. The dotted line is the
spectrum that would have resulted
if the 2 2 2 R n had been located at
the metal-oxide interface. One chan-
nel is equivalent to 1.74 keV.
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Figure 4 Schematic diagram of
the equipment used to record
the spectra of backscattered He

ions.
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Figure 5 Spectrum of the ions backscattered from an
aluminum target implanted with Xe. The sharp peak arises
from ions scattered by Xe and the continuum from ions
scattered by the aluminum.
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Figure 6 The same as Fig. 5 except that the specimen
has been anodized. The Xe peak has shifted to lower energy
and the continuum contains a step whose width gives the
thickness of the oxide.
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Again, the energy shift that occurs when the
specimen is anodi/ed can be related to the depth of
the 1 2 SXe and as before, the total oxide thickness
must be obtained from a voltage-thickness cali-
bration.

A more recent modification of the same basic idea
is the use of Rutherford backscattering to study
anodic oxidation of aluminum^'. As in the case of
the 2 2 2 R n experiments the technique relies on
measuring energy spectra of helium ions. However, in
this case the helium ions do not originate from
radio-active decay of the marker atom. Instead, the
aluminum specimen, implanted with stable xenon
atoms, is bombarded with 2 MeV helium ions from a
Van de GraalT accelerator and energy spectra of the
ions scattered backwards are recorded (Fig. 4).
Spectra are obtained before and after anodizing.
Some of the ions have been scattered from the
murker atoms (Xe) and from a knowledge oi' the
kinematics of the scattering process and the slopping
powers, the depth of the xenon atoms can be esta-
blished. Other ions are scattered by the aluminum
atoms and since the concentration of aluminum
atoms in the oxide is lower than in the metal the
number of backscattered ions, as a function of their
energy, can be analyzed to give the thickness of the
oxide. Thus the spectra contain the required infor-
mation on both the marker position and the oxide
thickness; this point is illustrated in Figures 5 and 6,

In total, the experiments at CRNL have covered
anodic oxidation of aluminum, niobium, tantalum,
tungsten, zirconium and hafnium. For the first four
metals the results show (hat both metal and oxygen
are mobile during anodizing whereas for the last two
only the oxygen is mobile. Preliminary results indi-
cate that silicon probably falls into this second
category. In the case of tantalum the effects of
changing temperature and current density have been
investigated in some de ta i l ' ' and found to make
small (less than 10'/') but detectable, changes to the
transport numbers. The apparent transport number of
aluminum anodi/ed in •jinmonium citrate has also
been shown to vary with current density'1*). This
effect is partly caused by the fact that at low current
density some aluminum dissolves in the electrolyte,
thus lowering the measured aluminum transport
number. It has also been associated with the fact that
at very low current density the oxides are porous and
hence the whole transport mechanism can be quite
different from that operating in a true barrier oxide.

Although this review has dealt, so far, with the use
of inert markers in anodic oxidation, the associated
techniques are applicable to many other situations.
Vibratory polishing has been used to study the

behaviour of ion-implanted rubidium and bromine
during the anodic oxidation of zirconium and also the
behaviour of bromine incorporated into anodic zir-
conium oxide from the electrolyte(-). The behaviour
of the bromine is strikingly different under these two
conditions. Implanted bromine is truly 'trapped' in
the oxide and remains at the outer surface. Bromine
from the electrolyte penetrates through the oxide,
indicating some degree of porosity. Chemical
stripping has been used in preliminary experiments to
study the fate of sulphate ions when tantalum is
anodized in an electrolyte containing 3 5 SO 4 ions.
Rutherford scattering is currently being used to study
the behaviour of a wide variety of implanted foreign
atoms during anodic oxidation of aluminum; there
are remarkable differences between the behaviour of
foreign atoms according to whether they are im-
planted into the metal or into a thin oxide layer
p re-formed on the metal. There have been
preliminary investigations into the behaviour of
alloying elements during anodic oxidation of alumi-
num. In view of the current interest in ion implan-
tation as a means of producing semi-conductor
devices we are studying the behaviour of implanted
atoms during anodic oxidation of silicon. Also, since
silicon is extremely susceptible to radiation damage
we are attempting to see whether damage plays any
role in the oxidation process.

F. Brown
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