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1. INTRODUCTION

The use of nearly all metals and alloys at elevated temperatures is
invariably limited by the way in which they react to their surrounding
environment. The most common reaction is oxidation. Oxidation usually
involves a chemical reaction between a dry metal surface and an
oxidizing gés to form an oxide film over the exposed surface.
Industrial materials without sufficient oxidation resistance frequently
fail even in a short time as a result of rapid oxidation, which owing
to poor adhesion of oxide layers is also accompanied by spalling of the
oxide scale. ‘As a result permissible limits of wear are often exceeded
and expensive apparatus aﬁd machinery parts have to be replaced
prematurely costing the metal industry millions.of dollars a year in
metal lossas and.preventive measures.

In oxidation, the reaction product freduent]y appears as a compact
phase with the'reactihg substances spatia]]y:séparated from each other
and further }eaction is possible only if at least one of the reactants
diffuses through the product 1layer (oxide) to the other reaction
partner. The two reaction partners are metal and oxygen (non-metal).
The course of the reaction can be dictated by a) phase boundary
reactions at ﬁhe oxygen/oxide or metal/oxide interface, b) diffusion of
metal ions and/or oxygen ions through the oxide, c) transport processes
in space-charge boundary ]ayers for thin oxide layers grown at. Tow
temperatures. - The slowest process determines the kinetics of

oxidation. The formation, composition and structure of the oxide layer
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may also depend on the thermodynamic stability of oxide that is formed;
and the crystal structure of the oxide layer and of the metal 6r alloy
which determines the adhesion between the oxide layer and the
underlying metal. The rate laws observed in oxidation of metals and
alloys may take various forms. The oxidation processes may follow the

logarithmic rate law (x a 1n t); linear rate law (x a« t); parabolic
1/2)

rate law (x a t where 'x' 1is the thickness of oxide formed in
time 't', or as breakaway where repeated parabolic steps give an
overall linear behavior. The logarithmic rate law applies mainly to
highly protective thick films formed at lower temperatures. The linear
rate 1aw'app]ies to the initial stages of oxidation, before a thick
protective oxide film is formed. The parabolic rate law is obeyed at
higher temepratures and high gas (oxygen) pressures. Breakaway effects
are observed when the oxide film cracks or flakes which reduces-its
thickness. Repeated breakaway of a fine oxide scale can prevent it
from increasing beyond'a certain thickness. The oxidation mechanism in
metals and alloys has been explained by wagnePI, who was the first to
give a complete theory of parabolic oxidation; he was able to derive
the observed parabolic oxidation rate constant. Wagner's theory is
applicable when diffusion processes alone are rate detefmining which is
generally the case at high temperatures. It also assumes that metal
jon and non-metal ion diffusion are equally 1likely. It is not
applicable for 1low temperature oxidation and space charge boundary

2

layer thin film oxidation where the Cabrera-Mott“ theory of oxidation

can be applied.

V



3

Oxidation of alloys is more complex. There may be formation of a
single oxide, multiple oxides or complex oxides. In binary alloys one
of the constituents is oxidized at a given tirﬁe or both constituents
oxidized simultaneously depending on the affinity for oxygen of the
constituents. Internal oxidation and catastrophic oxidation can occur
depending on the nature of the alloying elements. Alloying elements
are often added to inhibit oxidation by formation of a protective oxide
film on the metal.

The growth of an oxide on a metal surface may result in the
generation of stresses and these stresses may eventually cause the film
to rupture and thus cease to protect the metal éurface. The- most
obvious evidence of stress generation during oxidation is that the

scale (oxide) eventually fails in a manner which clearly indicates a

stress system acting in the plane of the interface: blistering or

shear cracking indicating compressive stresses in the film: ‘tensile

fractures indicating tensile stresses in the film. In 1947 Evans3

demonstrated the existence of stresses in oxide films grown on Ni. A
number of investigators have observed dimensional changes in the

substrate which they attribute to creep due to growth stresses. The

4

first of these was Moore , Who oxidized a Cu tube on the outside

only. The internal diameter of the tube diminished slightly.

5

Stringer has observed increases 1in diameter of Ta tubes on

oxidation, which can be attributed to compressive stresses in the

metal. Investigators at the Berkeley Nuclear Laboratories of C.E.G.B.

6

have observed significant extensions of steel-fuel element cans” and

7

contractions of Mg specimens’ as a result of oxidation.

LR

E

e,
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The experimental ‘methods used to determine stresses in oxidized
films can be divided into two classes; Bending of a strip which is
clamped at one end and allowed to oxidize on one side only; and
expanéion or contraction of a helix, again allowed usually to oxidize
on one side only. Both techniqueé were originally used to determine
stresses in electro-deposited coatings. The first method was

8 and was first applied to oxidation of metals in

a modified form by Dankov and Churaevg. In this experiment a thin

introduced by Stoney

film of metal was vapor-deposited on a thin sheet of mica, which was
clémped at one end while the other end carried a pointer, which could
be viewed through a telescope. When oxygen was introduced, the
stresses produced during oxide growth bent the mica sheet. This
experiment has been criticizedlo on the basis that the morphology of
the vapor-deposited metal is not known and that observed stresses may
be due to growth of oxide within pores of the meta]. A simple
extension of the Stoney technique can Sé used to determine at roam
temperature the stresses bresent in films formed on metals by
oxidization at elevated temperatures. A thin flat wafer is oxidized on
both surfaces, and the film is subsequently etched from one side. The
wafer bends as a consequence of stresses present in the film remaining
on the other side. Jaccodine and Schlege]11 measured the bending

1.12 used an

with a mechanical micromanipulator while Whelan et a
X-ray method. In the wafer bending method there is difficulty in
producing a flat wafer. The second major method was developed by

Brenner and Senderoff13. In their aparatus called a spiral

A%
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contractometer, plating took place on the outer surface of a metal
helix protected on the other side by an insulating lacquer. The helix
was clamped at one end and as a result of stresses developing, the
helix expanded or contracted, the other end consequently winding or
unwinding. The technique was applied in a modified form to oxidation

14 who oxidized a spiral of iron at

of metals by Engell and Wever
700.C. .Both surfaces of the spiral were allowed to oxidize, the
differential stress arising because of the difference in length of
inner and outer surfaces. The method is attractive to study stresses
developed during high temperature oxidation of metals; but it is very
sensitive to different oxidation rates on opposing sides, which jn some
cases are dependent on the curvature of the metal surfaces.

For a metal oxidizing by anion diffusion, stresses result as new

oxide is formed at the oxide-metal interface. Under these conditions

the volumetric change between metal and oxide expressed via the

Pilling-Bedworth Ratio (PBR)!® can be used to predict the localized

stress state. For metals oxidizing by the qsual case of metal ion
diffusing outwards, new oxide is formed at the oxide-oxygen - free
surface; both oxide and metal should therefore be stress free. That
this is not so has been clearly demonstrated throughout the 1literature,
but no satisfactory explanation has been advanced, even for metals with
a single oxide layer. It has been péstu1ated16A that some inward
oxygen ion diffusion occurs through the o*ide to cause a reaction at
the metal-oxide interfaée and generate stress. In thin film oxides

epitaxial stresses are present. The other type of stresses present in

g
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an oxide-metal system are a) recnysta}]isation stresses of the type
described by Jaenicke et a1.17’18 b) composition change stresses of
type described by Richmond19 ¢) stresses due -to oxide growth within

17,18,20 ang 4) point defect stresses.

an oxide layer

High Voltage Electron Microscope (HVEM) can be used to detect and
study oxidation-induced surface stresses by dislocation network
formation. Thin foil specimens may undergo changes in microstructure
- during examination in a high voltage electron microscope, as a result
of specimen interaction with the electron beam and/or its surrounding
gaseous environment. Useful information can be derived from the
observed changes in microstructure.

In studies of Al foils electron-irradiated in a high voltage
electron microscope it was observed that after a short incubation
period, interstitial loops nucleated in the center of the foil and grew
under continued irradiation unti]ueventuplly a network was formed21.
Stereo-microscopy confirmed that the loops were unable to nucleate
within 0.2um of the surfacezz. The surface acts as a good sink for
the point defects and prevents the attainment of the necessary
supersaturation for loop nucleation. During a study of the effect of
surface conditions on the radiation damage in Al1-11% Mg by
‘westmacott23, it became apparent that the presence of oxide films on
the foil surfaces completely altered the distribution of the damage in
the foil. In thin foil specfmens, deliberately oxidized for 2-1/2

months at room temperature prior to irradiation, preferential formation

of interstitial loops at the metal-oxide surface was observed, which

o
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had grown with increase in time of irradiation (Figs. la and 1b).
After post-irradiation annealing, the dislocation loops interacted to
form an irregular dislocation network. In foils with {013} surface
orientation hexagonal networks were formed. The results have been
interpreted in terms of oxidation-induced stress. Oxidation of the
A1-Mg alloy results in the formation of Mg0 surface film, consequently
since the Pilling-Bedworth Ratio for Mg0 and Al1-Mg is greater than
unity, tensile stresses develop in the matrix and compressive stresses
in the oxide. During electron-irradiation in the HVEM, interstitial
loops nucleated and grew in the metal at the oxide-metal interface in
response to the tensile stress. The formation of such interstitial
networks can be used to monitor stress buildup during oxidation.

Mitchell et al.2%

have also used electron microscopy to characterize
the stress effects which occur during the oxidation of iroi.

The appearance of irradiation damage in a material is affected by
the magnitude of the electron flux, the temperature of the area under
observation, the time of irradiation and fhe surface condition of the
area being irradiated. These factors should be taken into
consideration for proper interpretation of the results.

The aim of the present work is to study in detail the near-surface
formation of dislocation network in electron-irradiated A1-Mg alloy on
oxidation and to assess the possibility of monitoring the strgsseé
produced during oxidation by the dislocation network formed.
Preliminary work was done to optimize the different variables involved

in the experiment such as the time and temperature of irradiation and

the post-irradiation annealing conditions, for good network formation.
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The specimens were then oxidized at different temperatures, for
different durations of time, and stress buildup was monitored via the
dislocation networks formed.
This is an exploratory study with an effort to use the high-voltage
electron microscope as a tool to quantify the stresses produced at

oxide-metal interface.



9
2. EXPERIMENTAL WORK

2.1 Material Preparation

An A1-2.5 wt.% Mg alloy was made using Al of 99.995% purity and Mg
of 99.995% purity. The alloy was prepared by melting the metals in a
graphite crucible in a vacuum arc melting furnace in an atmosphere of
99.998% He. The ingot was cast in a copper mold. The cast ingot was
homogenized at 600°C for two days and rolled; homogenized and rolled to
a final thickness of 0.003". The rolling apparatus was 'carefully
cleaned before use to avoid any contamination of the alloy. The rolled

sheet was annealed at 500°C for 1 hour and then furnace-cooled.

2.2 Electron Microscope Foil Preparation

Three mm discs for jet polishing were punched from the center
portion of the sheets. Since the oxide present on the surface of the
specimen hinders polishing, it was removed by dipping the specimen into

a solution of 70% HPO 25% H2504 and 5% HN03 maintained at

3
80C. followed by rinsing in distilled water. The specimens were
electrolytically thinned wusing the Fischione twin jet polishing
apparatus. An electrolyte of 95% Methanol and 5% Perchloric acid was
USed at room temperaturé and 20V. In some cases difficulty in
polishing was encountered due to the formation of a white deposit.

This was removed by dipping the specimen in the solution used for oxide

removal.
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2.3 Microscopy

Irradiation was performed in a Hitachi HU 650 high voltage electron
microscope at an electron energy of 650KeV, using a Gatan double-tilt
heating holder equipped with a platinum thermocouple for temperature
read out. The manufacturer's calibration of the heating stage was used
throughout this work. The Liquid-Nitrogen cold-trap was kept full to

restrict specimen contamination.

2.4 Oxidation

The specimen was oxidized by heating it in the Gatan heating holder
in the airlock of the microscope and was cooled to room temperature
after completion of oxidation. The oxidation of the specimen in the
holder minimizes handling whereas furnace oxidation involves many
handling stages and can contribute to deformation damage. Another
advantage of oxidation of the specimen in the heating holder is that it
can be inserted immediately into the microscope to carry out the
irradiation study. A device such as the environmental ceT1 is very
useful to perform in-situ experiments like oxidation and irradiation
damage. Unfortunately the valves of the environmental cell of the
Hitachi high voltage electron microscope were not functioning, and it

could not be used for this study.

2.5 Irradiation Damage

The specimens were heated to the required temperature in the
microscope and after selecting a suitable thin area they were

irradiated by focusing the electron beam. Constant observation of the
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specimen area was necessary in order to counteract the specimen drift.
A visible mark close to the region being irradiated was used to
identify the area. After irradiation the electron beam was defocused
and micrographs were taken, The irradiated specimens were annealed by
heating the specimen in the microscope and the effect of temperature on
the irradiated defect structure was observed. Micrographs were taken
at the required annealing temperatures. The dislocation structure
formed was not stable at higher annealing temperatures and when held
for longer duration of time. Sometimes dislocation defect structures
annealed out before micrographs could be taken. Consequently, the
condition for formation of a stable, equilibrium dislocation network
could be established only after studying the effects of several

experimental variables.

2.6 Experiments

In the first experiment (Table I), the irradiated defect structure
formed in the oxidized alloy was analyzed as a function of time. The
second series of experiments (Table II) was performed to determine the
optimum conditions of (i) dirradiation temperature (ii) time of
irradiation (iii) annealing condition after irradiation, required for
the formation of a resolvable dislocation network. The effect of oxide
thickess and oxidation stresses on the dislocation network formed were
studied in the third series of experiments by varying the oxidation
time and temperature (Table III). The experiments were carried out

with a beam direction of [001] and for a foil orientation of [001]. |
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3. RESULTS

3.1 Defect structure (Dislocation Structure) generation with progress

in time of irradiation

The experiment was performed to study the défect structure produced
in oxidized A1-2.5%Mg alloy with progress in time of irradiation. The
specimen was oxidized for 75 minutes at 350°C in the airlock of the
microscope prior to irradiation. Irradiation was conducted with the

specimen held at 150°C (Table I).

1. After irradiating the specimen for 20 minutes a low density of
- small dislocation loops was observed. The time of irradiation was

insufficient for loop growth [Fig. 2al.

2. Dislocation 1loops were observed to grow after 4Q minutes of

irradiation while loop nucleation continued [Fig. 2b].

3. With increase in time of irradiation to 60 minutes, 80 minutes and
100 minutes, the loops grew further. [Figs. 2c, 2d, 2e]. Two sets of
dislocation roughly perpendicular to each other were observed. There
was evidence of forhation of a dis]ocation netwdrk; but it was not a
regular netwbrk. ?urther irradiation up to 120 minutes produced Tittle

change in the dislocation loop structure.
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4, Post-irradiation .annealing at 170°C for 20 minutes increased the
dislocation loop size in many cases., A few of the dislocations had
annealed out. The smaller dislocation loops had nucleated and grown
into the'Iarger dislocation loops. A clear geometrical network was not
observed, though at some areas of the damage there was evidenceA of
elongated loops at right angles [Fig. 2g]. Stereo microscopy confirmed
that the dislocation loops were near the surfaces. Figure 2h is the
diffraction condition used to observe the damage.

In this experiment irradiation was conducted at intervals of 20
minutes and micrographs were taken. It was a case of non-continuous
irradiation as irradiation was interrupted to take the micrographs.
There was insufficient time and insufficient continuous irradiation for

nucleation and growth of dislocation loops into a resolvable network.

3.2 Effect of time and temperature of irradiation and post-irradiation

annealing treatment on the defect structure (Dislocation Structure)

formed

3.2.1 Effect of irradiation time

The specimen was oxidized at 250°C for an hour in the airlock of
the microscope. Four different areas of the specimen, with the same
[001] surface orientation were irradiated for 1/2 hour, 1 hour, 1 1/2
hours and 2 hours, respectively. The post-irradation annealing was

performed at 170°C for 20 minutes. (Table II; Expt. 1).
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1. The damage produced in this specimen after 1/2 hour of irradiation
was in the form of dislocation loop c1ﬁsters [Fig. 3al. The magnitude
of the damage was small. The density of the loops was low. The
jrradiation time was too Tow to produce sufficient damage. A second
area irradiated for 1 hour showed slightly more irradiation damage
[Fig. 3b]. The density of the dislocation loop clusters was more than
in the previous one. The dislocation loops had grown in size, but the
time and temperature of. irradiation was insufficient to produce a
dislocation network. There was substantial growth of dislocations
towards network formation aftér post-irradiation annealing [Fig. 3cl.
Though dislocations used inrtwo different directions were detected no

clear evidence of a distinguishable dislocation network was seen.

2. A third area in the soecimen was irradiated for 1 1/2 hours. The
dislocation Tloop structure had grown with increase .in time of
irradiation with smaller dis]ocation 100;5 coalescing to form larger
ones. Two sets of edge dislocations were in contrast for g of 020
[Fig. 3d]. The process of dislocation network formation had been
initiated. The post-irradiation annealing helped the growth of some
dislocations due fo enhanced diffusion, while ih some cases
dislocations had annealed out [Fig. 3e]. A few square units in the

dislocation network could be observed.

3. A fourth area in the specimen was subjected to irradiation for 2
hours, resulting in the formation of a dislocation network [Fig. 3f].

Two sets of dislocation loops perpendicular to each other had gfown and
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were intersecting each other to form a resolvable network. The network
was close to a square geometry near the surfaces. The post-irradiation
annealing treatment improved the definition of the dislocation network
[Fig. 3g]. The two sets of dislocations were found to be edge type
with Burgers vectors a/2[110] and a/2[IlO]. Both sets of dislocations
were in contrast for £g[020] and #g[200].

At lower irradiation times dislocation defect clusters were seen.
These grew into  resolvable dislocation 1loops with continued
irradiation, eventually intersecting and forming a dislocation
network. At the specimen temperatures of 150°C an irradiation time of
1 1/2 hours to 2 hours does produce sufficient irradiation'damage in R
the specimen, which results 1in dislocation network formation. The RSt

dislocation network lies close to the surface of the foil.

3.2.2 Effect of specimen temperature on the irradiated defect AR

ey e’

structure
Two specimens were used in this experiment. The specimens were
oxidized at 250°C for 1 hour in the airlock of the microscope.
Irradiation on one specfmen was conducted while it was held at 165°C,
while on the other it was done at 180«C. After irradiating for 2
hours, the samples were annealed at 170°C for 20 minutes. (Table II,

Expt. 2).

1. Irradiation at 165°C:

A dislocation network Was observed after 2 hours of irradiation.

Two sets of dislocations perpendicular to one another were in contrast
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for g of 020 [Fig. 3h]. There was no eyidence of formation of clusters
of dislocation 1loops. At the temperature of study, the smaller
dislocation 1loops had grown, joining one another to form larger
dislocations, and subsequently a network. The geometry of the
dislocation network was not well-developed although in certain regions
the network units seemed closer to a square shape. Figure 31 shows one
set of edge dislocations with Burgers vector a/2[110] in contrast for g
of 220. The post-irradiation anpea1ing enhanced the growth of some
dislocations, while a few annealed out [Fig. 3j]. The diffraction

pattern of the irradiated area is shown in Fig. 3k.

2. Irradiation at 180°C:

After 2 hours of irradiation, radiation damage in the specimen was
observed in the form of small dislocation loop clusters. Very few of
the these clusters had grown into detectable larger dislocation loops,
[Fig. 31]. After a post-irradiation annealing treatment at 170°C for
10 minutes, it was observed that the 'sma11er dislocation 1loops
(clusters) combined with one another to form larger dislocation loops
[Fig. 3m]. The absence of irradiation during annealing at a
temperature of 170°C had led to the growth of dislocation loops.
Figure 3n shows the dislocation structure after 20 minutes of
annealing. Figure 3o shows the diffraction pattern of the area studied.

During irradiation, the temperature is a very important factor. It
is probable that during the first experiment, irradiation of the
specimen at 165°C, the temperature during oxidation of the specimen was

higher than that shown on the monitor, which might have given a thicker
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oxide which gave rise to dislocation network formation after
irradiation. The second factor is the nature of the experimental
conditions used. A pseudo-static condition was used in the present
study. The use of dynamic in-situ conditions 1ike the ones which exist
in the environmental cell might better he]p'to arrive at conclusive
results. From the results of the irradiation study at 180°C specimen
temperature it seems that the temperature was too high for stable

dislocation network formation to occur,

3.2.3 Effect of annealing conditions on the dislocation Tloop

structure
The specimen was oxidized at 250°C for 1 hour in the airlock of the
microscope. Three different areas of the specimen were chosen for this
.study. Each area was irradiated at a temperature of 150°C for 1 1/2
hours. They received a subsequent annealing treatment in the

microscope at 160°C, 180°C and 200°C respectively (Table II; Expt. 3).

1. The first area showed a dislocation network structure after
completion of irradiation. As observed in previous experiments, two
sets of edge dislocations with Burgers vectors a/2[110] and a/2[1I0]
were seen., The network had an appro;imately square geometry [Fig.
3pl. A subsequent annealing of the specimen at 160°C for 20 minutes
showed growth of dislocations as well as an increase in the network
size. The dis]pcation density had decreased. The annealing time and

temperature were sufficient to produce a resolvable dislocation



18
network. The size of the network unit was approximately 300 nm x 266

nm [Fig. 3ql.

2. A second irradiated area also showed a square dislocation network,
with network unit size of 215 nm x 215 nm [Fig. 3r].. The
post-irradiation annealing of the specimen was carried out at 180°C for
20 minutes. The dislocation network structure had disapeared leaving a
few dislocations [Fig. 3s]. After annealing the specimen at 180°C for
30 minutes the dislocations had disappeared completely [Fig. 3t]. The
temperature and time of anneal were clearly too high and the

dislocations were unstable.

3. The irradiation of a third area was performed. As before a
disTocation network was observed [Fig. 3ul. The dislocation network
grew in size on subséquent anneajing qt 200°C for 5 minutes. The
smaller dislocation Toops had grown into the larger dislocations [Fig.
3vl. The process of annealing out of the dislocations had been
initiated. After 15 minutes of annealing at 200°C, the network of
dislocations had disappeared completely [Fig. 3w].

A dislocation network approximately of a square geometry is formed
after irradiating the specimens at 150°C for 1 1/2 hours. The
post-irradiation annealing increases the size of the dislocation
network. If a higher annealing temperature and/or Tlonger annea]iﬁg
time is u§ed, it is found that the dislocation network is unstable. A
post-irradiation anneal of ‘160°C-180°C for 10 to 20 minutes may be

suitable for a resolvable dislocation network to be observed.
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3.3 Effect of Oxidation Conditions (Oxide Thickness, Oxide-Metal

Stresses) on the Dislocation Network Structure

1. The specimen for the first experiment was oxidized at 300°C for 75
minutes in the airlock of the microscope. The irradiation of the
specimen was performed at a temperature of 150°C for 75 minutes. The
post-irradiation annealing of the specimen was carried out at 180°C.
(Table III; Expt. A).

After completion of irradiation it was observed (Fig. 4a) that a
dislocation network had formed. The dislocation network was of square
geometry, with a network unit size of 283 nm x 283 nm. There was
evidence of two dislocation networks at two surfaces of the specimen.
Two sets of dislocations, perpendicular to one another were seen in
contrast for g of 020. Figure 4b shows one set of edge dislocations of
Burgers vector a/2[110] observed in contrast for a g of 220. Figure 4c
shows the other set of edge dislocations of Burgers vectors a/2[110]
observed in contrast for g of 220. The distance between adjacent
dislocations was 283 nm. Stereo microscopy confirmed that the
dislocation network had formed at the oxide-metal interface [Figs. 4c
and 4d]. The post-irradiation annealing of the specimen at 180°C for
10 minutes showed that the dislocation network had grown slightly [Fig.
4e]. An annealing of the specimen for 20 minutes at 180°C enlarged the
dislocation network squares to 333 mm x 333 nm [Fig. 4f]. An annealing
of the specimen for 30 minutes did .not increase the size of the
dfslocation network appreciably. The dislocations had begun to anneal

out [Fig. 4g]. Figure 4h shows the area at a bright field condition
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with a g of 220, with a post-irradiati-on_ anneal of 30 minutes at 180°C.
By comparing figures 4h and 4b it can be observed that the total number
of dislocations had decreased, while the distance between the adjacent
dislocations had increased. Figure 4i is the diffraction pattern of

the irradiated area.

2. The oxidation of the specimen for the second experiment was carried
at 250°C for 60 minutes in the airlock of the microscope. The
irradiation of the specimen was performed at 150°C for 60 minutes,
temperatures raised to 165°C and irradiated for another 15 minutes.
The post-irradiation annealing was done at 180°C (Table III, v‘Expt. B).
After irradiating the specimen at 150°C for 60 minutes, it was
observed that a dislocation network had not yet formed at the
oxide-metal interface. The irradiation damage was insufficient to
produce dislocation growth into a network [Fig. 4j]. A further
~irradiation of the specimen at 165° for 15 minutes was necessary to
produce a resolvable, clear dislocation network [Fig. 4k]. The
dislocation nétwofk formed was of approximately square geometry. Two
sets of edge dislocations of Burgers vectors b = a/2[110] and b =
a/2[110] were observed in contrast for g of 020. The size of the
_divslocation network unit was 300 nm x 300 nm. A post-irradiation
annealing of the specimen at 180°C for 20 minutes, showed growth of the
network; the network unit size was found to be 330 nm x 330 nm [Fig.
41]. The diffraction pattern of the irradi’ated area is shown in Fig.

4m.

N
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3. A third specimen was oxidized at 250°C for 15 minutes in the
airlock of the microscope. It was irradiated at 150°C for 60 minutes.
The post-irradiation annealing of the specimen was conducted at 165°C
and 180°C (Table III, Expt. C). |

On completion of irkadiation, small dislocation loop clusters along
with some larger dislocation loops were observed. The dislocations ﬁad
not coalesced into larger dislocations to form a. dislocation network
(Fig. 4n). As observed in previous experiments (Experiments A and B)
two sets of edge dislocations b = a/2[110] and b = a/2[110] were seen
in contrast for g of 200. Figure 40 shows edge dislocation with b =
a/2[110] seen in contrast for g of 220. On annealing the specimen at
165°C for 20 minutes a resolvable dislocation network could be
detected, which was approximately of square geometry [Fig. 4pl. A
magnified image of the annealed area is shown in Fig. 4q. The network _
unit size was 150 nm x 180 nm. The anhealing of the specimen at 180%C
for 20 minutes showed the network growth [Fig. 4r]. The density of the _
dislocations had decreased. Figure 4s shows the annealed area at a
higher magnification. The size of the dislocation network unit was 180

nm x 245 nm [44100 sq. nm].
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4. DISCUSSION

4.1 Oxidation Stresses

During the oxidation of a metal two solid phases are in contact;
one is formed by consumption of the other. Therefore one has to expect
mechanical forces in the metal-oxide system. The components of forces
which are directed parallel to the surface of the oxide layer are able
to bend a thin meta1 strip which is oxidized at one side and protected
against oxidation at the other side17° Equilibrium is reached if
along the cross-section of the strip all longitudinal forces and
simultaneously the internal bending moments are compensated. If these
forces are related to a suitable area on which they work, they are
called stresses. In Fig. 5 some examples of bent strips in equilibrium
are shown (from work of Jaenicke et a1.18). Resulting compressive
stresses between the layer surface and axis of zero stress give a
convex equilibrium shape of the initia]iy straight oxide layer (Fig.
5a) and resulting tensile stresses a concave shape (Fig. 5b). The
bending which is observed therefore is an integral phenomenon; it gives
no information on the distribution of stresses along the
cross-section. If the volume of the oxide formed is more than that of
the metal consumed (PBR>1), a compressive stress is observed in the
oxide layer and a tensile stress in the underlying metal (Fig. 5a); but
if the volume of oxide formed is less than the volume of metal consumed
(PBR<1), a tensile stress is observed in the oxide and a compressive

stress in the metal. A tensile stress in the oxide may give rise to a

s
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cracking of the oxide (Fig. 5b). For thicker oxides a complicated
system of stresses may exist, and the source of the observed stress
effects can be situated in the‘oxide layer, at the phase boundary or
inside the metal.
The origin of stresses in growing oxide films has been considered

17 suggested

by a number of investigators. Jaenicke and Leistikow
that recrystallization in the oxide scale results in the development of
stresses, but the recrystallization process in itself is thought to be
a stress relief mechanism. Similarly Rhines and WO1fe20 have
developed a growth stress theory based on observations with Nickel,
whereby internal growth occurs wifhin an already continuous: oxide
layer. It was assumed that oxygen diffuses along the oxide: grain
2+

boundaries or cracks in the oxide and reacted with Ni ions

diffusing in the bulk oxide. They reasoned that this causes .excess

oxide to form at the grain boundaries and. creates a compressive stress
in the oxide. Speight and Har'ris25 have clearly demonstrated that

this mechanism is untenable; such boundary oxides can relax existfng

applied external stress but cannot create stress nor augment existing'

ones. They proposed that formation of new oxide in cracks or pores of
the oxide generated compressive stresses in the oxide and tensile
stresses in the metal substrate.

The movement of vacancies and cations in the metal is interpreted
as a contributory source of stress during oxidationzs.' The vacancy

movement is the result of cation movement from the metal towards the

metal-oxide interface. This vacancy and cation flux across the neutral
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axis contributes to the observed deformation of unilaterally oxidized
specimens. The vacancies subsequenty condense in grain boundaries
under the influence of grain boundary stress in the manner proposed for
the formation of cavities during creep27. Another stress generation
mechanism is based on an orientation relationship between an oxide and
its substrate. If adherence 1is to be maintained at an interface

between two phases, i.e., Qxide-meta], elastic strain will exist in

both phases at the interface.

4.2 Pilling-Bedworth Model

Epitaxially induced §tresses which originate at the interface led
to the development of the growth stress theory by Pilling and
Bedworthls. This model assumes that only the oxygen ion is mobile in
the ox*de and that consequently the transition of the metal Tattice to
the éation Tattice in the oxide is produced by homogeneous dilation.
If one further assumes that the dilation is isotropic then the sign and
magnitude of stress are related to -(1-PBR), where PBR, the
Pilling-Bedworth Ratio is given by | '

Volume per metal ion in oxide (1)

PBR = yoTume per metal atom in the metal

If the process of ionization of a metal atom and its incorporation
into the new oxide 1aftice produces just ~sufficient space to
accommodate the oxygen ion, the system is free  from stress and PBR is
uhity. A PBR greater than unity predicts tensile stresses in the metal

substrate and compressive stresses in the oxide. Here additional space
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is required to accommodate the new oxide, which may be provfded by
plastic deformation or elastic strain. A PBR less than unity indicates
a cellular porous oxide in tension and metal substrate in compression.
The formation of Mg0 on Al1-Mg substrate in the present study gives a

PBR>1.

4.3 Growth of Dislocation Loops

4.3.1 Yacancy Injection Model

Previous studies of the climb of dislocations in dilute Al-Mg
alloys have shown that prismatic loops grow rather than shrink.
Initial growth observations were made by Eikum and Thomas28 in A1-5%
Mg and these workefs suggested that the excess vacancies necessary for
the growth process were released from magnesium-vacancy complexes
during annealing. They concluded loop growth was not possible in a

solid solution alloy. Harris and Masters29

suggested that excess
vacancies are retained in solution and prevented from being absorbed at
the foil surface by an impervious oxide layer. Kritzinger, Dobson and
Smal]man30 have shown that loop growth occurred in a so}id solution
of Al-Mg alloys containing 0.65% Mg and that the vacancy
supersaturation in -the foil increased continuously during annealing.
They suggested a mechanism of loop growth based on the growth of a
magnesium oxide film on the surface of the thin foil. The transfer of
magnesium atoms from the metal foil to the oxide film then gives rise
to vacancies 1in the foil which subsequently migrate inwards to the
loops causing their growth. The oxide-metal interface may act as a

31

source or sink of vacancies. Hales, Dobson and Smallman~~ have shown
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that the vacancy injection mechanfsm accounts for growth of loops in
pure zinc and magnesium and as a conseduence of the oxidation process,
vacancies are no longer annihilated at the foil surface, the oxide film
effectively operating as a source rather than a sink for vacancies.
30

Kritzinger et al gave the rate of growth of a prismatic

dislocation Toop of radius r and Burgers vector b as

dr _ af_ac _ab (2)
dat - c r
0
where AC = c-c_ = difference between actual vacancy concentration

0
at the surface and the equilibrium concentration.

a = constant, derived from 1line energy of dislocation,

opposing motion.

A = constant, involving diffusion coefficient and geometrical

factors.
In another study of the Al1-Mg alloy Dobson et a1.32~ showed that
growth of dislocation loops depended on the concentration of Mg. In
dilute Al-Mg alloys the vacancy concentration was increasing with
increasing annealing time, whereas for the more concentrated alloys,
the concentration was constant during the anneal except possibly in the
early stages of loop growth.

In a study of loop growth in A1-37Mg alloys, Spalding et a1.33
supported the oxidation vacancy injection model of Kritzinger. They
also found that the rate of growth of loops varied by up to a factor of
three from point to point within a grain in the thin foil; and that
only a fréction of the vacancies emitted by the oxidation process

contributed to dislocation loop climb.
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4.3.2 Induced Stress Model
31

Ha]és et al. discovered that the rate of loop growtn in zinc
and magnesium was influenced by whether the annealing atmosphere was
éir or vacuum. The rate of vacancy loop growth was increased in
magnesium but decreased in zinc, when the annealing atmosphere was
changed fromlvaéuum fo air. The Pilling-Bedworth Ratio for the Mg-Mg0
system is less than unity whereas it is greater than unity fdr the
Zn-Zn0 system. Accordingly the oxidation of each system will induce
stress sytems of differing signs in the oxide and the metal; in the
case of magnesium the oxide will be 1in tension and the metal in

compression but with zinc the opposite will occur. Harris34

proposed
an alternate mechanism to explain Hales' observations. In this model
the driving force for loop growth is influenced by the existence of_a
stress field due to oxidation of the foil ~as the following
demonstrates. Consider a large faulted loop lying normal to the plane
of a thin foil in which the vacancy concentration-above the equilibrium
value is of sufficient magnitude that the overall energy of the system
decreases if the 1oob grows. If 's' is the stacking fault energy per
unit area, 'b' 1is the interatomic spacing, 'o¢' 1is the compressive
stress acting normal to the plane of the loop, the energy change
opposing growth is sbz-obg. Thus if can be seen that a compressive
stress which might. exist in a magnesium foil during oXidation would
increase the rate of vacancy loop growth. In contrast, with zinc ‘the
induced tensile stress in the foil would increase the energy change

opposing growth, thereby decreasing the growth rate. Thus a model

involving a significant role for induced stress is 1in qualitative
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agreement with the observations of Hales et al. The equation for the
rate of growth of a loop, as given by Harris to take into account the
effect of a stress o in the plane of the foil is

r dr Alc sb2 + ob3C052a (3)

= — - eXp
at ) kT

where A = 27D/b 1n (L/b)
D = lattice self diffusion coefficient
L = half the foil thickness
a = angle between the stress and the plane of loop
c. = ratio of actual vacancy concentration and thermal
equi]fbrium value
The cnange in stress ac to cause é change in loop growth ar can be

derived from the following expression given by Harris

AT -sb% . (4)

kT +1

Ao = 1n exp
b°cos‘a A kT

Harris derived that for magnesium oxidation changing the atmosphere
from vacuum to air, the induced compressive stress in the foil
increased by 8 x 106 N/mm2 which could account for the observed
increase in rate of growth of vacancy loops. As S1'/S1’O2 has a PBR>1,

35

the observations by Sanders and Dobson of the enhanced growth rates

of interstitial loops in silicon foils is in accord with the induced

stress model. In the present study for the Mg0/A1-Mg system in which

PBR>1, it was observed that the interstitial loops formed at the

interface showed enhanced growth,
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4.4 Growth of Loops in Al-Mg

23 on the

Earlier preliminary studies have been done by Westmacott
near surface formation of dislocation loops in electron-irradiated
A1-11%Mg.  Here 1loops nucleated and grew at 150°C in a manner
suggesting little difference from other studies. However when the
specimen temperature was increased to 180°C and irradiation continued,
long half 1loops developed and grew preferentially in directions
parallel to the foil surface. After further heating of the sample td |
230°C the loops in different planes interacted to form a dislocation
network. The loops were interstitial in nature and were 1ying near the
surfaces.

Figures la and 1lb demonstrate the formation of the interstitial

loops on irradiation and their growth as a function of time. It can be-

.

observed from these figures that the loops are intersecting the

surfaces, thus confirming that they lie at the oxide-metal interfaces.:
Loop growth occurs rapidly parallel to the foil surface as a function
of time;

The eleétroh irradiation of oxidized A1-2.5Mg in the present study
supports the results of earlier work by Westmacott. After irradiating
the oxidized sample at 150°C for 60 to 75 minutes a ggometrita]]y
square dis1ocation‘ network had formed at the oxide-metal interface.
Two sets of edge dislocations with Burger vectors a/2[110] and a/2[110]
were observed to be in contrast for g, of 020 (Fig. 4b). Stereo
microscopy confirmed the interstitial dislocation to loops lie near the_'

surface. A post-irradiation annealing of the specimen increases the
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dislocation network spacing (Fig. 4f). The foil orientation in the
present study was [001]. The foil -orientation in the study by
Westmacott was {013}, where nearly hexagonal network formation was
observed.
The formation of a dislocation netowrk near the interface can be
explained in terms of the foil surface condition. Previous work by De

35

Brouckere has shown that Mg0 films form. on the surface of Al-Mg

a]loys'during oxidation. Mg0 has a cubic rock salt structure with a
lattice parameter of 4.212;. The unit cell volume is 74.733. When
Mg oxidizes to form Mg0, each Mg atom collects an oxygen' atom,
Therefore the volume per Mg atom now becomes equal to 74.7/4 or

3. For a typical Al1-Mg alloy the volume per étom is 16.98A3.

18.74
Thus the Pilling-Bedworth Ratio is equal to 1.1. As the
Pilling-Bedworth Ratio is greater than unity, the epitaxial growth of
an oxide layer will generate tensile stresses in the me;a] substrate
and cbmpressive stresses in the oxide. These conditions favor the
formation of interstitial half loops in the Al-Mg 1lattice at the
oxide-substrate interface (Fig. 6). The dislocation loops interact to
give a dislocation network. The enhanced growth rate of interstitial
dislocation loops in A1-Mg is also consistent with the Harris model of
stress-induced loop growth. The results in the oxidized foil appear to
be analogous to the reported observations of dislocation network
formation in partially reduced MoO37 although the - formation

3
mechanism is different.
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4.5 Model for Stress Calculation

The formation of an oxide on the surface of a foil introduces
stress in the foil as well as in the oxide. A strain is present due to
these stresses. The Pilling-Bedworth Volume Ratio gives the condition
of the stress at the intef'face° It can also be used to calculate the

strain

21 Volume of oxide-Volume of metal consumed (5)
=3 VoTume of metal consumed

If the oxide and the substrate have the same crystal structure

a oxide - a substrate ' (6)

asubstrate

where a is the lattice parameter. For the MgO/A1-Mg system the above

expression becomes

E

Mg - %A1-Mg (7)
41-Mg |

If dislocation with Burgers vector b and spacing h form at the

oxide-substrate interface the plastic strain at the substrate-oxide

interface is

b, (8)
=R
2

and hence ' h (9)

€

and Hooke's law can be used to calculate the elastic stress that is
relieved by the dislocation network. Assuming isotropy in two

dimensions o =gy=0: e =ey=
0, =0y=0; €, =€y=E,

€ (10)
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where ¢ = stress; E = Young's Modulus; v = Poission's ratio and ¢ =

strain.

4.6 Strain in Oxide-Metal System

Stresses and strains are present in the oxide and metal substrate
as a consequence of oxidation. If the metal lattice is considered to
be rigid, the strain in the metal substrate is zero and all of the
strain is accommodated by the oxide. The Pilling-Bedworth model can be
used to calculate the strain using expression (6). The other case is
the one where all the strain caused by the oxide growth is accommodated
by the metal lattice; the strain in the oxide being equal to zero. 1In
- actuality the growth of an oxide on a mefa1 substrate will cause
strains and stresses of opposing nature to exist in both the oxide and
the metal substrate. If the dislocation network formed at the
oxide-metal interface in the metal lattice completely .re]ieves the
elastic stresses, expression (8) can be used to calculate the strain.
The stress in the metal substrate can be back-calculated using Hookes'

law, i.e., expression (10). Y

4.7 Dislocation Spacing vs. Oxide Thickness

Since theAstrain obtained from expression (7) is constant for a
particular composition of the alloy the required dislocation spacing h
is independent of the oxide thickness. From Table IV and Fig. 7 it can
be inferred that the dislocation spacing was constant for oxides of
thickness 1163.and 103X, whereas the dislocation spacing was:smaller

. X o
~for -a thinner oxide (52A). Hence the stress was higher at lower
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thickness of oxide and decreased with 1‘nc_rease in oxide thickness.
This may be explained in terms of stress relaxation which might have
taken place as thickening of the oxide occurred, similar to

Jaenicke's18 1.18

work., Figure 8 shows the results of Jaenicke et a
for the oxidation of copper grabhicaﬂy and their inte_rpretations at
the various stages of oxide growth. In this study, initially an oxide
is nucleated on the surface and spreads laterally under a large
compressive epitaxial constraint. However, if this were all,
eventually newly formed oxide would be strain free since one would
expect epitaxial stresses to be short range. In the next stage,
however, vacancies are injected into the metal by the scale forming
reaction and condense on internal defects. There 1is a ceftaivn
contraction around a vacancy in a close packed lattice, amounting to
approximately half an étomic volume, so that there is an effective
tensile stress introduced into the metal; this will produce a high
compressive stress in the oxide but the resultant stress is tensile.
At this point the oxide will start to break up because_ of the stress
and 0, will diffuse through pores causing oxide formation within
them. This internal growth of oxide produces a. compressive stress
which eventually dominates.

Using Jaenicke's "analogy it can be proposed that fhe oxide
thickness in this study lies in the region x-y of the graph of Fig. 8.
At a lower thickness of the oxide the stress is higher, and as the
oxide thickens, some stress relieving méchani.sms reduce the stress,
thus reducing the strain and giving a larger dislocation network

spacing as per expression (9). IdeaHy if stresses are not relieved
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and the oxide formed is compact, the dislocation network spacing should

be independent of oxide thickness in Fig. 7.

4.8 Stresses in Al1-Mg at Oxide-Metal Interface

Table V gives the stresses calculated using expression (10). The

thickness was calculated from the 1iterature38; the dislocation

spacing h used in the strain calculation of expression (8) was the
experimentally observed spacing obtained after a post-irradiation
anneal of 180°C for 20 minutes (Table IV). The stresses calculated in

4

A1-2.5%Mg were on the order of 1.36 x 10 to 2.19 x 10%psi. The

observed stresses are thus of the same order of magnitude as those
calculated by Harris34 for the Ni-Ni0 system and by Powell et aT.39

for the Ta-Ta0 system.

4.9 Effect of Alloy Composition on the Stress at Oxide-Metal Interface
23

In Westmacott's study of irradiated Al-11%Mg system the
dislocation network spacing was found to be 5000;° The strain for this
oxide-metal sytem using expression ‘7) can be calculated to be 2.24%
(Table VI). This is less than the strain of 3.36% calculated for the
A1-2.5%Mg systems. Thus stress at the oxide-metal interface is greater
for A1-2.53Mg than for A1-i1%Mg. From expression (9) we can conclude
that the dislocation network spacing should be larger for A1-11%Mg than
that for the A1-2.5%Mg system. In the Al1-Mg system increasing the Mg
concentration reduces the stresses at the oxide-metal interface,

because the larger lattice parameter of the 11% alloy is greater than

the 2.5%, and the PBR is smaller.
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5. FUTURE WORK

It would be_ihteresting to study systematically:

(1)

(2)

(3)

(4)

The oxidation-induced stresses in Al-Mg as a function of Mg

concentration,

The effect of foil orientation and electron beam direction on the
nature and geometry of dislocation networks formed at the

oxidé-meta1 interface.

The oxidation of Al-Mg at high temperatures (>500°C), which- is
known to given rise to a combination of MgA1204 (spinel) and
Mg0; this would be expected to alter the stresses at the _
interface. The stress states at the oxide-metal interface should

be studied in this case.

The oxidation induced stresses in the metal-oxide systems where
PBR<1 (e.g., Mg0 on Mg). The dislocation network formed at the

oxide-metal interface should be of vacancy type.

(5) Formation 'of in-situ oxidation-induced stresses as the oxide

thickness increases in the environmental cell of the High Voltage

Electron Microscope.
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TABLE I

Oxidation Condition

Irradiation Conditions

Experiment Object of the
experiment
1 Study irradiation
damage with progress
of time.

Specimen was oxidized
at 350°C for 75 minutes
at 1 atmosphere air in
the airlock of the
microscope,

The specimen was held
at a temperature of
150°C and a specific
area was irradiated.
Defect generation in
this area was studied
at time intervals of
20 minutes up to 120
minutes. Then the
sample was annealed

for 20 minutes at 170°C.

8¢t



TABLE I1I

Expt. Object of the Oxidation Time of Temp. of Post Irradiation
No. Experiment Condition Irradiation Irradiated Annealing
(Performed at Specimen Temp. & Time

1 atmosphere air
in the micro-
scope air lock)

1 Study effect of 1 hour at 1/2 hour, 150°C 170°C for 20 min.
irradiation 250°C 1 hour,
time on 1 1/2 hours,
defect and 2 hours
structure

2 Study effect 1 hour at "~ 2 hours 180°C; 170°C for 20 min.
' - of specimen 250°C 165°C
- temperature
on the
irradiated
specimen

3 Study effect 1 hour at 1 1/2 hours 150°C 160°C for 20 min.;
of post- 250°C 180°C for 20 min.;
~irradiation 30 min.
annealing 200°C for 5 min.;
condition on 15 min.
defect .
structure

6€



TABLE

I11

Experiment No.

Oxidation Condition
(Performed at 1 atmosphere
air in the microscope airlock)

Irradiation Condition

Post-irradiation
Annealing
Condition

75 minutes at 300°C

60 minutes at 250°C

15 minutes at 250°C

75 minutes at 150°C

60 minutes at 150°C
followed by 15 more
minutes at 165°C

60 minutes at 150°C

180°C for 10 min.
20 min..
and 30 min.

180°C for 20 min.

165°C for 20 min.;
180°C for 20 min.

0}/
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TABLE IV
Experiment No. Thickness of Oxide 'Observed Dislocation
(calculated fromsq spacing after post-
oxidation curves ") irradiation anneal at
180°C for 20 minutes
o o]
(A) ' (A)
A: Table III 116 C 3330
B; Table III 103 _ 3300

C; Table III 52 ' 2100




TABLE V

Thickness

Experimentally Magnitude of Observed Stress in
of oxide Observed Dislocation Dislocation with Strain Metal
Spacing Burgers Vector
(A) ' (A) a/2{110}, =2 (%) o= =X
b (A) (psi)
116 3330 2.899 0.087 1.36 x 104 '
103 3300 2.899 0.088 1.37 x 10°
52 2100 2.899 0.14 2.19 x 10%

ey
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TABLE VI
a -a ‘
Composition aMg0 aa1-Mg € = Mgg Al-Mg
of Alloy . . A1-Mg
(A) (A) (%)
Al - 2.5% Mg 4,238 4.10 3.36
Al - 11% Mg 4,238 4.245 2.24




" Fig. 1.

Fig. 2.

Fig. 3.
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FIGURE CAPTIONS

Micrographs (a) and (b) show the formation and growth of
interstitial dislocation loops at the oxide-metal interface

in A1-Mg on electron irradiation.

Micrographs (a) through (f) show the defect structure at
intervals of 20 minutes up to 120 minutes on an oxidfzed
sample irradiated at 150°C. (g) Micrograph of area in (f)
with a post-irradiation anneal of 20 minutes at 170°C. (h)

The selected area diffraction pattern of the area.

Micrographs (a) through (g) illustrate the effect of
irradiation time on the defect structure (dislocation
structure) of an oxidized sample held at 150°C. (a) Area
after 1/2 hour of irradiation with a g of 020. (b) Area
after 1 hour of irradiation. (c) Dislocation structure with
a post-irradiation anneal of 20 minutes at 170°C. (d) A
second area irradiated for 1 1/2 hours. (e) The irradiated
area with a post-irradiation anneal. (f) A third area
irradiated for 2 hours. (g) Micrograph showing the effect of
post-irradiation anneal of area in (f). Two sets of edge
dislocations with Burgers Vectors a/2[110] and a/2[§10] are

observed.

-
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- Micrographs (h) through (n) illustrate the effect of the
specimen temperature on the irradiated defect structure. (h)
An area irradiated at 165°C for 2 hours. (i) Micrograph of
the irradiated areé with edge dislocations of Burgers Vector

a/2[110] for g of 220.

(j) It shows the efféct of post-irradiation anneal on the
- dislocation structure. (k) The selected area diffraction
pattern of the irradiated area. (1) Micrograph of an area
irradiated at 180°C for 2 hours. (m) Dislocation structure
with a post-irradiation anneal of 10 minutes at 170°C.. (n)
The area with a post-irradiation anneal of 20 minutes at
170°C. (o) The selected area diffraction pattern of the

irradiated area.

Micrographs (p) through (w) illustrate the effect of
post-irradiation annealing conditions on the dislocation loop
structure. (p) It shows an area irradiated at 150°C for 1
1/2  hours. (q) Micrograph of the area with a
post-irradiation anneal of 20 minutes at 160°C. (r) An area
~irradiated at 150°C for 1 1/2 hours. (s) Micrograph of the
. area after a post-irradiation anneal of 20 minutes at 180°C.
(t) The area with a post-irradiation anneal of 30 minutes at
180°C. (u) Micrograph of an area irradiated at 150°C for 1
1/2 hours. (v) The area with a post-irradiation anneal of 5
minutes at 200°C. (w) The area with a post-irradiation

anneal of 15 minutes at 200°C.
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Micrographs (a) through (i) were taken of a sample which was

‘oxidized at 300°C for 75 minutes in 1 atmosphere air prior to

~irradiation. (a) An area irradiated at 150°C for 75

minutes. (b) Micrograph of irradiated area showing
dislocations with Burgers Vector a/2[110] with a g of 220.
(c) Micrograph of irradiated area showing dislocations with
Burgérs Vector a/2[110] observed with a g of 220. (d) A
stereo-micrograph of area shown in (c). (e) Micrograph of
the area with a post-irradiation anneal of 10 mihutes at
180€. (f) The area after a post-irradiation anneal of 20
minutes at 180°C. (g) The area with a post-irradiation
anneal of 30 minutes at 180°C. (h) The post-irradiated
annealed area in (g) with a g of 220. (i) The selected area

diffraction pattern of the irradiated area.

Micrographs (j) through (m) were taken for a sample which was
oxidized at 250°C for 60 minutes in 1 atmosphere air prior to
irradiation. (j) Micrograph of an area irradiated at 150°C
for 60 minutes. (k) The area in (j) which was further
irradiéted at 165°C for 15 minutes to get a clear dislocation
network. (1) The irradiated area with an annealing treatment
of 20 minutes at 180°C. (m) The selected area diffraction

pattern of the irradiated area.

Micrographs (n) through (s) were taken for a sample which was

oxidized for 15 minutes at 250°C in 1 atmosphere air prior to
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Fig. 6.

Fig. 7.
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irradiation. (n) Micrograph of an area irradiated for 60
minutes at 150°C. (o) It shows a set of dislocations with
Burgers Vector a/2[110] observed in contrast for a g of 220.
(p) The dislocation network with a post-irradiation anneal of
20 minutes at 165°. (q) It is the magnified image of (p).
(r) The dislocation network with a post-irradiation anneal of

20 minutes at 180°C. (s) It is the magnified image of (r).

(a) and (b) show schematically the bending of a strip caused
by stresses of different distribution within an oxide layer

and the underlying metal (from Jaenicke et a].ls).

A schematic representation of the stress states and the
dislocation structure in the irradiated Mg0/A1-Mg system. As
PBR>1 for the system, there exist compressive stresses in Mg0
and tensile stresses in Al-Mg. The irradiation results in
the formation of interstitial dislocation Tloops at the

Mg0/A1-Mg interface.

Graph of dislocation network spacing as a function of oxide
thickness.

1.18 for

A schematic drawing of the results of Jaenicke et a
the oxidation of copper, showing their interpretation of the
various stages. x-y is the region of interest in the present

study.
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