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Charles Hart Nielsen, M.S.
Cornell University, 1977
ABSTRACT
Three field ion microscope (FIM) experiments were carried out to
study the annealing behavior of heavy ion irradiated tungsten, tungsten
(rhenium) alloys and molybdenum. The first experiment dealt with the
stage I long-range migration of tungsten self interstitial atoms (SIAs)
in high purity tungsten of resistivity ratio, & = 24,000 (R= p3oo/pz+.2’

where p and P, , aTe the room temperature and 0°C resistivities). The

300
FIM specimens were irradiated in situ at 18 K with 30 keV W+ fionsito an
average dose of 5'1012 ions cm—zand subsequently examined by the pulsed-
field evaporation technique. Several SIAs were observed to be immobile
in the bulk of the specimen at 18 K. The high purity tungsten tips were
also irradiated at 6 K to an averzge dose of 5-1012 ions cm_2 and were
allowed to isochronally warm at a rate of 2 X min.-l. The surface of the
specimen was continuously observed for extrz bright-spots signaling the
arrival of an SIA to the surface. By plotting the temperature de?endence
of the arrival rate of SIAs the long-range migration of SIAs was charac-
terized. It was found that between 20 and 30 K the flux of SIAs arriving

at the surface was much too high to be explained by a single thermally



activafed process occurring at 38 K. The second experiment dealt with

the phenomenon of impurity atom trapping of SIAs during long-range
migration. It was shown that rhenium atoms in a tungsten matrix tend to
capture tungsten SIAs and remzin bound up to temperatures as high as

390 XK. This was shown by irradiating tungsten-1 at.% rhenium and tungsten-
3 at.% rhenium with 30 keV W+ ions at 18 X to a dose of 5~1012 ions cm—2
and observing the subsequent annealing behavior. It was expected that a
major release peak would have been observed when the rhenium impuritylatom—
tungsten SIA complex dissociated. No suéh peak was observed up to 390 K
and therefore it was concluded that the binding energy of the complex

was at least 0.8 eV based on a simple diffusion model. An attempt to
observe a tungsten-rhenium complex was made via the pulsed-field evapora-
tion technique after a low temperature (18 K) irradiation followed by an
anneal to 400 XK. Several complex-contrast effecis were observed in the
bulk of the specimen and were considered to be tunsten-rhenium complexes.
The final experiment was concerned with the low temperature annealing
kinetics of irradiated molybdenum. High purity molybdenum of resistivity
ratio (, = 5700 was irradiated at 10 K with 30 keV Mo® ions to a dose of

125, == ] ’ "
ions cm -, The annealing spectrum revealed a series of peaks the

a5:10
largest of which was centered at 32 K. Theoreti;al analysis of this peak
suggested that, unlike the tungsten peak, it could represent the single
thermally éctivated Drocess associated with the onset of long-range
migration. A study of the effect of the large electric field required
for field ionization on the diffusivity of the molybdenum SIA was made

by comparing the spectra of specimens irradiated at 10 K in the absence

of an electric field with identical specimens irradiated at 40 X and coolad

to 10 X in the absence of an electric field. The résults indicated that




the electric field has only a minimal effect on the SIA annealing
kinetics. This tends to strengthen the contention that the molybdenum

STA becomes mobile at 32 X.




1. INTRODUCTION

1.1. Motivation

The primary objective of this study was to observe the annealing
behavior (recovery) of the stage I self-interstitial atom (SIA) in tungsten
and molybdenum utilizing field ion microscopy (FIM). The recovery of SIAs
introduced into metals by heavy-ion irradiation is of interest to the
materials scientist in that these defects have pronounced effects on the
mechanical properties of materialsgl) Thus an understanding of the
recovery temperature regimes and the corresponding recovery mechanisms for
these defects is desirable. In particular, knowledge of the temperature,
and even more fundamentally the existence, of the stage I long-range
migration region is important since it determines the nature and amount
of damage remaining at higher temperatures.

Further motivation is provided by the fact that there exists a fair
amount of controversy in the literature concerning the recovery temperature
regime of tungsten and molybdenum SIAs and the mechanisms by whicn they
recover. The SIA has been reported to become mobile at several temperatures
Tranging between 15 to 77 K in tungsien and 25 to 60 K o not at all in
molybdenum based primarily on electrical resistivity and internal friction
experiments. The debate over the mechanisms of recovery in generzl has
been split into two schools of thought characterized by the one-interstitial
model(z) versus the two interstitial model€3) Another debate, much larger
in scope, centers on the question of the analogy between the relatively well
understood recovery processes occurring in FCC metals and the less under-
stood recovery of BCC metals.

With the advent of FIM, the ability to directly observe atomistic
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processes involved during recovery was first realized. As early as 1964,
Sinha and Muller(u) had reported direct evidence of interstitial migration
" in tungsten in the temperature range of 50 to 90 K by means of FIM observa-
tions. However, the inability to accurately measure the FIM tip tempera-
ture hampered the quanitative capability of these early studies.

(5)

Galligan avoided this problem by examining the lattice isothermally
using the field-evaporation technique after irradiation at temperatures
below and above stage II. Then by determining the concentrations of
observed defects before and after recovery he was able to assign mechanisms
to the process. This technique had the drawback that often two types of
defects (usually vacancies and SIA complexes) were observed to disappear
during the recovery. Hence, one could not unambiquously determine which

defect became mobile during the recovery stage.

The first isochronal FIM study of the recovery behavior of in-situ

irradiated tungsten was reported by Scanlan, Styris and Seidman(é) in 1971.
A technique was developed whereby the tip temperature could be accurately
recorded while continuously photographing the surface of the tip. They
recorded the appearance of extra tright-spots at the surface as a function

of temperature and concluded that they were observing mobile SIAs. It was

shown by Scanlan et al. by fitting the data to a simple diffusion model that

they had in fact observed the onset of long-range migration. texr, Wilson
and Seidman(7) reported that the FIM recovery spectra of tungsten doped
With carbon contained what was identified as a detrapping peak. Recently,

(8)

Wei and Seidman have observed the stage II detrapping peak in the FIM
isochronal recovery spectrum of dilute platinum- (gold) alloys.

The above experiments have shown that the FIM technique provides the

Capability to observe isochronal recovery on an atomistic level. Thus it
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is now possible to identify, unambiguously, the temperature range in which
recovery processes involving SIA long-range migration occur and perhaps the
mechanisms by which they occur. Furthermore, the combination of FIM iso-
chronal recovery spectra and FIM isothermal pulsed-field evaporation allows

one to examine recovery processes involving SIA clusters, SIA-impurity

clusters and vacancies.

The purpose of this thesis was three fold: first, the annealing
behavior between 6 and 35 K in pure tungsten was examined for small amounts
of recovery below the dominant 38 K peak in the FIM recovery spectra (this
had become necessary in light of recent experimental results which were in
confli?t with the results of Scanlan et al.); second, the thermodynamics
of impurity trapping of the SIA in dilute tungsten-rhenium alloys during
stage I recovery was. examined in the form of an FIM search for an impurity-
SIA release peak; and finally, a systematic FIM investigation of stage I

and II recovery in molybdenum was performed.

1.2. Experimental Apvaratus

The experimental equipment consisted of a Hill-Nelson type sputtersd-
metal ion-source connected to an ultra-high vacuum field-ion microscope
(FIM) by a three-stage differentially pumped flight-tube. For further
details regarding the ultra-high vacuum FIM, the heavy metal-ion accelerator,
the cryogenic technique, the temperature measurement and the semi-automatic

(9)

data recording and analysis system see Scanlan et al.(é) and Wilson.



1.3. Expsrimental Details

1.3.1. Specimen Preparation

Tungsten and molybdenum specimens were electropolished to an initial

FIM tip radius of 200 A from either 0.025 cm diameter thinned single crystals

or 0.01 cm diameter polycrystalline wires. Two basic methods of tip making

were employed: the ac dipping and dc drop-off techniques.

1.3.1.1. The ac Dipping Technigque for Polycrystalline Specimens

In the ac dipping technique the 0.01 cm diameter polycrystalline wire
was suspended vertically 4 mm into the electrolyte (1IN NaCH aqueous solution

for W and W-Re alloys and a solution of 1 part H SOQ to 10 parts MTOH for Mo)

2
and a 4.2 Vac potential was applied between the specimen and a stainless
steel electrode. The end of the specimen polished more rapidly thus creating
a natural taper. The electropolishing was terminated when 2 mm of the wire
had been removed. The tip was then examined in an optical microscope at

100X for any large deformations and, if acceptable, was then mounted in the
specimen holder of the FIM. A tip made in such a fashion typically imaged
between 3 and 4 kV potential for tungsten and between 2 and 3 kV potential

for molybdenum. This technique worked well for polycrystalline samples but

Proved to be unrelizble far single crystals.

1.3.1.2. The dc Drop-0ff for Sinele Crysials

In the dc drop-off method the thinned single crystals were first
dipped 0.5 mm irto a solution of Microstop (manufactered by Fisher Scientific
Co., Rochester, N.Y.) and acetone. This effectively coated the end of the

¢rystal such that it would resist electropolishing. The sample was then
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immersed vertically 4 mm into the electrolyte (solutions identical to the

ac dipping technique were used) and a 9 Vdc potential was applied to thg
specimen (anode) with respect to the stainless steel cathode. Approximately
one minute of electropolishing produced a taper which went from a maximum at
the air electrolyte interface to a minimum at the metal-Microstop interface.
Tﬁe 0.5 mm of material protected by the Microstop was unaffected and main-
tained its original diameter. The tip was then dipped 4L mm into acetone |
such.that the coating of Microstop was completely dissolved. Then the tip
was placed back into the electrolyte and the taper was allowed to propagate.
The lower section of the tip (below the neck) was reduced in size by cutting
it at the air-liquid interface. Before the lower section of the wire
dropped-off the voltage was switched to 9 Vdc pulses 0.1 msec in duration.
These pulses were terminated immediately upon observation of the drop-off.

A desirable aspect of this technigue was that the tip could be re-formed
without considerable loss of material. Therefore, if upon examination in the
FIM, the endform was found to be too blunt or plastically deformed, it could

be dropped-off again forming another tip with a loss of only 0.5 mm of material.
DI g g T

1.3.2. Development of Final End Form

Both ac dipped and dc dropped-off tips were'quite rough on an atomic
scale. The development of an atomically smooth end form was carried out
via dc field evaporation followed by pulsed-field evaporation. DPure tungsten
and molybdenum tips were developed in a static pressure of 3-10-5 torr
(guage pressure are used reported throughout this thesis) helium at a
temperature of 300 K for tungsten and 77 K for molybdenum. The tungsten
(rhenium) alloys were developed in a static pressure of 3'10—5 torr neon

t a temperature of 300 K. Both the neon and helium image gas supplied
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were Matheson assayed grade (99.995% pure) contained in a 1 liter glass
flask which was cryo-pumped at 77 K with liquid nitrogen. The neon gas
supply was changed every two months and the helium gas supply every six
months to assure low impurity levels.

In both cases the dc voltage was slowly increased until an image
appeared. The speed at which the potential was then incremented depended
upon the evaporation rate of the imaged atoms. Usually upon obtaining a
7 EV image the dc voltage could be safely increased in 200 V steps every 5

minutes until the image filled the entire. screen.

1.3.3. Experimental Procedure

Upon obtaining a suitable end form the specimen was cooled to the
}rradiation temperature (TO) and adjusted to the proper best image voltage
(BIV). The irradiation was carried out in-situ in the absence of the
electric field and image gas at the desired irradiation temperature. The
total dose was accurately measured by a Faraday cage placed behind the
specimen. The background pressure was maintained at 1-10—9 torr or less.
Typically the irradiation was completed within 15 minutes so that the
specimen surface remained clean during the course of an irradiation. The
imaging gas was then admitted dynamically into the FIM via a Varian leak
value to a pressure of 1-1.0-5 torr and the specimen returned to BIV. The
beam side of the tip showed the effects of the irradiation in the form of

(7)

2 sputtered surface; see Wilson and Seidman for an example. The surface
damage was then removed by the pulsed-field evaporation of at least 10 A of
material.

One of two types of experiments was then performed; namely either an

atom-by-atom dissection of the lattice or an isochronal anneal. The atom-
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by-atom dissection (or peel) of the crystal was carried out by subjecting

the tip to controlled pulsed-field evaporation. The semi-automated system(g)
took a photograph of the surface between successive pulses, thus recording

each crystal layer as it was field evaporated. The film was then scanned

on a Vanguard motion analyzer for the appearance of additional bright-spots
(SIAs or impurity atoms) or any vacant lattice sites. For an isochronal anneal

/
1 while the cine camera

the specimen wWas warmed isochronally atw?2 to 3 X min
photographed the surface continuously at 0.4 frames sec-l. The temperature
was measured by a platinum resistance thermometer (PRT) and was recorded by
correlating the 24 hour accutron clock and frame counter on each frame of
film. The ciné’film depicting the annealing behavior was analyzed for the

appearance of exira bright-spots at the surface which signaled the arrival

of SIAs.

1.3.4. The Damage State

It is essential in the analysis of annealing behavior to be aware of
the state of damage in the specimen produced by the irradiation species.

(8)

For the case of heavy metal ions, specifically W™ ions, it has been shown
that in an energy range of 20 to 30 keV depleted zon;s are produced in
tungsten at a depth of w20 to 100 A below the irradiated surface. These
zones consisted of a vacancy-rich core (v10 at.%) surrounded by a mantle
of SIAs (v1 at.%) as well as a number of SIAs which were separated from the

depleted zones by a distance of ~+50 to 150 A at 18 K.(lo) These latter

SIAs were produced by the focused replacement collision sequence mechanism.



2. LONG-RANGE MIGRATION OF TUNGSTEN SIAs

2.1. Review of Literature

As mentioned earlier the study of long-range migration has primarily
been carried out by indirect experiments. The vast majority of these have
employed the electrical resistivity and internal friction techniques. The
assignment of an atomic mechanism to a particular recovery stage thus
involved deriving atomistic properties from the annealing behavior of
macroscopic properties. This involves several assumptions concerning the
damage state and is at best a "black box" type measurement. For a review
of experiments on stage I recovery in tungsten and an indication of the

degree of controvery on the subject prior to 1970 see Schultz(ll) and

Moser(12>.

It has been establisbed(6) that the FIM technique 1is ideally suited

for directly identifying the atomic mechanism responsible for a given
recovery stage. Furthermore, information concerning the migration energy
and possibly configuration can, in principle, be deduced from FIM data.

The first attempt at discerning the annealing behavior of the tungsten

SIA with field-ion microscopy was made by Miller and Sinha<u) in 1964,

They reported the appearance of extra bright-spots at the surface for a

few seconds after an irradiation by 20 keV helium ions at 21 K. It was
suggested that these were SIAs close to the surface whose activation energy
for diffusion had been lowered by the external field. During the subsequent
anneal they observed a few interstitials arriving at the surface near 50 X,
several around 90 K and none above 100 K. However, difficulties in measuring
the true tip temperature were encountered and a more complete study was

Never performed by these authors.
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The most comprehensive FIM study of the long-range migration of
the SIA in pure tungsten, to date, was reported by Scanlan, Styris and

(B 13)4

Seidman in 1971. The annealing spectrum of pure tungsten irradiated
at either 8 or 16 K by 20 keV W ions showed that the majority of the SIAs
(v40%) appeared between 27 and 42 K with a maximum at ~38 K. Since only
SIAs which have made ~104 Jumps, can be‘'detected by the FIM, the 38 K peak
was interpreted as the onset of long-range migration. The diffusion of an

SIA in an FIM tip via a single thermally-activated process was then mathe-

matically modeled and fit to the 38 K peak. This analysis yielded an

m
14

was expressed for the effect that the external electric field had on the

enthalpy change of migration ( ah ) equal to 0.085 eV. However, concern

diffusivity of the SIA; i.e., it was not clear in the expression AMTi

U m m
—Ahli . pAvli that the p&vli

case of diffusion in an FIM tip. If the negative hydrostatic pressure

term could be neglected in the special

created by the imaging electric field was large enough to significantly

m ; o ooy AL ; X - : y
reduce Ahli then the diffusivity of the SIA would have been increased.

However, it was shown by Scanlan et al. that the pﬁv?i term could be
measured by a series of experiments and that an upper limit could be

DPlaced on the ANTi

The next significant contribution to the problem of assigning

atomistic mechanisms to recovery stages in tungsten using the FIM was the

7)

evaluation of ANTi for tungsten by Wilson and Seidman{

the isochronal recovery spectra of pure tungsten irradiated at 18 and 50 X

By comparing

they were able to show that tungsten STAs were mobile at 50 K in the absence
of the imaging electric field. This suggested that if the onset of long-
Tange migration occurred at 50 K in the absence of the electric field

and at 38 K in the presence of the electric field then only a
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peak shift of w12 K was possible. The corresponding reduction in energy
could then be calculated employing a linear relationship between the
activation energy of the recovery process (Q) and T,. This was shown to

be given by Q(eV)= 2.24-1077, Tp for tungsten. The value of'ANTi

was then obtained by equating this energy change to pav?i or equivalently

m
(E2/8 )Awli . Here, E is the electric field required for field ioniza-

tion of the helium imaging gas and has been shown to be equal to ~4.75 VA-l.

m
1i

volumes G)a)*. It was noted that forz&v?i = 0.02()5z and an evaporation
1

The above calculation resulted in an apper limit to AV of 0.02 atomic

field of 6 VA™" that the ratio of the STA diffusivity during pulsed-field
evaporation at 18 K to the SIA diffusivity while imaging at 38 K was 10_9.
Since the evaporation field was applied to the specimen for a total of

only ~v10 sec during the pre—annéal peel it was concluded that no significant
SIA migration could have occurred due to the experimental conditions before

the anneal. Clearly it is the extremely small value of AV that has

m
1i
minimized the effects of the external E on FIM results.

The effects of impurity content on the FIM isochronal annealing
spectrum were also studied by Wilson and Seidman<9). Five different purity
levels of tungsten, along with two tungsten(rhenium) alloys and carbon
doped tungsten received in-situ irradiation follo#ed by isochronal anneals.
It was found that the four highest purity tungsten specimens exhibited
€ssentially the same basic recovery spectrum; a series of distinct recovery

Peaks at 38, 50, 65 and 80 X. The resistivity ratio (&‘=RBOOK/RQ ZK) ranged

from 5'104 to 15 yet only minor variations were seen in the FIM isochronal

* The value of ] 1is a“/2 for aBCC lattice, where a is the lattice
Parameter.



recovery spectra. TheR=5 tungsten spectrum lacked the sharp peak structure
found above 45 K in the purer specimens, but the dominant 38 K peak was
still present.

The tungsten-3 at.% rhenium alloy showed almost no isochronal recovery
over the entire range from 18 to 120 K. The tungsten-0.5 at.% rhenium
exhibited strongly reduced isochronal recovery, relative to pure tungsten,
between 18 and 120 X; in addition, the long-range migration peak appeared
between 30 and 35 K. This downward shift in the peak temperature (Tm) with
increasing impurity atom concentration had been predicted by Seidman(lu).
In the case of the tungsten(carbon) alloy the peak at 38 K was diminished
by ~20% and the peak at 50 K was enhanced. It was suggested that this
constituted evidence for the formation of SIA-carbon complexes in stage I
and the subsequent release of SIAs from the carbon atoms in substage IIA
(v50 X).

or

Hy

The above experiments led Seidman and co-workers to conclude that
the unalloyed tungsten the SIAs only interacted rather weakly with impurity
atoms and that SIA-SIA interactions dominated the recovery behavior above
45 X. This was considered to be the result of the fact that the SIA concen-
tration in the local vicinity of a depleted zone is wl at.%, while the
average impurity atom concentration is much less than 1 at:%.

Recently, it was reported by Wilson(9) that the above scheme was
corroborated by preliminary dose dependence experiments. Isochronal annezls
Were performed on tungsten irradiated at 18 X to an order of magnitude
higher dose. The results exhibited a suppression of the 38 K peak and an
enhancement of the 50 K pezk. This was explained as evidence for increased
SIA cluster formation during long-range migration at 38 K and inereased

SIA clusterrmigration at 50 K.
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Several isochronal recovery experiments, other than FIM, carried out
concurrently with the FIM work of Seidman and co-workers corraborate the
existence of long-range migration in tungsten below 45 K. It should be
noted here that electrical resistivity measurements can detect long-range
migration of SIAs only by altering a given parameter and comparing the
-resulting isochronal spectrum with the standard one. Typically, it is the
sink structure of the material that uﬁdergoes the deviation from standard
state.This iz accomplished usually by either seeding specimens with vacancies,
doping them #ith impurity atoms or varying the irradiation dose. It is
expected that if a given recovery peak is associated with long-range
migration then: (1) it will become enhanced by the presence of additional
vacancies; (2) it will be surpressed and shifted to higher temperatures
due to trapping at impurity atoms or; (3) it will shift to lower tempera-
tures with increasing dose.

(15)

For example, Kunz, Faber, Lachenmann and Schultz reported that the
effect of quenched-in vacancies on the recovery spectra of electron ir-
radizted tungsten was to enhance thevsubstages at 28 and 40 XK. Klabunde
et al.<16) showed that for thermzl neutron irradiated tungsten there
existed dose dependent stages at 21, 27, and 80 K. Furthermore, Dausingsr,

(17)

Schultz, Boning and Vogl reported that impurity doping of electron
irradiated tungsten tended to surpress the 40 K recovery stage and ex-
tensively change the peak structure above this temperature. The above
Tesults were interpreted by each investigator to indicate that long-range
?igration of the SIA occurs below 45 K.

More recently two additional studies have been published which verify

the mobility of the SIA below 45 K, but assign much lower peak temperature

to the phenomenon than the 38 K reported by Scanlan et al. Firstly, Okuda
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(18)

and Mizubayashi measured the internal friction and dynamic modulus of
tungsten oriented single crystal (R = 8200) after neutron-irradiation near
4,2 XK. They observed two pronounced dislocaticn pinning stages at 15 and
30 K where the internal friction decreased and the dynamic modulus in-
creased. Their data was intérpreted to imply that the long-range migration
of a 110 split SIA was responsible for the pinning stage at 15 K and that
the stage at 30 K was due to the detrapping of SIAs from impurity atom
traps. Okuda and Mizubayashi contend that the FIM results of Scanlan et al.
are not contrary to their work because the irradiztions of the FIM specimens
were performed in a temperature range where the SIA was already mobile and
thus, the 38 K peak in the FIM isochronal recovery spectra could be
attributed to the dissociation of SIAs from impurity atom traps.

(19)

Secondly, Dausinger and Schultz have recently presented the results
of their dose dependence studies of the isochronal recovery behavior of
tungsten. They found recovery peaks at 11, 17, 27, 30.5, 38 and 43 X in
high purity tungsten (& = 70,000) electron-irradiated to a close-pair
concentration of 25 appm. It was observed that only the substage between
24 and 30 X shifts to lower temperatures with increased pair concentration
(i.e., dose). The peak 5hift indicated that the number of jumps regquired
for the SIA to recover had decreased as a result.of an increased concen-
tration of vacancies. Thus, Dausinger and Schultz ascribed this substage
to uncorrelated long-range migration. They suggest that their data can
be considered to be in agreement with that of Scanlan et al. if their FIM
Peaks are shifted to lower temperatures by 5 to 6.5 K.

Thus it is clear that for tungsten there remains a large degree of
Uncertainly concerning the completion temperature of stage I, or equiva-

lently, the onset of uncorrelated long-range migration of the SIA, It is
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the purpose of this chapter to present work done to check the FIM data

of Seidman and co-workers, specifically the careful extension of the
iéochronal anneals to as low as irradiation temperature as possible. In
addition, the results of a search for immobile SIAs at 20 X via the pulsed-
field evaporation technique will be presented. Finally, the interpretation

of the experiments will be discussed with respect to those of Okuda et al.,

Dausinger et al., -and others.

2.2. Additional Experimental Details

Commercially pure tungsten in the form of 20 cm long rods with initial
diameters of 1.5 mm were obtained from Westinghouse. Oriented single
crystals were then grown from the Wesﬁinghouse tungsten by passing an
electron-beam molten zone, having a maximum width of less than 1 cm, from
the bottom (seed end) to the top of the rods. Each crystal received was
thinned to 0.5 mm diameter by dc electropolishing at 30 volts in a solution
of 20 g NaOH in one liter of a 60-40 mixture of glycerol and water with air
bubbled through the electrolyte. A L cm section of each crystal was then
removed and tested for purity by measuring its resistivity ratio. A value
°fﬁk==2.4-104 (uncorrected for size effects) was obtained for the two-pass
Zone-refined single crystal used in ocur experiments. The remaining material
Was polished and sectioned into 1.5 cm lengths of typically 0.1 mm diameter
in 2 1 N NaOH electrolyte ét 9 Vdc. -The sections. were then polished into

FIM tips by the dc drop-off technique (see section 3.1




2.3. Results

2.3.1. Pre-Anneal Pulsed-Field Evaporation Experiments at To

Pulsed-field evaporation experiments were carried ocut on four different
specimens with 6L= 24,000 at To = 20 K. The object of these experiments
was to establish the existence of immobile SIAs in the bulk of the specimen
at To. The results of the pre-annezl pulsed-field evaporation experiments
are given in Table 1. A plot of the atomic concentration of SIAs as a
function of the dose is displayed in figure 1. It is clear that the con-
centration of STAs increased linearly with heavy metal ion dose over the
range investigated. Contrast patterns characteristic of SIAs were counted
only on the {111}, {332}, {221} and {334} type planes. These planes were
chosen becazuse all of the inside atoms in the plane were clearly visdible.

A total of 1.77'105 inside atoms were counted and 25 unambiguous SIA
contrast patterns were observed. This yielded an average SIA concentration
of 1.4-10‘“ atom fraction. Figure 2 represents a typical evaporation
sequence of a {111} type plane which includes a tungsten SIA.

The vital result established by the above experiments was that SIAs
are immobile at the irradiation temperature. The fact that the SIAs are
immobile at To while imaging the specimen shows that the imaging electric

field had not caused a stress induced migration of these defects.




PLANE
TYPE

111
u33
332
211

TOTAL

RUN #1 RUN #2 RUN #3 RUN #4

ATOMS STAs ATOMS STAs ATOMS STAs ATOMS STAs
COUNTED | OBSERVED | COUNTED | OBSERVED | COUNTED | OBSERVED | COUNTED | OBSERVED
0.8-10" 1 1.9-10" 0 1.2-10% 0 0.7-10" 1
1.8~10” ~3 2.8-10LP 0 3.6-10“ 0 1.4-104 3
2.7.10" 3 2.1~104' 1 2.2-10" 1 2.2:10" Iy
2.1-10" 3 1.0-10" 0 1.7-10" 1 1.8-10" Iy
7.410" 10 2.8+10" 1 8.7-10" 2 6.1-10" 12

Table 1

Summary of pulsed-field evaporation experiments on high purity
tungsten irradiated at 18 K.

—91-
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Figure 1. A plot of the atomic fraction of self-interstitial atoms
as a function of ion dose. The incident energy of the W' ion
irradiation was 30 keV at an irradiation temperature of 20 K. It
is seen that the concgptration of SIAs increased with ion dose
over the range investigated.
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Figure 2. A series of 8 micrographs showing an SIA in the (111) plane of tungsten irradiated
at 18 X. The number on the micrograph refers to the frame number on the cine film.
Intermediate frames were omitted for clarity. The plane is illustrated below each
micrograph. Frame 1 depicts a full plane which upon evaporation revealed one vacant

site in frame 5. Frames 25 and 26 show the evaporation of the plane around the

vacancy. Frame 30 shows the first appearance of an extra bright-spot. The extra
bright-spot in fully imaged in frame 41 and evaporated in frame 65.




2.3.2. Continuous Annealing Behavior Between 6 and 120 X

High purity tungsten (R = 2.4-104) specimens in the form of FIM tips

L ¥ =2

were irradiated in situ at 6 K to a standard dose of 5.10°° W ions cm

in the absence of an imaging gas. The gas was then reintroduced and the

tips were isochronally warmed at a rate of a2 XK miﬁ-l. The surface of the
tip was continuously monitored for the appearance of extra bright-spots.

Each event was recorded photographically and was assumed to represent the
arrival of an SIA to the surface. A histogram of the fraction of the total
number of events per 5 K temperature interval is displayed in figure 3. The
peak structure is seen to be in bagic agreement with that obtained by Scanlan
et al. and by Wilson and Seidman: namely a dominant recovery peak at 38 K
followed by several peaks of diminishing magnitude. The 38 K peak has been
interpreted by these workers as representing the onset of long-range migration
of tungsten SIAs. The remainder of the spectrum must therefore be associated
with stage II phenomena and most probably represents the continuous growth*
of SIA Clusters.(g) There exists, however, an important difference between
the spectrum reported here and that reported by Scanlan et al. and Wilson

and Seidman, This discrepancy lies in the leading edge of the 38 K stage

and appears as a shoulder on the low temperature side of the peak. This
feature of the annealing spectrum can be seen more clearly by analyzing the
shape of the major 38 K peak. To accomplish this the data has been replotted
as the number of events observed per 2.5 K interval and shown in figure 4,

Since the high temperature side of the 38 K peak is overlapped

*
Large SIA clusters can grow at the expense of small SIA clusters; this

Process requires the dissociation of the smaller clusters and the subse-
quent migration of SIAs to the larger cluster.
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A composite isochronal annealing spectrum for four-pass

zone-refined tungsten irradiated at 6 K with 30 keV W' ions and
annealed to 120 K with a 2 K min-1 warming rate.
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Figure 4. A composite isochronal annealing spectrum for four-pass

zone-refined tungsten plotted with 2.5 K temperature intervals.
Only the SIA events below 45 K are included in this histogram.

A calculated isochronal annealing spectrum for a single thermally
activated defect is superimposed on the experimental results.

The theory of Scanlan et al.(6) predicted a peak temperature
given by:

T = bt /k.(In[-21n1nl")
: m sk
with > : 5
F=x D, joh, /Rak
where R was the tip radius and a was the warming rate.
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the experimental curve.
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by the peak centered at 60 K, it is impossible to unambiguously determine

the temperature at which stage I terminates. Therefore 45 K was assigned

as a cut-off temperature and only the events below this temperature were
included in the analysis. A smooth curve representing the calculated flux

of randomly diffusing SIAs out of an FIM tip was fit to the experimental histo-
gfam such that the areas under the curves as well as the peak temperatures

were equal. The dimensionless parameter [' of the theory was set equal to
T

m
1i

tion was identical to that obtained by Wilson and Seidman; namely 0.085 eV.

+ The enthaipy change of migration( Ah ) implied by the superposi-
It is clear from figure 4 that the experimental data extends to much
lower temperatures than predicted by the theory. This low temperature
recovery has been enhanced with respect to previous data by the utilization
of a much slower warming rate. The origin of this flux of SIAs must now be
considered. Basically there exist two possibilities: (1) the low tempera-
ture shoulder could be the result of some effect inherent in the FIM tech-
nique;jor (2) the early flux could be associated with intrinsic SIA annealing
behavior. The hypothesis that the 38 K peak of the FIM isochronal annezling
spectrum is the superposition of more than one intrinsic peak implies that
either: (1) stage I ends below~30 K (in agreement with Dausinger) and that
the previous FIM data had been misinterpreted;or (2) that the mechanisms
Tesponsible for low temperature recovery in some BCC metals (at least
tungsten) are not analogous to those of FCC metals and perhaps requires

another defect.

In the two previous studies made on the FIM annealing behavior of low

(6,9)

temperature irradiated tungsten , small amounts of recovery were found
at temperatures below that predicted by the theory. This deviation from

ideal behavior was considered inherent to the FIM technique and to be the
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result of enhanced STIA diffusivity in the region just below the surface.

The SIAs originally positioned only a few atom layers below the surface
would therefore have become mobile at a lower temperature than the bulk STAs
and would appear at the surface earlier. This model was suggested by the

(20)

calculations of Beeler which showed that the activation barrier to
migration was significantly less than the bulk value for the first few

layers below the surface. However, there is yet to be experimental evidence

published that would support such hehavior.

Let us now consider the possibility that the major peak centered at
338 X represents the superposition of at least two intrinsic processes. To
1llustrate this point the experimental FIM isochronal recovery data shown
in figure 4 has been replotted and fit with two calculated curves in figure
ba., The fit was made such that the areas under the two calculated curves
equalled the area under the experimental peak. Each smooth curve represents
a flux of randomly migrating SIAs to the surface of an FIM specimen as

calculated by Scanlan et al.(é) and imply enthalpy changes of migration

m
1i

peak centered at 38 K. In order to explain these peaks one must recall

( oh ) of 0.058 eV for the peak centered at 26 X and 0.085 eV for the
that both peaks involve long-range migration and are insensitive to
impurity{concentrations of less than ~1 at.%. Considering the above
Testrictions at least two possibilities exist which would explain the
aDpearance of two long-range migration peaks below 45 K. Firstly, it

1s reasonzble to assign the onset of long-range migratioﬁ to the smaller
Peak (at 26 X) and describe the larger peak (at 38 K) as the dissociation or
migration of SIA-SIA pairs. It has been reported(lo) that since there is

Such a high local concentration of SIAs around the depleted zones, SIA-SIA
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interactions are dominant. A small fraction of the SIAs would complete

the journey to the surface without interacting with another SIA, thus
producing the minor peak at v30 K. The remaining SIAs would have become
immobilized upon forming SIA-SIA pairs. These larger defects would then
become mobile (or perhaps dissociate) near 38 X and complete their journey
té the surface. The strength of this theory depends on the non-random
jnitial distribution of SIAs in the bulk and also on a small but significant
binding energy between single SIAs. This argument seems to be in agree-
ment with the results of Dausinger and Shultz where long-range migration

Wwas observed near 28 K.

Secondly, there exists the possibility of another as yet unknown
defect produced in addition to simple Frenkel pairs. The character of
such a defect is impossible to determine from the existing experimental
data. Afman(21) has proposed a model for the recovery of electron
irradiated molybdenum which requires the existence of a new defect. This
defect would, according to Afman, be extended (made up of one half SIA
and one half vacancy) and could possibly be formed at the end of a focused
collision sequence (see figure 5a). Assuming that such a defect could
perform long-range migration and would appear at the surface as a single
extra bright-spot, the model could explain the data. However, it is stressed
here that Afman's defect should not require many jumps to recover and was
Proposed to explain low temperature internal friction relaxation peaks.

It is possible that, if such a defect exists, it could tend to trap

single SIAs and broaden the observed FIM recovery stage.
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Figure S5a. An extended defect resulting from the shift of a close
Packed row of atoms over a distance {a<l11> as proposed by Afman
This shift results in the formation of a half vacancy at the
beginning of the row and a half interstitial at the end of the
row,

(21)

Figure 5b. An extended defect formed from a shift of a row of close
Dacked atoms over a distance a<i11> and including an SIA as
Proposed by Moser(12). The row begins and ends with a half
interstitial.
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(12)

Moser also proposed a model to explain annealing behavior in BCC
metals which offers another extended defect. Defined as a "dissociated
crowdion" Moser's defect occurrs at the end of a focused replacement
collision sequence. The defect consists of a row of close packed atoms
shifted over a distance of + a <111> between two half interstitials (see
figﬁre 50). This extended defect could be stabilized by an impurity atom.
Supposedly such a defect would, upon annealing, undergo a conversion to
the classical dumbell configuration.which could then recover in a fashion
analogous to FCC metals. According to Moser, this defect would give

rise tg a very broad stage I recovery due to the large variety of ways
detrapping could occur. Thﬁs, it is possible that creation of dissociated
crowdions which convert to split-interstitials over a wide range of
temperatures could cause the broadened FIM isochronal annealing peak

at 38 X. Clearly the above model suggests that a pre-anneal peel (after
low temperature irradiation) would reveal the existence of stabilized
extended defects in the bulk of the tip. However, the data resported

(6)

here and in the work of Scanlan and Seidman as well as the work
Iresented in section 2.3.1. on pre-annezl pulsed-field evaporation shows

no definite evidence for such extended defects.

ZA.Smmay

The results of an FIM study on the 30 keV W+ ion irradiation of high
burity tungsten (R = 24,000) at 6 K were reported. The pulsed-field
€vaporation experiments uncovered 1-10-4 at. fr. of immobile SIAs at 20 XK.
Isochronal anneals following 6 K irradiations generally confirmed the
SPectra previously obtained by Scanlan, Styris and Seidman(é) and Wilson

and Seidman§7) However, a larger fraction of recovery was observed at
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temperatures below those pfedicted by a diffusion model based on the
thermally activated migration.of an SIA. The origin of this recovery could
only be speculated upon but several possibilities were cited. In previous
studies the low temperature recovery was described as a flux of SIAs orig-
inally positioned near the surface of the tip. Intrinsic possibilities
include: (1) the onset of long-range migration below 30 K followed by SIA-
STIA pair migration or dissociation near 38 K; or (2) the existence of
another as yet unknown defect which recovers over a broad range of temper-
atures. At present, it is felt that the very convincing work of Dausinger
and Schultz which detected a Iy type substage at 30 K adds strength to
the theory that the major FIM peak at 38 K represents long-range migration
below 30 K and SIA-SIA migration or dissociation at 38 K.

(18)

With respect to the work of Okuda and Mizubayashi it can be stated
that SIAs produced in the bulk at 6 K are still immobile at temperatures
as high as 15 K. This is a direct result of the pulsed-field evaporation
experiments and is also supported by the isochronal anneals. Furthermore,
T (26) ; T
the recent results of Townsend et al. demonstrated that the onsev of
long-range migration can not be unambiguously determined by dislocation
pinning techniques. It was shown for 10 MeV proton irradiated Cu that
dislocation pinning stages wers present well below 30 X. However, it had
been established that long-range migration does not occur in Cu until
above 40 K. Townsend and co-workers observed pinning stages in irradiated
=5 s 3 o 4 - <‘8)‘ ER L
tungsten similar to those reported by Okuda et al. but conclude that

they are not the result of dislocations pinned by SIAs performing long-

range migration.




3. SIA TRAPPING IN TUNGSTEN-RHEENIUM ALIOQYS

3.1. Review of Literature

It is now highly probable that stage II recovery in tungsten
(above/bh5 K) involves the formation, rotation, migration or dissociation
of defect clusters (SIA or SIA-impurity atom clusters). It has been shown
in chapter 2 that the early stage II recovery peaks observed with field-
ion microscopy involved the motion of some form of the SIA. This SIA
migration could be due to either an intrinsic or extrinsic phenomenon.

Wilson and Seidman(zz)

have demonstrated that both intrinsic and extrinsic
mechanisms contribute to the FIM recovery between 45 and 120 XK. Their
observation thal the FIM isochronal annealing spectrum of pure tungsten was
; ot | Bt L e - .
insensitive to ], values between 15 and 5:10 indicated intrinsic behavior.
This result was expleined by assuming that the distribution of SIAs produced
by the 30 keV W*ion irradiations in the FIM tip was such that the SIAs only
interacted weakly with the impurity atoms (i.e. 2 small SIA-impurity atom
binding energy) and that the SIA-SIA reaction dominated the recovery be-
havior. Evidence for extrinsic processes occurring during the early part
of stage II was also obiained from the carbon doping experimenis of Wilson
(9)

and Seidman They reported that for pure tungsten doped with n50-100 appm

carbon the long-range migration peak at 38 X was surpressed by approximately
20% ﬁhile the substage at w50 X was enhanced. This result suggested that
immobile SIA-carbon aiom complexes were formed during the long-range migra-
tion substage and that the SIAs detrapped at approximately 50 K.

The detrapping of SIAs from impurity atoms during stage II had been
studied extensively in FCC metals by electrical resistivity(ZB); and in-

(21)

ternal friction + It has recently been shown by Wei and Seidman(s) that

- e
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detrapping of SIAs from impurity ztoms can also be studied by the FIM
technique. They observed an SIA flux at A90 K (stage II) after 30 keV W'

or Pt* ion-irradiation of a series of platinum(gold) FIM specimens. The FIM
recovery peaks were fit to a diffusion model for the special case of long-

range migration of an SIA in an FIM tip in the Presence of impurity atoms.
d
14 )
was 0.24 eV for substage IIc and by employing 0.05 eV for the value of the
m )(25)

13

From this fit it was calculated that the dissociation enthalpy ( &h

motion enthalpy ( ah

( Ahb. ) between a Platinum STA and a gold impurity atom was approximately
158

it was calculated that the binding enthalpy

0.19 eV for the most tightly bound state. This argument assumed that the

dissociation enthalpy is equal to AhTi-F Ah?i
(9)

Wilson and Seidman further reported that upon alloying tungsten with
3 at.% rhenium they observed almost complete suppression of both stages I
and IT of the FIM isochronal annealing spectrum. They attributed this to
a large SIA-Re atom binding enthalpy. It was also reported that no de-
trapping peak, analogous to that reported by Wel and Seidman, was present
below 120 K.

The fact that rhenium atoms trap tungsten SIAs is experimentally important
because rhenium is the transmutation product of a beta decay reaction when
a tungsten atom captures a thermal neutron ( En < 1 MeV )(27). Since
Teactor fast neutron fluxes also contain a large thermal neutron component one
must consider the effect of introducting small amounts of rhenium on the
isochronal recovery behavior of neutron irradiated tungsten. However, to
date there have been no low temperature electrical resistivity experiments
performed on tungsten doped with smzll amounts of rhenium to determine the

effects of the smaller rhenium atom on stages I and II recovery behavior.

It is the purpose of this chapter to characterize this trapping process
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of tungsten SIAs at rhenium atoms by measuring the strength of the binding
enthalpy. Wilson and Seidman(9) have established from FIM experiments that
SIA +trapping occurs below 120 K so that to study the dissoclation process
it became necessary.to extend the isochronal annealing spectrum to higher
temperatures until a release peak is observed. The thermodynamic guantity
which one obtains from observing a release peak a2t a given temperature is
the dissociation enthalpy which, as mentioned earlier, is taken to be the
sum of the binding and motion enthalpies.

Clearly the search for a release peak with field ion microscopy was
limited by the temperature range in which the FIM can effectively operate.
That is, there existed an upper limit on the annealing temperature to which
the search could be extended. It was experimentally determined that the
contrast pattern of an SIA, for an isochronal recovery experiment, could
be distinguished at temperatures as high asw 350 K. Therefore, berore
initiating the experiments, the literature was searched for any evidence
+hat might indicate the existence of a release peak within the working
temperature range of the FIM.

Unfortunately, the lack of work reported in the literature on the
recovery behavior of dilute tungsten(rhenium) alloys made it impossible to
determine, with certeinty, if a release peek exisied nelown 390 K. However,
since rhenium is produced during thermal neutron irradiation, it should,
in principle, have been possible to locate a peak which exhibited the
characteristic behavior of a release peak in the recovery spectrum of pure
tungsten irradiated to a high dose with thermal neutrons. It is known
that the trapping processes are 2 function of dose, thus the dissociation
recovery peak is expected to be dose dependent. That is, since the net

effect of increasing the thermal neutron dose is to increase the con-
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centration of transmuted rhenium atoms then a release peak would, with

reasing dose, become enhanced and shift to higher temperatures. The
recovery would become enhanced because more SIAs would become trapped
during the long-range migration of the SIAs and therefore more SIAs would
be released during dissociation. As the released SIA traveled to a vacancy
i wouid become temporarily retrapped at a number of rhenium atcms. Thus,
by increasing the concentration of Re atoms one increases the time re-
quired for the SIA to reach a vacancy and hence the peak shifts to a higher
temperature.

Probably the single most convincing piece of evidence to be found in

the literature of a detrapping peak below 390 K comes from Klabunde et al.'s<16)
neutron irradiation work. Polycrystalline tungsten wires were irradiated
near 4.2 K to a fast neutron dose of/vlozo n cm—z. The thermal neutron
dose was at least as high as the fast neutron dose. Klabunde et al. reported
that between 120 and 300 K the isochronal recovery spectrum exhibited only
one peak ( at~280 K ) that had the proper dose dependence. That is, upon
receiving an increased dose the peak became enhanced and shifted to a
higher temperature. The temperature shift was not well pronounced and may
have been a result of the lattice weakening effect reported by Keys et al.<29)
This weakening effect is reported to be due to the extra electron in rhenium
which contributes to the repulsive part of the lattice potential. The net
effect would then be to decrease the peak temperazture by reducing the
migration energy of the SIA and thus negating the effect of increased dose.
Regardless of the impurity effects, the existence of a recovery peak which
behaved like a detrapping peak within the working range of the FIM was
sncouraging.

The observation of a release peak around 300 X was later confirmed by
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the work of DiCarlo and Townsend(29>; they irradiated tungsten poly-
crystalline rods (99.8% purity) near 80 X with 13 MeV deuterons. The
effects of the irradiation were then observed by internal friction and
dynamic Young's modulus measurements taken in the range of 78 to 300 K.

An isochronal anneal revealed two thermally-activated relaxation peaks

in the'internal friction versus temperatures spectra at 115 and 210 XK.
Both peaks were observed to satufate with deuteron flux. Furthermore,
single crystals of high purity tungsten produced neither peak. By com-
DParison with other data DiCarlo and Townsend suggesied that the peaks
observed during warmup were probably due to one or more of the following
defects: (a2) a high temperature form of the free interstitial; (b) a free
defect complex with more than one intrinsic defect; and (c) an interstitial
which had been trapped by other imperfections such as impurities, disloca-
tions, or grzin boundaries. The authors were able to eliminate fhe free
intrinsic defect as a possible source of the peaks because of the zbsence
of peak structure in the high purity tungsten spectra. The fact that the
concentration of defectis producing the peaks saturated with dose, along
Wwith the result that the resistivity of the same sample did not saturate
‘with dose eliﬁinates the possibility of an entirely free intrinsic defect
complex causing the peak structure. The only remaining explanation is the
association of irradiation-induced defects with other imperfections zlready
present in the samples. Anneazling to 1500°C or heavy cold-working of the
samples left the trap density apparently unchanged. Thus, the authors
concluded that impuriiy irapping of the tungsten SIA was the probable
source of the two peaks. Furthermore, it was reported that an annezl to

300 K followed by the measurement of internal friciion between 78 and 300K

revezled that the peaks had annealed out. That is, by 300 X the impurity-
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atom-SIA complex had dissociated. However, the identity of the impurity
responsible for the trapping was not determined. Therefore, the work of
DiCarlo and Townsend coupled with that of Klabunde et al. strongly indicated
that a release peak should be visible within the working temperature range
of the field-ion microscope.

Evidence for the existence of a release peak around 200 X was reported

(30)

by Takamura and co-workers They measured the recovery of crystalline
tungsten wire of a nominal purity (R ~500) after fast neutron irradiation
ét 10 X and various radiation doping treatments., Here, again, there was a
very large thermal component to the neutron flux. The radiation doping
treatments were performed at NiOOOC and had the net physical effect of
introducing immobile vacancies, heterogeneously nucleated interstitial
clusters and transmuted rhenium atoms. The isochronal recovery spectra
revealed one major peak above 120 K ( at~200 K) after 6 hours irradiation
to a fast neutron dose ofmlOl6 neutrons cm-z. The behavior of the 200 K
peak was characteristic of a long-range migration recovery process. It was
enhanced as a result of &4 and 112 hour radiation doping treatments. Furthexr-
more, the peak shifted to lower temperatures as a function of radiation
doping. Clearly the addition of {ransmutation products during the doping
process could explain the enhancement effect in terms.of a detrapping
process, but not the shift to lower temperatures. One expects release peaks
to appear at elevated temperatures as a result of the increase in the
density of impurity atoms. However, if one tzkes into account the injection
of additional vacancies during radiation doping the two observations become
reconcilable with a detrapping model. That is, if the sink density (va-

cancies) increases faster than the trap density (rhenium impurity atoms)

with increasing radiation doping then the distance a released SIA must
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travel to recombine with a vacancy decreases. Hence, the enhancement and
peak shift of the 200 X peak are consistent with the assignment of de-
trapping to the recovery process.

All of the above experiments serve as sufficient evidence to justify
an FIM search for the release peak in dilute tungsten (rhenium)alloys.
Therefore, a systematic study of tungsten-1 at.% rhenium and tungsten-3 at.%

rhenium was initiated, the results of which will be reported in section 3.3.

3.2. Additional Experimental Details

Tungsten alloys of 1 and 3 at.% rhenium were studied. The tungsten-
3 at.% rhenium wire was thermocouple wire of diameter 0.1 mm obtained from
Omega Engineering, Inc. of Stamford, Conn. The tungsten-1 at.% rhenium was
0.5 mm diameter polycrystelline wire obtained from Rhenium Alloys, Inc.

-

of Elyria, Ohio. Both alloys were vacuum annezled at 2000°C for 2 hours

i

at a pressure of 1:10 “Eorr. The tungsten-1 at.% rhenium wire was elec-
trochemically thinned to 0.1 mm in diameter; a potentiial of 9 Vdc was
applied between the specimen and a stainless steel cathode in an agueous
electrolyte of 1IN NaOH. FIM tips were prepared from the annezled wire
employing the AC dipping method for both alloys.

An inherent experimentzl restriction on the FIM technique is that the
resolution of the FIM decreases with increasing specimen temperature. This
is due to the fact that the imasze gas ion leaves the tip with a transverse
component of velocity determined by the specimen iemperature, hence the

&

: . . : ; j ; 1
image size oI an atom increases quadratically with increasing 'temperaj:ure(3 )

Furthermore, the evaporation field decreases with increasing temperature§32)
Thus, at some elevated temperature the best image field and evaporation field

become identical with the end result being that the tip can not be imaged
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without field evaporation occurring. Nothing can be done about the first
problem (thermal accomodation), but the second one (field evaporation) can
be decreased through the proper choice of image gas. The evaporation field
of tungsten surface atoms 1s a fixed function of temperature, thus there is
nothing one can do about this parameter. However, the best image field ia
a function of many variables one of which can be controlled. The Bect image
field depends strongly on the first ionization potential of the image gas.
Therefore, the probability of imaging at elevated temperatures is increased
by choosing an image gas with a low ionization potential. Neon is such a

gas, relative to helium, and is readily available. It was found that with

helium as an imaging gas, SIA contrast was discernable only to about room

temperature. With neon as the imaging gas it was possible to maintain
atomic resolution up to 400 XK.

g

Al]l irradiations were performed at 18 X in a vacuum 1:1C “torr. with

the imaging field off. The isochronal anneals proceeded at az warming rate

of approximately 2.5 to 3.0 K min

in the temperature range of 18 to 410 X.
Temperatures above room temperature were achieved by placing a ceramic
heater into the cryostat and slowly increasing the heater current. A

: , it ] ! .
constant warming rate of 2.5 K min was easily maintazined.

3.3.2. Continuous Annezling Behavior Between 15 and 400 X

After irradiation at 15 K to a typical dose of 5-1012 ¥ iom em”

the tungsten(rhenium)alloys were isochronally annealed at 3 K min™t. A flux
of SIAs crossing the tip surface was observed and recorded as a function of
temperature. Histograms representing this diffusion process were plotted

as the fraction of defects per 5 K interval versus specimen temperature and

and are shown in figure 6 and 7. Figure 6 shows the FIM isochronal recovery
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spectrum of tungsten-1 at.% rhenium. The low temperature recovery

()

(below 120 K) is similar to that of pure tungsten (see figure 3) with a
major peak between 30 and 40 X followed by a series of smaller peaks.
Figure 7 shows the FIM isochronal recovery spectrum of tungsten-3 at.%
rhenium. The recovery below 120 X can be seen to be in agreement with that

(9)

reported by Wilson By comparing the low temperature recovery spectra
of figure 6 and 7 it becomes clear that the increased rhenium concentration
results in increased surpression of the recovery. Thus, Wilson's(g) con-
clusion that rhenium acts as a trap for tungsten SIAs is confirmed. Above
120 X the fecovery spectra of tungsten-1 at.% rhenium and tungsten-3 at.%
rhenium appear identical. That is, both spectra indicate small peaks at
160 K, 210 K and 2 broad region of recovery centered around 280 K. If one
of these three peaks is to be representative of a dissociation process it
is necessary, through thecretical consideration™, that the recovery peak
have 2 width at balf maximum equal to Tp/10. Orly the stage centered
around 280 K satisfies this requirement with an approximate half-widih of
40 X,

Along with the irradiated specimens several unirradiated control
specimens were annealed. The control tips were treated in the same manner
as lrradiated ones in thatl the FIM head was opened tc the heavy metal-ion
accelerator, but no accelerating voliage was applied to the tungsten ions.
The results for an equal number of runs on the tungsten-3 z2t.% rhenium are

exhibited in figure 8b. It is clear that below 120 K no recovery has

occurred. However, above 120 K the FIM isochronal recovery spectra is

* The theoretical calculations of Seidman(8), Tor impurity delayed diffusion
in an FIM tip, predictis that for a single thermally activated process an
FIM isochronal recovery peak should have a width 2t half meximum of Tm/10.
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Figure 8b. A composite isochronal annealing spectrum for unirradiated
tungsten-3 at.% rhenium annealed between 15 and 340 X with a
2.5 K min-1 warming rate.
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essentlially identical to the specira obtained from the irradisted tips.
This indicates that all the events observed above 120 K in the irradiated
sample can not be interpreted as SIAs. Control specimens from the tungsten-
1 2t.% rhenium alloy exhibit the same behavior. That is, below 120 X no
recovery is observed but above 120 K the recovery is the same as that
obtained from the irradiated samples.
In FIM annealing experiments it is assumed that the diffusion of all

SIAs is purely radial and random. For the case of long-range migration in
pure tungsten this assumption was shown to be approximztely valid by
Scanlan et al.(é) by plotting on a standard sterographic projection, the
point of emergence of each defect at the surface of FIM tips during the
course of the isochronal warming experiments. Such plots were constructed
from the tungsten-3 at.% rhenium alloy irradiation and control isochronal
anneals. The results are shown in figures 9 and 10. 1 is clear that in
both cases the distribution of events is not random. There is a definite
absence of events near the {111}, {100}, {110} and {112} type planes, all
of which represent relatively high field regions of the surface. The
emergence plot for the irradizted tungsten-3 at.% rhenium, figure 9, shows
a few evenis in the regions of high field whereas the plot obtained from
control runs, figure 10, is virtually void of events near such regions.
This result is explained by the fact that 211 of the events recorded in
high field regions emerge from the bulk below 120 K and are probably true
SIAs.

Origins of the flux of events azbove 120 X is the topic of the remzinder
of this section. Certainly, iwo processes were contributing to this flux;
namely surface diffusion and residuzl gas adsorption. tls known(32) that

at elevated temperatures gas contamination on the shank becomes mobile



A <110 standard sterographic projection of a cubic crystal.
Each black dot marks the point of emergence of an SIA to the surface
during a continuous anneal of an FIM specimen. This emergence plot
represents a composite of the SIAs observed in the irradiated
tungsten-3 at.% rhenium specimens.

Figure 9.



Figure 10. An emergence plot representing a composite of the
appezrance of extra bright-spots in unirradiazted tungsten-3 zt.%
rhenium during continuous annezal.



Sl

enough to diffuse along the surface into the imaged regcion of the +ip.
g mag g I

Once on the tip, the diffusing atom could become trapped at a kink site

and image as an extra bright-spot. The problem of residual gas adscrption

in FIM experiments is ¢ompounded by the application of the large electric

field to the tip. This field tends to

increase the probability of adsorp-

: 1
tion due to the induced dipole attraction(B‘).

Since the experimental data suggested that the appearance of the

artifact events was temperature dependent a control run was performed

which would monitor the system for pressure bursts. The head was dy-

namically pumped in the absence of an image gas so that small pressure

variations could be detected. A control irradiation was performed at 15

K to simulate actual experimental conditions. The head was valved off

from the ion pumps and opened to the diffusion pump. An isochronal anneal

Was then performed a2t 2.5 K min L while

function of temperature. The results o

8a. The head pressure remzined constan

the pressure was recorded as a
f the experiment are shown in figure

tat 1-10"9 torr until at 200 K

where it slowly rose to 8°10  “torr. Around 230 K the pressure again

increased to 1.9-10—8 torr and remained
It is clear that the recorded series of
for adsorption of residual gas causing

further noted that the spectraz of brigh

peaks and that the pressure increase wa

constant for the rest of the anneal.
Pressure bursts constitutes evidence
the bright- spot appearance. It was
t-spot events consisted of two major

s composed of two distinct stages.

The first peak of bright-spot events began at 200 X and the second at 240

K. The first stage pressure burst also

230 K. This correspondence between the

came near 200 K and the second around

FIM base pressure and the artifact

contrast effects suggests that the extra bright-spot spectrum could be

attributed to residual gas desorbing fr

om the surface of the cryostat

TR T - T i LS



el L

assembly and adsorbing to the slightly cooler itip surface. The character
of the residuzl responsible for the adsorption was not determined.

It was expected that if a release peak existed within the structure
above 200 XK it would have been clearly visible as a major pezk. The fact
that the FIM stage I recovery spectra was completely surpressed by irapping
suggested that there should have been a large flux of released STA when
kT became large enough. The absence of such a flux could be explained in
two ways: (1) the tungsten-rhenium complex has a characteristic dissociation
temperature above 400 K; or (2) the SIA releases within the working range of
the FIM but becomes trapped in a deeper trap such as a di-rhenium complex.
However, as in the case of the tungsten-3 at.% rhenium the 1at.% rhenium
isochronal spectra revealed no release peak. Since the concentration of
di-rhenium complexes is proportional to the square of ithe rhenium concen-
tration the 1 2t.% rhenium alloy has a factor of nine less di-rhenium
complexes. Thus, it is suggested that the SIA rhenium complex has a
dissociation energy high enough to remain bound to at least 400 XK. On
}ff ah},  and taking Ar}’f.l equal to

0.082 eV(7) the lower limit of the binding enthalpy of rhenium atom to a

the assumption that Q=24h

tungstien SIA was calculated to bew0.8 eV.

3.3.3. Post Anneal Pulsed-Field Evaporation Experimentis

The purpose of the post-aznneal pulsed-field evaporation experiments
was to directly observe the SIA rhenium complexes. The tungsten-3 at.%
rhenium specimen was irradiated to a dose of 5.9-1012 at 15 X followed by an

isochronzl anneal to 120°C. This allowed the stage I SIA to migrate to the

surface or to a rhenium atom. The tip was then cooled down to 15 X and a
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pulsed-field evaporation experiment performed. A total of 1. 1‘105 atoms
were counted and 11 complex cont*ast patterns were observed, thus 1mply1ng
a concentration of nv1.0:10 ~4 at.fr. These complex contrast patterns were
unlike any of those ebserved in our earlier studies. They were different
from both the stage I SIA and solute atom contrast patterns. Furthermore,
they differed from what would be expected for a single SIA based on a
theoretical contrast model worked out by Seidman and Lie.(lu)

dne of the eleven complex contrast patferns is shown in figure 11 as
an evaporation sequence. It was possible to compare the eihilarities of
the above complex contrast patterns with those observed by Wilson and
Seidman(g) in the 2.35 MeV electron irradiated tungsten. Pulsed-field
evaporation experiments were performed on commercially pure tungsten
irradiated to a dose of 1'1020 electron cm°24atn/430 K. Wilson and
Seidman reported unusual contrast patterns which were similar to those.
observed in this study. It was concluded that the complex contrast
patterns must have been caused Ey a cluster of point defects made up of
either: (1) vacan01es, (2) SIAs; or (3) SIAs trapped at impurity atoms.
Vacancy clus»e;lng was ruled out because this point defect is immobile at
the irradiation temperature. Thus, it was suggested that the complexes were
either SIA clusters or, more probably; SIA-impurity atom clusters. The fact
that the complex contrast patterns were present only in the irradizted
tungsten-rhenium alloys plus the striking similarity to those reported
by Wllson and Seidman 1mplles that the SIA rhenium complexes Were observed.

Tt should also be noted here that the obse*vatlon of stable SIa-
rhenium complexes up to 120°C can be used to ;nterpret other stage III FIM

experiments. In particuiar, the work of Attardo et al.(33)

should be re-
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Figure 11. A series of 15 micrographs showing a complex contrast
pattern on the (111) plane of tungsten-3 at.% rhenium. Frame
1 shows a full plane which will be called layer 1. Frame 50
shows a plane jiust beneath layer 1 in which 2 vacant sites are
present. Frame 54 shows the first extra bright-spot which
lingered until frame 81. The next plane, layer 3, was perfect.
layer 4 contained two vacancies in frames 145 through 160.
Frame 161 shows the appearance of the second extra bright-spot.

The extra bright-spot lingers until frame 191 when it evaporates.

The next two layers were perfect.
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analyzed. They irradiated high purity (R ¥ 4-104) tungsten specimens at
100°C to a dose of 5-1019 fast neutrons cm"2 and a thermal neutron dose
which was at least twice the fast neutron value. Their FIM investigation
detected single vacancies, clusters of vacancies and single extra brigh+-
spots. The extra bright-spots were anisotropic and.the long axis of some
of the extra bright-spots was approximately parallel to a 110 type
direction. As a result of annealing the specimens for 1 hour at 400 C
(in stage III) the concentration of extra bright-spots decreased from :LO'3
to 10—5 at.fr. and simultaneously the concentration of vacancies decreased
rom 2+1072 to 1.3-10-3 at.fr. They interpreted their observations in terms
of the migration of SIAs to vacancies in stage III. The reason it is felt
that the work of Attardo et al. relates to the data presented in this
chapter centers around the fact that thei; thermal neutron dose CVIOZO cm-z)
results in the fransmutation of tungsten to rhenium. It has been shown
experimentally that a dose of 1020 thermal neutrons cm—2 yields a rhenium
concentration of 10"3 at.fr.(27) which corresponds closely to their extra
bright- spot concentration. It has been shown in this chapter that SIAs are
trapped by rhenium atoms at the irradiatioﬁ-temperature employed by Attardo
et al. Furthermore, it has been experimentally shown that: (1) the contrast
Patterns produced by single rhenium atoms<9) are different from the extra
bright-spot pattern presented by Attardo et al.;and (2) the contrast
pattern of a SIA-Re complex resembles their extra bright- spot pattemrn.
Thus, it is highly likely that the extra bright- spots observed by Attardo
et al. were SIA-Re clusters. Hence, the observed decrease in the concen-
tration of extra bright- spots is interpretable in terms of vacancy migration
to a SIA-rhenium complex. The rhenium atom remaining after the annihilztion

Q
of the SIA produces a subtle contrast pattern(’) which requires, in many
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cases, careful pulsed-field evaporation experimenis to deitects and not

simply the controlled field-evaporation technique.
3.4, Summery

4 systematic suppression of the FIM isochronal recovery below 120 X
in irradiaied tungsten(rhenium) zlloys ( 1 and 3 at.%) reaffirmed the
existence of trapping of tungsten SIAs at Re aztoms. Above 120 X z series
of broad recovery peaks were found in both tungsten(rhenium) alloys irradiated
with 30 keV W+ ions. However, identical recovery structure was observed
in the unirradisted tungsten(rhenium) control experiments. Therefore, no
unambiguous released peaks could be identical from the FIM isochronal anneél-
ing spectre.

Furthermore, it was suggested that the presence of complex contrast-
patterns randomly distributed throughout the bulk of an irradiated tungsten-
3 at.% rhenium sample after annealing to 390 K probably represented the
direct observatiocn of SIA rhenium complexes. It was therefore concluded
that rhenium atoms trap tungsten SIAs in W(Re) alloys with sufficient

strength to remain bound up to at least 390 K.



4., FIM STUDY OF STAGE I RECOVERY OF IRRADIATED MOLYBDENUM

L,1, Review of Literature

The stage I annealing behavior of irradiated molybdenum has been the
subject of several experimental studies in the past 15 years. Unlike
tungsten the recovery spectrum obtained for molybdenum is remarkably
reproducible in most labs§23) However, besides the temperatures of the
ma jor substages little else concerning the recovery of molybdenum has been
agreed upon. In particular, the substage associated with long-range
migration of the molybdenum SIA (analogous to substage I of FCC metals)
has yet to be conclusively identified. 1In fact, controversy still persists
on whethér or not the SIA performs long-range migration at all in stage I.
This fact characterizes the fundamental question of the analogy between
low temperature recovery substages in BCC and FCC metals. Therefore, it
would be extremely useful to know if long-range migration‘occurs in
molybdenum.

In an FIM isochronal annealing experiment only those recovery processes
involving long-range migration can be observed. It is therefore the aim
of this work to identify the temperature at which such processes occur,
if at 2ll, in heavy-ion irradiated molybdenum. Additional insight should
also be gained into the FCC analogy problem, that is, if no long-range
migration is found in stage I an analogy between FCC and BCC recovery

would be highly unlikely. Altermatively, if a well behaved long-range

migration stage is observed the FCC-BCC analogy may be useful.
A review of the most recent work reported for stage I reveals widely

ranging temperature assignments for the onset of long-range migration in




- 50 ca

melybdenum. Okuda's(Bb) internal friction results indicate a long-range
'migration of SIAs at temperatures as low as 30 K while the resistivity
measurements of Horak and Blewitt(35> suggest migrzation iemperatures as

high as 70 K. A brief review of the work done to experimentally identify

the temperature associated with long-range migration in irradizted molybdenum
will be presented in this section.

The recent work of Okuda and Mizubayashi(Bb) on the internal friction

Hh

of molybdenum after fast neutron irradiation at 4.2 K revealed evidence
of z long-range migration stage centered around 30 K. Oriented single
crystal, high purity (® = 4000) molybdenum plates were irradiated near
ligquid helium temperature and subsequentily annealed to 300 X. During the
anneal the internal friction and dynamic modulus were measured by the
electrostatic flexural vibration method. Two relaxation pezks were observed
in the internal friction spectrum at 11 and 39 X. It was noted that the
11 X peak annealed out after warming to 30 X and the 39 K pezk recovered
near 45 K, Furthermore, two pronounced increases in the dynamic modulus
(or pinning stages) were present at about 30 and 42 XK. Dislocation density
and dose dependence experiments indicated that there were two types of
interstitials coniributing to the pinning at both 28 and 42 X. The authors
suggested that the 11 K relaxation peak was due to close.pair rotation and
the 39 K peak was associated with detrapping of SIAs. Therefore the two
pinning substages céuld be attributed to long-range migration of the free
SIA at 30 X and that of the detrapped SIA at 42 X.

Another series of investigations was recently carried out by Moser

(36, 37, 38)

and co-workers on the intermal friction and electrical resis-

tivity recovery of 3 MeV electron and fast neutron irradizted molybdenum

wires. Polycrystalline wires with & = 100 were fast neutron irradiated




(E>1 MeV) at 28 K to a dose of 5-101? neutron cm-2 or electron irradiated
(B iidiMev) ot 20X #6is dosevor 10T elaptonion 2, Aitarpast no brt
irradiation the internal friction spectrum revealed relaxation peaks at

31 and 40 K. Tt was found that both peaks rccovered simultaneously after
warming to 43 K. Moser et al. proposed the "frozen free-split" mechanism
described by Nowick(Bg) to explain both peaks. The corresponding defect,
Probably a <110> free interstitial (in agreement with the recent Huang
diffuse scattering results of Erhart(qo)), would have two modes of relaxation
each with a unique relaxation time. This single defect could therefore

give rise to both internal friction peaks. The electrical resistivity
results were similar to those obtained by Lucasson et al.(ul) after electron
irradiation, and by Takamura et al.(qz) after neutron irradiation. Thermo-
dynamic consideration of the recovery spectra led Moser and co-workers to
assign long-range migration to a substage at 42 X, thus forcing agreement
with their internal friction results.

The experiments of Hanada et al.(43) offer yet another interpretation
of the annealing stages of low-temperature irradiated molybdenum. Wire
specimens ranging in purity from (R = 20 to 520 were fast neutron irra-
diated at 10 X to varying doses and subsequently annealed. The recovery
spectrum, which has recently been confirmed by Vajda and Biget(uu), con-
tained several large peaks below 100 XK. In an effort to identify the peak
associated with long-range migration the effects of radiation doping and
impurity content on the low temperature recovery stages were examined.
Radiation doping introduces Frenkel Pairs at high temperatures (below
stage III) and resulis in a defect distribution consisting of several
isolated vacancies and a few interstitial clusters. It was found that such

an initial defect concentration enhanced the amount of recovery in stages I
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and II. This enhancement tended to sazturate with dose znd was found to

almost entirely anneal out by MOOOC. Furthermore, the amount of enhancement

was found to be proportional to the doped vacancy concentration and not the
SIA cluster concentration. This behavior could only be explained on *he
basis of a model wherein SIAs sampled much of the lattice before anni-

hilating at vacancy sites. Therefore, it was concluded by Hanada et al.

that SIAs were performing long-range migration in both stages I and II.
Observation of the effects of increasing impurity content on low temperature
recovery stages has been used to determine the defect involved with that
stage in many FCC metals. Close-pair recovery stages would be unaffected
by impurity content whereas long-range migration peaks tend to become
surpressed due to trapping processes. Hanada et al. observed a steady
suppressed of the recovery stage centered zt 60 K with decreasing (R values
(increasing impurity concentration). This was the only recovery stage that
exhibited systiematic behavior and was considered to be analogous to the
impurity dependence of peak IE in Cu which was interpreted as long-range
migration of SIAs. It was noted by the authors that their results were in
agreement with the work of Lomer et al.(45) who observed an internal friction
dislocation pinning stage between 50 and 70 X in high purity molybdenum
due to the long-range migration of the SIA.

The most recent, and probably the most convincing, study of long-
range migration in molybdenum was published by Coltman et al.(qé) The
purpose of their experiment was to record the effects of initial dose
and radiation doping upon the low temperature recovery stages of molybdenum.
Wire specimens of R = 1900 were either fission or thermal neutron
irradiated at 4.9 X to a wide range of doses. The basic recovery

spectirum bears a close resemblance to the recovery pattern of the FCC metals.
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Close-pair substages appear at 14, 23 and 27 K and a major stage at 40 X
appears to represent correlated recovery. It was anticipated that if the
FCC model was valid for molybdenum then the substage analogous to Ip
(long-range migration) would be characteristically influenced by increasing
dose and radiation doping. As a result of increasing the dose two effects
were obser?ed: (1) the subpeak centered at 47 K moved to 2 lower tempera-
ture such that it became lost in the 40 K peak; (2) the amount of recovery
observed for the 40 and 47 K subpeaks was enhanced. The behavior of the
47 K substage was identical to that of its substage Ip FCC counterpart and
the coupled relationship between the 40 and 47 K stages was also similar
to that seen between the Ip and Ip stages in FCC metals. thermore, the
results of the radiation doping experiments showed that enhanced recovery
of the doped specimens began near 42 XK and proceeded in a manner consistent
with that for FCC metals. Coltman et al.‘therefore concluded that the
recovery in stage I of molybdenum could be identified with stage I of the
FCC metals and that correlated and uncorrelated long-range migration were
represented by substages centered at 40 and 47 X respectively. It should
be noted here that the assignment of 47 K to the onset of long-range migra-
tion has recently been confirmed by the electron damage rate experiments

of Antesberger et al.(47).

Pinally, it.is for‘ﬁhe sake of completeness that the work of Afman(ua)
be mentioned in this review. Afman attempted to model the annealing -
behavior of electron irradiated molybdenum wires by observing the influence
of variéd incident electron energy on the recovery spectrum. Molybdenum
wires of & = 900 were irradiated with 1.85 MeV electrons at 4.2 XK. The
resulting annealing spectrum consisted of major recovery substages centered

at 20, 25 and 40 K. Upon lowering the energy from 1.85 to 1.05 MeV, the
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recovery between 30 and L5 X wes enhanced and the substage at 25 K was
markedly suppressed. It was expected that if fbe irradiation energy was
lowered the substages which correspond to defects with a higher threshold
energy of formation should be suppressed. Therefore, substages involving
long-range migration should be suppressed. Through kinetic arguments Afman
reported that none of the suppressed peaks could represent uncorrelated
long-range migration. To explain the absence of such a peak Afman developed
a two defect model comprised of the typical Frenkel pair and an as yet
undefined defect. Close-pair recovery could therefore be assigned to the
substage at 20 X and correlated recombination to the peak at 25 K. The
recovery peak at 40 K was then ascribed to the second defect. Phenome-
nzlogically, Afman suggested that SIAs which escape correlated recombination
at 25 K are trapped by either impurity atoms or by the second defect. This
point was experimentally substantiated by the measurement of higher damage
production rates at 40 K than at 60 K. Afman therefore concludes that

since SIAs cannot make enough jumps to perform uncorrelated recombination
without becoming trapped the attempi to identify a IE type stage in irradiated
molybdenum must be considered meaningless.

T+ should be noted here that there are two points made by Afman which
have been criticized. First, the use of kinetic theories, and therefore
curve fitting, to draw conclusions is questionable. Secondly, it has been
suggested that incident energy effects in electron studies are difficult
to see because only small populations of free defects are produced due to
&he low energy recoils associated with electron irradiation.

1t is clear from the above review of recent literature, there still

remzins a tremendous amount of controversy over not only the assignment of
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a temperature to long-range migration in molybdenum, but also over the
general correlation between BCC recovery and FCC recovery. Table 2 serves
as a summary of the work cited here and can be seen to illustrate the wide
range of experimental results reported fer thé onset of long-range migra-

tion,

4.2, Additional Experimental Details

Commercially pure molybdenum in the form of 20 cm long rods with
initial diameters of 1.5 mm were obtained from Materials Research Corpora-
tion (MRC). The preparation of high purity, single crystal molybdenum
from these rods was carried out employing the procedure developed by Capp.
et al.(49) Electron beam zone refining of the rods was carried out under a
vacuum of 10_6torr. Prior to melting, specimens were outgassed by passing
a hot zone (AIZOOOOC) rapidly up the rod. Single crystals were grown by
Passing a molten zone wWith a maximum length of ~1 cm along the rod. Each
crystal was given 2 zone passes at a speed of v0.5 cm min—l. After zone-
refining, the crystals were subjected to a two-stage annealing treatment;
first in an oxygen partial pressure of 6 10T tore at 1600°¢ for 4 hours
to reduce the carbon level, and second under a vacuum of 10-6torr at
1800°C to remove oxygen. The decarburisation and deoxidation treatments
resulted in molybdenum resistivity ratios of 5700.

The single crystals of molybdenum were then thinned to~0.5 mm diametexr
by electropolishing at 20 Vdc in a solution of 3 parts stou to /e parts
(by volume) ethyl alcohol. The rod was then sectioned into 1.5 cm lengths
by the dc drop-off technique. During the drop-off each section was further

thinned to a diameter of 0.1 mm. The sections were then polished into FIM

tips by the dc drop-off technique (see section 1.3.1.) in a solution of 1




Summary of

TABLE 1
Work Done Previously on Molybdenum Stage T Recovery

RESTISTIVITY
RATIO TIRRADIATING LONG-RANGE
AUTHORS REFERENCE NO. TECHNIQUE ( /JBOOK//DLL : 2K) SPECIES MIGRATION TEMP

Okuda et al. 3h Internal Friction 4000 Fast Neutrons 30 K
Moser et al. 36 Internal Friction 100 Fast Neutrons 42 K

37

38 Blectrical Resistivity 2 MeV Electrons
Coltman et al. L6 Electrical Resistivity 1900 Thermal Neutrons L7 X
Antesberger L7 Electrical Resistivity 1000 3 MeV Electrons b7 X
et al. : :
Hanada et al. L3 Electrical Resistivity 500 Fast Neutrons 60 K
Afman L8 Electrical Resistivity 900 2 MeV Electrons None
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part H 804 to § parts ethyl alcohol.

2

4.3, Results

4.3.1. Continuous Annealing Behavior Between 10 and 120 X

12

After irradiation at 10 X to a typical dose of 5:10°“ ion em™? (Mo+

ions) the high~purity molybdenum specimens were isochronally annealed at
a warming rate of less than 2 K min *. The surface of the tip was moni-
tored by continuously photographing at a rate of 1 frame per 3 séconds or
approximately every tenth of a degree Kelvin. Figure 12 shows the surface
of a Mo tip as viewed by tbe ciné,camera. The contrast effect associated
with the arrival of an SIA to the surface of mol&bdenum was fouﬁd to be
identical to that for tungsten; that is; Zero contrast to full contrast
within one frame. Examples of the appearance of extra bright-spots is
shown in figure 13 for several different locations on the sgrface.

The results of recording the arrival of SIAs (or extra bright-spots)
as a function of temperature are shown for 2 PZR molybdenum irradiated at
10 X in figure 1. This figure represents a composite of U4 runs. The
important featurés of this anneéling specirum are a major‘péak centered
at 32 X, 2 minor peak at 45>K and a characteristic long tail extending
to 120 K. It should also be noted that very few events were recorded
below 25 K. The major peak at 32 X in the'annealing spectrum of molybdenum
most certainly represents the onset of long-range migration and hence
the terminétion, by definition, of stage I recovery. Therefore, the
next ﬁeak, at 45 X, must be considered a $tage II phenonenon and may
represent an impurity detrapping process or di-SIA migration or dissocia-

tion.
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Figure 12. A FIM micrograph of a molybdenum specimen at 30 K during a
continuous anneal showing several extra bright-spots on the surface.
The data chamber can be seen on the right side of the micrograph.



Figure 13. (A,B) The appearance
pattern at 35 K on the (100)

8 kV.
(c,D) The appearance
pattern at 37 K on the (334)

S ki,
(Z,F) The appearance
pattern at 39 K on the (112)

8 ke,

of a single spot STIA contrast
plane of molybdenum imaged at

of a single spot SIA contrast
plane of molybdenum imaged at

of a single spot STA contrast
plane of molybdenum imaged at
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o5l - TWO-PASS ZONE-REFINED Mo
R=5700 ' | |
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20 b | _IRRADIATION TEMPERATURE=10K

NUMBER OF DEFECTS PER 5K INTERVAL

0 1S I TS VR TN SN SN Y BN B

e " g
O 10 20 30 40 50 60 70 80 90 100 10 |
|

TEMPERATURE (K)

Figure 14, A composite isochroneal anneallng spectrum for two—pass
" zone-refined molybdenum irradiated at 10 X with 30 keV Mo “ions
and annealed to 120 K with a2 2 X ‘min-1 warming rate.
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As noted in chapfers 2 and 3, the hypothesis that the flux of extra
bright-spots to the surface represents a random diffusion process can be
tested with an emergence p}ot. Such a plot is presented in figure 15.
Superimposed on this plot is.a set of conceniric circles, representing
equal areas on a hemisperical tip. The number of extra bright-spots
found in each area element is plotted as a function of § and ¢ (both
from the <110> fiber axis) and shown in figure 16. Obviously, the
observed distributions (representing SIA flux) were not perfectly iso-
tropic. However, this deviation from ideal behavior was small to assume
that radial diffusion was valid as a first approximation.

In order to analyze the experimental peak width, the data from
the 32 K peak was replotted as the number of defects observed per 2.5
K temperature interval. Data was obtained from four irradiations on
the same specimen so that effects due to inhomogeneities in the specimen
material were minimized. That 1s, the possible broadening due to the
superposition of many runs on tips of different radii and slightly
different composition was eliminated. The 32 K peak overlaped the
L5 K, therefore, the end of the long-range migration peak could not
unambiguously be determined. Hence, the termination of the 32 K peak
was set at 35 K. The events observed below 35 K for the four isochronal
annealing experiments are shown in figure 17. Superimposed on the
experimental data is the calculated curve for the flux of a single
thermally activated SIA diffusing in a spherical FIM tip. The curve
was positioned such that: (1) the maximum occurred at 32.5 X; and (2)
the areas under the calculated and experimental curves were equal to

each other. The superposition of the calculated curve yielded a



Figure 15. 4 <110> standard stereo
crystal. Each black dot re
a2 molybdenum SIA, during a
of FIM specimens with <110> fiber axes.
Tregions of equal area on the surface,

graphic projection of a cubic
Presentis the point of emergence of
continuous anneal, on the surface

The circles represent
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Figure 16a.
measured in the @ direction.
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Figure 16b. The 9 dependenceA of the distribution of the distribution
of defects on the surface of the specimen.
plotted from the data shown in figure 13.

This distribution was
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Ahli= 0.08 eV for the dimensionless parameter [ equal to i

m

The question most often associzted with FIM isochronal annealing
experiments is: What was the effect of the imaging electric field on the
diffusivity of the SIA? t is known that the enthalpy change of migration
is related to the internzl energy change of migration by:

B et m
ah,, = 2ug, S T (4.1)

where p is the large negative hydrostatic pressure produced on the
specimen during FIM operztion. The hydrostatic pressure can be written

p = -g%.(8n )L (4.2)

Where E is the magnitude of the imaging electric field. Therefore, the
enthalpy change of migration as a function of imaging field is given by:

m
L= LM

11 i £%. (8 ) av], (4.3)

13
Thus, it is clear that the electrostatic field inherent in FIM experiments
could cauge a reduction in Ah?i and hence shift the long-range migration
peak to a lower temperature. The magnitude of this effect depends on the
value of ANTi which for molybdenum is unknown. It is therefore im-
portant that Aw?i be known to be able to compare FIM isochronal annezling
spectra with conventional electrical resistivity data.

In order to experimentally calculate Aw?i it suffices to show
that the SIA is mobile at temperatures slightly above the cbserved long-
range migration peak. To this end 2 PZR molybdenum specimens of (R = 5700
were irradiated in situ with 30 keV Mo ions at 40 X in the absence of the

imaging electric field and imaging gas. The specimens were then quickly

cooled to 10 K, the imaging gas reintroduced and electric field reapplied.
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Figure 17. A composite isochronal annealing spectrum for two-pass
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| R=5700
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zone-refined molybdenum plotted with 2.5 K temperature intervals.

Only the SIA events below 35 K are included in this histogram.
calculated isochronal annealing spectrum for a single thermally
activated defect is superimposed on the experimental results.

A
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The remainder of the procedure was identical to the 10 X irradiations.
The results of 3 such irradiations are shown in figure 18b. Figure 18a
is a composite also of 3 irradiations performed at 10 KX plotted as the
number of defects (or events) observed per 5 K temperature interval.
If the long-range migration of the SIA occurred above 40 K in the absence
of the electric field, then the isochronal annealing spectra of the 10 X
and 40 X irradiations should have been identical. Figure 18b shows
that this was not the case. The mzjor 32 K peak observed after 10 X
irradiations was absent in the 40 K irradiations, implying that long-
range migration took place during the irradiation. This series of
experiments has clearly shown that the SIA in molybdenum must be mobile
a2t 40 X in the absence of the imaging electric field. The experiments
suggest that at most, the 32 K peak temperature was possibly shifted
down by 8 K due to the application of the electric field.

It has been empirically shown by Sosin(50> that the energy change
of migration associated with a peak in isochronal annealing spectrum
is a linear function of temperature. This relationship for Mo can be

written as:
Q (eV) = 2.46-107° T_(K) (4.4)

where Q i1s the activation energy and Tm the peak temperature. Therefore,
to obtain an upper limit, a shift of 8 X in peak temperature corresponds
to an energy change of v0.02 eV produced by the pAVTi term. The pressure
car be calamilated fron BL8% ) L astuning ab inegibe £ield of 550 VA TLIL)

Substitution of this pressure into equation 4.3 gives an upper limit to

the volume change of migration equal to:

ik

avt, < 0.0bf)a . (4.5)
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Figure 18a. A composite isochronal annealing spectrum for two-pass
zone-refined molybdenum irradiated at 10 K with 30 keV Mo™ ions
and annealed to 120 K with a 2 K min-! warming rate.

Figure 18b. A composite annealing spectrum for two-pass zone-refined
molybdenum irradiated at 40 K with 30 keV Mo ions and cooled to
10 X in the absence of an electric field. The specimens were then
annealed from 10 K to 120 X with 2 2 X nin-! warming rate.



o

where Nz is the atomic volume (15.92 A2 for molybdenum).

It is clear that, as was the case for tungsten, the extremely small
value of Av?i negaies the effect of the tremendous electric field
Present in all FIM experiments. Furthermore, it is this fact that now

allows for direct comparison of FIM and electrical resistivity isochronal
P y

annealing experiments.
L.4, Summary

The results of an in situ FIM study of the isochronal recovery
behavior in heavy metal ion irradiated molybdenum were Presented in the
previous section. Long-range migration of molybdenum SIAs was observed
and was found to begin at ~32 K. A calculated fit to the isochronal
recovery data implied an enthalpy change of migration of 0.08 eV with
the imaging electric field applied. In the absence of the imaging
electric field, the molybdenum SIAs were seen to be mobile at 40 ¥
thus implying an exiremely small volume change of migration of less
than 0.0bfg.

With respect to the literaturé, the data presented here can be
considered to be in agreement with the internai friction work of Okuda
et al.(au) It is difficult to justify assignments of the onset of long-
Trange migration to temperature above 40 X due to the experimental evidence
preéented here that the molybdenum SIA is already mobile at 40 X.

The results here are also in good agreement with the electron
irradiation damage rate experiments of Maury et al.(5l) Their
analysis of the displacement energy and orientation dependence of

the recovery substages below 50 K in electron irradiated molybdenum
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suggested that the 33 K stage could be attributed to long-range migration

of SIAs formed along <111> displacement chains.
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