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'DEFECTS IN METAL CRYSTALS

D. N. Seidman -

* ABSTRACT

. Tne objectiVerof the.present researeh effort is'a broad investigation of‘the
s properties of crystalAdefects ln metal crystals ‘ Attentlon ‘during the past year
was focused on p01ntld=fects [vacanc1es, self—lnterstltlal atoms and solute atoms
l(both substitutional and interstitial)], aggregates of point'defects and'their
'1nteractlons with one another. A strong empha51s was placed on the use of dlf—
‘;ferent 1rrad1at1ng spec1es (300—700eV Xe 1ons, 300eV .and 30keV He 5 EQ—MOReV W'
'g‘lons,'20-h0keV Mo “ionms, 20-h0keV Cr ions and fast neutrons) to introduce both
f.vacanc1es and 1nterst1t1als 1n a number of dlfferent pure metals (Mo W, Au, Ta)

" and alloys [Pt(Au), W(Re) Mo(Tl), Mo(T1+Zr) Ntho, Ni Fe, Ni

3 3

.stalnless steel and commercial 316 stalnless steel]
._Progress was made in the'follow1ng areas:
A. The Study of the Transmlss1on Sput ering of Gold o
1. The experlmental measurement of transm1551on sputterlng
2. ‘Experimental results and discussion . |
B. Atom—Probe-Field-Ion'Microscope Studies
1. Technical improvements in the.atom—probe FIMfﬁ
a;o Automated‘photographlc Systeml. |
b. Modified ion gun
2.. Spatial distribution of atomic speeies in alloys
a. Tungsten (rhenium) system
b. Moljbdenum (titanium+zirconium) systemVA‘
c. Low swelling stainless steel-(LSlA)
d.: Neutron irradiated alloys |

—ie

Mn low-swelllng 316
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3. The range and mobility of helium in tungsten
8. Description'of the experiment
b. Results
4. Helium bubbles in molybdenum
C. The Point-Defect Structurerf Depleted Zones
1. Technlcal improvements related to th1s subJect
a. Faraday cage with a channel electron multlpller array (CEMA)

b. The use of a Houston omnlgraphlc 2000 x—y recorder with the
Vancuard nmotion analyzer

c. The appllcatlon of the Oak Ridge Thermal-Ellipsoid Plot Program
(OR TEP) to the visual display of depleted zones ‘

2. Results on a depleted zone in a Pt-4.0 at.% Au alloy
3. Results on tungsten irradiated with 30keV Cr R Mo+ or W+ ions |
L, Influence of 1nterst1t1al n1trogen on self—lon damage 1n tantalum ) | ‘
a. Experimental preparations |
D. Recomery in Stage II of ion—irradiated'Pt(Au) alloys: an up-date
E. :The range of a focused collision-replacement seguence in ordered‘alloys_
F. In- ited Seminars | |

G. The Fast Neutron-Irradiation of Wire Specimens in EBR-IT

Ke& Werds: "Transmission sputtering; focused replacement collision sequences; energy
focusonsy . gold thin—films; atom-probe field-ion mieroscopy; spatial distribution
of atomic.s;ecies in neutron lrradiated alloys‘(clustering and anti-clustering);
twigsten (rhenium) system; molybaenum (titanium+zirconlumjisystem;Alow—swelling
stainless;steel (LSIA); range and_mobility of interstitlal helium in tungsten;
helium tubbles»in.molybdenum; field—ion'microscepy; point-defect structure of de-

E o - +. +
pleted zones in ion-irradiated Pt{Au) and tungsten; effect of ion-mass (cr , Mo~

. + '
and W ions) on the spatial distribution of vacancies within a depleted zone;
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influence of interstitial nitrogen on self-ion damage in Ta; recovery mechanisms

for substages II; and IT, of ion-irradiated Pt(Au) alloys; range of focused re-

placement'collision séqﬁences'in Qrdered'alloysl(NihMo, Ni3Fe_and Ni3Mn).



I. INTRODUCTION

Durlng the. past year a number of projects were completed and significant
progress was made in other areas. A brlef ‘account of the work is given in Sectlon
II. The following personnel were involved:

Professor.D. N. Seldman, Principal Investlgator
Dr. J. Amano, Research Associate (joined September 1976)
Dr. G. Ayrault, Research Associate (joined October 1973)°
Dr. M. Current, Research Associate (joined October 1976)
Dr. T. M. Hall, Research Associate (left July 1976)
. Aidelberg, Research Assistant (joined September 197k4)
. Kita, Research Assietant (joined June 1976)
. Sun, Researoh Assistant (left July 1976)
‘Wagner, IBM Fellowship Holder (joined September 1971)
Y. Wei, Research Assistant (joined Septemner 1971)
Pratt,'Halfetime‘Filﬁ Scanner (joined March 1970)

HoOxR QP oH Sy

. Whitmarsh, Technician,(joined Jannary_l968)

II. EXPERIMENTAL WORK
A. The Study of the Transmission Sputtering of Gold (Dr. G. Ayrault)
1. The experimental measurement of transmission sputtering

One of the most persistent problems:in the field of radiation dar:ge is that
of understanding the nature ofAthe initial damage event; i.e., the spatial dis--
tribuiion of vacancies and self—interstitial atoms . produced as the result of the
impact of anAenergetic particle. Since Silsbee (1) first introduced the concept
of focused collosion sequences (FCS) in 1957, these events have often been dis-
cussed as a determining faotor in the initial»spatial distribution of damage.
However, due to experlmenta] dlfflcultles, the range of these events, and even
proof of ‘their existence, has remained somewhat elusive.. Indeed in gold, FCS

ranges of <50A (2) and LOOOA or more (3) have been proposed. Clearly, further

work is needed to ratidnalize this immense disparity, and in a more general sense -

to understand the role of focusing in radiation damage. Toward this end we have

.developed a unique and direct technique’ for studying focused collision sequences.’

The experiments reported here have been carrled out on. gold, although the

; technlque should be appllcable to other metals as well The specimens are epitax-

‘1ally grown, vapor-dep051ted single- érystals with a <100> normal, which range
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cm2] is

in thickness from 140 to 500A. A small region of the film [(2 to.8)x10

irradiated with low;energy (2700eV) Xe+ ions directed along the foil normal, as
<shown in Fig' 1. Focused collision sequences with a range greater than the spec-
imen thlckness can cause the ejection of atoms or ions at the bottom foil surface.
These are. detected u51ng the Bendlx Channeltron Electron Multiplier Array (CEMA)
- system shown in Fig. 1, whlch consists of two individual CEMAs placed in series.
For large signals, the output from the spec1men can be detected v1sually with the
“aid of a fluorescent screen. For smaller 51gnals and for quantltatlve measure-

" ments, the output is measured electronically. '

' In order to insure that the observed output from the bottom surface of the
specimen is not due to the channeling of light ion.impurities (H+ or.He+) or '
light euergetio neutrals;-the crossed electric (E) and:magnetic‘(B) field mass
.analyzer shown in Fig. 2 is used to remove these‘components from the Xe+ beanm
before it reaches the-topfsurfaee of the specimen.

The copper specimen mounting block shown in Fig.'E is attached to the tail
':section of a continuous transfer liquid helium cryostat, with which the specimen ‘
:can'be maintained at;any-temperature.between N25dand 300K. The entire apparatus
~in Fig. 2 (ion gun;‘mass analyzer, specimen holder.and CEMA detection system)
is in a high vacuum system (’\alxlo_7 Torr). ‘ B
In order to achleve the maximum possible detection eff1c1ency, the CEMA
' system is operated in a saturated mode;.a single particle strlklng it can initiate

T

a cascade of électrons.whieh yields a short pulse (10 nsec)Aof 10 electrons at
1the fluorescent'screeu. Usingtthe electronic system shown in Fig. 3 these pulses
 are 1nd1v1dually amplified .and shaped into uniform square pulses lV in ampl1tude'.

and 10 msec in ‘duration: These are then smoothed for final measurement.

To maximize the 51gnal to-n01se ratlo an. Ithaco model - 391A lock—ln ampllfler»

(LIA) is used as the flnal measuring element. The Xef‘beam is pulsed at a known
frequency -(v100Hz) byjpulsing'the iou—gun filament bias.. This same frequency is
used as a reference,for'the LIA, which‘then measures only the portion of the CEMA
‘output which is in phase with the ion-current. 8

. Slnce the output is proportlonal to the xenon. ion current ‘the quantlty of
interest is the ratio of the output to 1nput Xe+ ion current. ThlS ratlo is pro-.
vided directly by a current measuring ‘circuit llnked to a ratlometer bullt into
. the LIA. Both this ratio R and .the direct LIA output are recorded as a funotion.

of time on -a ‘dual pen strip chart recorder.
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‘Figure 1. .Thin film specimen mounting system and CEMA detection system for

the study of focused collision sequences.
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- Figure 2. Experimenﬁal apparatus for the étudy'of focused collision sequences

showing the ion gun, magnetic beam analyzer, specimeﬁ holder énd CEMA detector.
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Figure 3. A schematic diagram of the electroni¢ system used to measure the Xe

ion current and the CEMA detector output.
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By calibration, the ratio R can be converted directly into a transmission

sputtering yield S where

'é - number of transmiSSion sputtered particles detected
number of ions striking the speCimen

v e e emadtan, = nh - g

5

Despite the fact that the irradiated areas are small (S8x10° cm2),_and_thekioh

current denSity is low (X6. leOl? ion. cm.esec l), this system (CEMAs and elec-
“tronics) is capable of measuring transmiSSion sputtering yields as low as lxlo 9
This is lower by a factor of" '\:lO6 than other transmiSSion sputtering e'ueriments (2).

The physical quantities actually observed in these experiments are the trans—
mission sputtering yield and the ion current as a function of time This is eaSily
converted to a transmission sputtering yield as ‘a function of ion dose.  Using
published data on the sputtering rate for Xe on Au (4), this in turn can be con- -
verted into transmission sputtering yield as a function of the change in foil
thickness. v ' | |

The initial specimen thickness (béfore irradiation) is determined using trans-
mission electron microscopy (TEM) by measuring the projected width of microtwins
which lie on (lil) planes. Due to problems of carbon contamination in the elec-
tron microscope, these measurements are not made on the speoimens which.are actually
used for transmission sputtering experiments, but rather on a nearby portion of the
same. as—-deposited specimen. This leads to some uncertainty in the initial thickness .
of the irradiated specimens; 20% variations in a given as—deposited specimen are

typical.
2. Experimental results and discussion

Transmission sputtering experiments have been performed at l20K,_with both:
T00eV. and 300eV'Xe+'iohs. The 7ooév experiments fall into two categories; (1).low
dose and (2) high dose. 1In the low dose experiments specimens of wvarious initial
thicknesses (140 to 280A) are irradiated to ion doses of ~(k to.8)xlO15 ion cm_2,
which sputter-thin the specimens by ~v25 to_50A. During this experiment the trans-
mission sputtering yield is measured. as a function of time. The specimens are then
removed and the entire irradiated area is 1nspected for holes using TEM at a
magnification of 30, OOO to 50, OOOX this is done to eliminate the poss1bility

that the output is due to the Xe ion beam paSSing through microscopic holes

Results for four such ex periments are shown in Pig Ly,
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"Figure h.'-Transmission‘éputtering yield versus foil thickness for four

low dose experiments'af T00eV.
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We note first thét there is a consisteént rise in the~transmission sputtering
yield as the specimen. thickness decreases, and that the measured transmission
éputtering yields for,spéciméns_éf simi;arAﬁhickness are qqite‘reproducible, A
record notable.feature is that the measured transmission sputtering yields are

T

quite small (<10 ' atoms/ion). We must be cautious in interpreting this in ‘terms
of the number of FCS which reaqh the bottom surface of the‘foil, for two reasons.
First, we are dependent upon an unspecified surface process to cause ejection of an
unspecified particle (gold atom or ion, adsorbed. impurity atom or ion) which is de-
tected bylthe CEMA; we do not know the probability of Lhis ejection event. Second,
since the transmission sputtered species is unknown, we do not know the sensitivity
of the CEiA to it. Indeed, an overall detection efficiency of unity for all FCS
reaching the bottom foil surface would be surprising; what we can say is that the’
number of FCS reaching the bottom surface of the specimen’ is greater than or equal
to the measured number.

Since these results are reproducible, the uncertainty in absolute numbers does
not prevent us from determining the ranée of these events. To.obtain.a clearer
picture of this, in which the uncertainty in initialfspecimen thickness plays a
smaller role, high dose experiments are used. In this case the foils are irradiated
until sputter thinning causes them to ruptﬁré. In Fig. 5 this point is easily
identified by the sharp rise in output due to the,Xe+ going through the hole(s)
in the specimen to the CEMAs. Post-irradiation TEM inspection of these specimens‘
always revealed holes. ‘

For initially thinner specimens the results are similar (Fig. 6). In both
cases there is an exponential dependence of the transmission spultering yield on
foil thickness, with comparable slope in the semi-log plots. Ihe to the un-
certainty in initial foil thickness, the apparent difference in foil thicknéss at
the point whereArupture occurs cannot be consifered significant. However, the
larger transmission spﬁttering yield at the point of rupture for the initially
thinner specimen of Fig. 6, which has been irradiated with a lower ion dose,
proves to be a consistént feature.

To test the pogsibility that the observed output is due to channeling, high
dose experiments have been performed using 300eV'Xe+. If the observed output is
'due to channeling‘then changes-in the ion energy should have a dramatic effect on
the output, while for FCS, much smaller changes are expected. The results in Fig.
7 show that the behavior at 300eV is essentially similar to that at T00eV.in

Figs. 4 and 5. The major ‘difference between the two experiments is that the

Co— - . s - ~



Figure 5. . Transmission sputtering yield versus foil thickness for a high ,

- dose experi-ient at TOOeV.
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Figure 6. Transmission sputtering yield vérsus foil thickness for a high

dose experiment at T00eV.
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Figure 7. . Transmission sputtering yield,versus foil thickness for a high

dose experiment at 300eV.
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transm1551on sputtering yield at the point of rupture is lower than for the 700eV
experlments However, it should be noted that due to the lower sputtering rate

' for 300QeV Xe , a higher ion dose is necessary to achleve the rupture of a given
specimen than‘at 7QOeV. If we plot the transm;e51on sputtering yield at the point
of rupture versus total ion dose for both 300eV and T00eV (see Fig. 8) we see
'that there is a definite correlation; for larger ion doses, the maximum’yield is
smaller. The origin of thisreffect is unclear at present, but it does assiet in
demoﬁStrating that the results at T00OeV and 3OCeV are in gooa accord, effectively

eliminating the poesibility that the observed output is due to channeling.
B. Atom-Probe Field-Ion Microscope Studies (A. Wagner and Dr. J. Amano)
1. Technical improvements in the atom~probe FIM
a. Automated photograﬁﬁic systenm

An automated photographic system which is_essentially identical to the-
design descrlbed in Scanlan et al. (5) has been constructed for use with the atom-
probe. The system consists of an Automax. _ciné camera equipped with a lOOO ‘foot

~film chamber, a high voltage pulser and assoc1ated control electronlcs ThlS
system'is being used to perform isochronal annealing experiments and controlled
pulsed-field evaporation experiments on tungsten which had been irradiated with
10w—eneréy heliumnions (see Section 3). A

b. Modified ion gun

The ion gun described previously (6,7) nas beeh modified so that the
plasma chamber and lens elements may be floated above ground pot:ntial. This

. de51gn pernmits 1rrad1atlons to be performed with the FIM specimen held at ground
potential and thus avoids the problem of field-emission 1nduced meltlng and. failure
of the FIM specimen (see Fig.. 9). '

In operating the ion gun, a gas such as H2, He, Ne, Ar or Xe is continj
uously bled through a stainless steel cylindrical plasma chamber held at.a positive
potential. The gas is ionized in the plasma chember by a magnetically confined 2 mA
beam of 30 to 100eV electrons emitted from a heated tungsten filament. " The ions
'_produced in the plasma chamber are extracted, accelerated and focused onto the FIM
specimen which is held at ground potentlal The kinetic energy of the ions 19
simply equal to the plasma chamber potentlal The ion gun can produce a b em
diameter beam of 200 to 3000eV gas ions at current densities of 0.0l to lOuA cm -2

: wrth gas pressures of 3-10 -6 to 5 lO -b Torr respectlvely

Sk



~20-

"Figure 8..

Maximum transmission sputtering yield at the point of foil rupfufe

ion dose.

versus total Xe
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Figure.9. A schematié diagram of the low‘énergy gas ion gun'which is used
for irradiating FIM.specimehs in situ. The extractor and accelerating
electrodes are held at fixed fractions.(0.92 and 0.80 respectifély) of the"
plasma chamber potential (Vb). The kinetic energy of the ions striking

the grounded FIM specimen is equal to fo
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s wThis ion gun is presently being used tO“inject‘low_energy (~300eV)

helium atoms into tungsten (see Section 3).
2. SSpatial‘distribution‘of'atomic:épedies in alloys

In this section we present resulfs_on three alloy systems which show the spatial
distribuﬁion of the allbying'élements in the gﬁirradiated materiéls. The specific
aims of the research prégraﬁ are: (1) the measurement of the siée distribﬁtion,
:number Qensity‘and compdsition of the irradiation induced precipifates in neutron-
irradiated W(Ré) alloys, (2) the determination of the éxtentvOf irradiation induced
segregation of titanium and zirconium to voids and irradiation induced resolution
of titanium-zirconium carbides in neutron-irradiated T%M, (3) the determination of
irradiatiqn induced segregétion to the freé surfaée 6f the FIM tip inAlow—enérgy
ion-irradiated stainless steels.

The objective ih all three experiments.is to try to understand the data ob—
tained in terms of possible impiications on the mechanism(s) résponsible for the .
-suppression or enhancement éf ﬁbid formation. An effort is also being made to
determine the role played by gaseous impurities (e.g. He) in the mucleation and
stébilization éf voids {see Sections 3 and k).

The results inlthe following sections show the spatial distribution of alloy-
ing elements in unirradiated materials through the use of a composition profile.
Before digcussing thése results we wili describe tﬁé physical principle behind the
composition profile illustrated in Fig. 10. Fig. 10(a) shows an FIM tip formed from
a binary alloy of B (solute) in A (sélvent). The tip contains a single precipitate
which is rich in B; the solute atomé are denoted by the solid black ciréles. The
magnifidation is adjusted so that during the courée of pulsed field-evaporation of
the specimen all the atoms (A and B) ccéntained within a cylindrical volume elenent
are chemically analyzed by the atom probe. Fig. 10(b) shows the corresponding com-
position profiie; the number of B atoms versus the cumulative number of A plus B
atoms. The cumulati?e number of atoms is proportional to depth (z), since the
specimén'is chemicaliy analyzed by dissecting atomic planes sequentially; in a
typical experiment the specimen is analyzed to a depth of <250A. If the B atoms
arévdistributed uniformlyf‘the'average slope of the plot in the regions away from
the indicated precipitate determiﬁes the average composition of the alloy. In the

regioh of the precipitate the avefage slope of the composition profile yields the

1+ We will use the term uniform to indicate an absence of any gross segregation
effects in the volume of space sampled.



_Figﬁre 10. During the course of ‘an atom—by—étom»disection of an FIM specimen by .

thepulsed field—evaporatioﬁ technique, the atom pfobe determines‘the-distribution.m
of chemical species in an approximately cylindrical volume élemenf'oflthe:épecimen-A
as shown in 10(a). A plot of the number of B atoms (we consider here the case

of a binary alioy consisting of-A and'B atoms) as‘a function of the total numbér.

of atoms (A plus B) detected yields a composition profile. The presence of a

loéal composition vafiatiqn:prpduced by.a'pfécipitate results:in_a'chaﬁge of

- slope of:the composition profile;'this is illustrated in 10(b).
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precipitéte*s average composition. The identification of this change in composition
as being caused by a precipitate_can be confirmed from the microstructural informa-
tlon present in the. .FIM image. It is also possible to use the gémposition,profiles,
in conjunction with the FIM images, to distinguish among: (1) clustering,l(é) short-
range order (or anti-clustering), (3).composition fluctuations, and (k) pre-pfeéipi—
tation clusteré'such as Guinier—Preston zones. In this section we use the term
cluster to indicate any local composition fluctuation which 1is obv1ously greater than

the comp051t10n fluctuations expected in a random solid’ solution.
a. Tungsten (Rhenium) system

The addition of Re to W strongly suppresses swelling (void formation) in
fast neutron irradiated W(Re) alloys (8). It is our objective to determine how the
Re is redistributed as a result of the fast neutron irradiation treatment and to study
the irradiation produced precipitates in thls alloy.

An FIM spec1men was prepared from off-the- spool W-25 at. 7 Re thermocouple
wire; its (m/n) spectrum has been previously published [Hall et al. (7)]. Figure 11
shows the composition profiles for the two stable Re isotopes ( 85Rc and l87Re).
This experiment demonstrated that the Re isotopes can be distinguished from the

181*w and 186w) .

The aVerage composition of the

187

immediately adjacent W isotopes (
185

rhenium determined for the Re isotope was 10.6 at.% and for the " Re isotope

it was 14.8 at.%; hence, the overall composition was 25.4 at.% Ré as determiné@ from
the average slopes of the profiles shown in Fig. 11. The rhenium concentration was
also found by a least-squares énalysis of the atom-probe data to be 22 * 2 at.% which
agrees with the nominal concentration of 25 at.%. The first .conclusion drawn from |
this experiment was that a Re concentration of 25 at.% or higher could be easily
detected in tungsten. A second conclusion is that the vast majority of theIRe atoms
.were in so0lid solution in this specimen; this conclusion was based on the fact that
the measured Re concentration was approximately'equal to the nominal’composition

of the alloy and also that the FIM image showed no evidence for precipitation. A
third conclusion is that there was no evidence for any pre-precipitation. A fourth
conclusion is ﬁhat the composition profiles exhibit composition fluctuations about.
the~averége Re isotope compositions. To date we have been unable to conclude ‘
whether or not there is any evidencé for short-range order (anti-clustering) obtain—
able from the composition profiles. These results on W and W/25% Re will serve as

controls for future work on fast neutron irradiated samples.
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61.6 to 61.9 amu) and

. Figﬁre 11. Compositioh profiles of
(62.3 to 62.6 amu) in a W-25 at.% Re alloy. The average composition obtained

85Re and 14.8 at.%v187

.from these plots are 10.6 at.% 1 Re for a total Re concen-

- tration of 25.k4 at.% as determined from the average slopes. A least-squares
fit to the (m/n) histogram which takes into account the overlapping tails caused
by energy deficits yields an average Re compositioﬁ of 22 + 2 at.% which agrees -

with the nominal composition.
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b. Molybdenum (fitaniﬁﬁ:+'z$?ébnfhh)h§ysﬁem

‘ Both Mo/1.0 at.% Ti and Mo/1.0 at.% Ti/0.08 at.% Zr (TZM) exhibit an en-
hanced swelling behavior wheﬁ compaféd to molybdehum specimens irradiated under
identical conditions to the same fast neutron dose (8,9). At present we are en-
gaged in a study to determine the role(s) played by the Ti in Mo/1.0 at.% Ti and
the Ti and Zr in TZM in causiﬁg this svelliﬁg enhancement. It is interesting to
note, by contrast, that Johnston et al. (10) have found Ti'and Zr additions to be
effeéti?e swelling inhiﬁitors in a series of model Fe/Cr/Ni alloys.

The concentration of I'i was found to be 0.28 at.% in the MQ/l.O at.% Ti alloy
and 0.26 at.% in.the,TZM alloy. The measured concentrationé of titanium are
approximately 1/4 of the nominal concentration in both materials. There are two
possible explanétions for this discrepancy: (1) an undetermined amount of titanium
may field evaporate in the +2 charge state and hence would be superimposed on the
'Mo+h portion of the spectrum; or (2) the remaining titanium may go undetected because
it is not in solid soluﬁion, i.e., the remaining Ti may be tied up in the form of
TiC precipitates whiéh exist at a number density that’is below the limit of detec-
tion of the FIM. In support of the second explarnation the work of Chang and
Perlmutter (11) has shown that Mo,C, TiC and -2rC precipitates can form in both
Mo(Ti) and TZM. In addition, our own limited observations of FIM tips by trans-
mission electron microscopy have shown ihe appearance of precipitatés'in both‘the
Mo/1.0 at.% Ti and the TZM wire used in this study.

The comyosition profiles 6f Ti and Zr in TZM are shown in Fig. 12; each. step
in the ordinate scale corresponds to single Ti or Zr atom. The Ti atoms observed
were distributed uniformly throughéut the specimen; from the slope df the com-
position profile the Ti concentration is 0.26 at.%.. The Ti distribution in the a
Mo/1.0 at.% Ti alloy wés simiiar. A1l of the 7 atoms detected were contained in
a single cluster; this Zr cluster was detected just before the FIM tip failed and
it may have contributed to the failure of the tip. The measured Zr concentration
was 0.13 at.% compared to the normal 0;08 at.%. The prpbébility of this-Zr cluster
being found in a random solid solution was calculated to be <10_6, hence we may
safely conclude that this represents a non-random fluctuation.in the Zr concentra-
tion which indicates a positive binding enthalpy between Zr atoms in TZM. We
would also ‘like to point out that neither the Ti nor the Zr was qssociated with
carbon. and therefore the observed Zr cluster is not due to a small carbide pré?

cipitate.



Figure 12. Compoéition profiles for Ti and Zr in TZM. The Ti appears to be
‘uniformly.distributed in the material whereas the Zr is concentrated in a:

single cluscer.
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A comparison of the present results with the results on the irradiated .

specimens should allow us to comment in detail on the changes produced in the

Aspatial_distribuﬁiqn of Ti and Zr atoms in the alloy as a result of the fast.

neutron irradiations. Furthermore, any changes in the measured concentration

of Ti and Zr in solid solution due to the neutron irradiation should allow . us

to comment on the possibility of re-solution of the Ti-Zr carbide precipitates. .
c. Low swelling'stainless steel (LSIA)

A low swelling stainless steel alloy (LSIA) developed at the Oak Ridge

National Labofaﬁory (ORNL) by Bloom et al. (12) has been ahalyzed.v To date we
have restricted our work to unirradiated specimens of thié alloy because of the
high rédioacﬁivity of ﬁhe neutron irradiafed specimens. The alloy LSIA contains
2.06 at.% Si and 0.16 at.% Ti as swelling inhibitors. It is the purpose of the
present study to determine the role played by fhese swelling inhibitors.

| A1l the alloying elements (Fe, Cr, Ni, Mi:, Mo, C, Si and Ti) .in LSIA were
readily identified and the COncentrationélmeasured by ‘the atom probe techhique
are in good agreement with the chemical composifion as supplied to. us by ORNL as
shoﬁn in Table 1. In addition, an analysis of the spatial diétribution of each.
alloying element revealed the existence of a cluster which was rich in the minor
alloying additions (si, Ti, C, Mo, Mn) and poor in the major components (Fe, Ni,
Cr) as shown-in'Tabie l.- The probability of this cluster forming in a random alloy
was calculated to bev<lO—ll,heﬁce,this cluster indicates a positive binding enthalpy
between the minor alloying additions. It 'is possible that clusters such as the
one described are responsible for the observed enhanced reductidn.in swelling,whén

both Si and Ti are added to stainless steel [Johnston et al. (10)].
d. Neutron-irradiated ‘alloys

Techniques for producing wire shaped specimens from bulk neutron irradia-

ted materials (e.g. tensile specimens) have been developed. These technigues have

" been successfully applied to neutron irradiated Mo (1.0 at.% Ti) and with somewhat

less success to neutron irradiated TZM. Unfortunately, thus far we have.not been
successful in obtainiﬁg'FiM_images_of the Mo (1.0 at.% Ti) specimens which we have
procéssed into wiré form. At this time we have not attempted to pfoduce FIM spec-
imené from either the .irradiated TZM or-the irradiatéd W-Re alloys.

*
We presently have two sets of wire alloys(beigg_irradiated in EBR-II and ,

% One set of specimens is being handled by Dr. J. J. Laidler of Hanford

Engineering and Development Laboratory and the second set by Dr. M. Gross-
beck of the Metals and Cefanﬁcs.Division of the Oak Ridge National Labor-
atory. .



Table 1. ~Comparison of the composition'of a low swelling stainless steel.(LSlA)
_‘as determined by chemlcal analysis and by atom probe FIM analy31s for the bulk o

specimen and for a non—random cluster.

"Atom probe

hemens | Chemoal smalraze SANSES O Mempve
o specimen + cluster
(Atomic %) (Number of Atoms)
Fe ; 6h.0 ‘ 62.2°'+ 1.1 1
cr 7.4 1h.5 ¢ 0.5 o
Ni . 12.9 ~ 16.2 £ 0.6 3
Mn 2.0 2.6 £ 0.2 1
Mo 1.0 2.8 % 0.2 2
c 0.37 0.4 0.1 2
si 2.1 1.7 £ 0.2 3
m5 0.16 '0.20 + 0.06 2
Other 0.15 0.5 + 0.1 o
" Totals ©t . 100.1 ©100.1 1k

T . The uncertalntles were calculated from the /N/ZN values where
N is the number of atoms counted. : '
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anfiéipafglavmuch ﬁigher*probabiiity of succéss with these spécimens since: " (l)rthey
are in wire form and do not require processing from bulk form; and (2) they will

increasé our pfesent‘éupply of potential FIM specimens by over é factor of ten.
3. The range and mobility of helium in tungsten

The interaction of low energy (<10keV) light ions (e.g. He) with materials is
an area of increasing concern with regard to materials problems in the fusion
reactor program. In addition, the nucleation apd stabilization of voids. in fast
neufron irradiated materials is believed to be strongly affected by the presence
of helium produced within the material as a result of (n,a) nuclear reactions.

The objéctive of our experiment is to directiy measure the range of low-energy

He ions and the migration energy of interstitial He atoms in tungsten.
a. Description of the experiment

A tungsten FIM specimen is irradiated in-situ with 300eV He+ ions at
approximately normal incidence to the <110> direction as indicated in Fig. 9. With
an‘energy of only 300eV a‘He+ ion can transfer a maximum of only ~25eV to a‘tungstén
atom. Since the displacement energy in tungsten is ~hleV (13), no self-interstitial
atoms or vacancies should be created in the bulk.* If the specimen temperature is
low enough to prevent migration of the injected helium, then the state of the specimen

Just after irradiation will consist of interstitial helium deposited in a perfect .

tungsten lattice with a depth distribution determined solely by the range profile of
the 300c¢V He+ ions. The specimen is thén chemically analyzed using the atom-probe
FIM,techﬁique and a composition profile (see Section 2 for a descripﬁion of a com-
position profile) for the helium isﬂplotted as shown in Fig. 13. This composition
profile yields the range prcfile of the helium as discussed in the nevasection.
Furthermore, the temperature at which the helium intersﬁitials beéome mobile can

be determiﬁed by irradiating at a series of temperatures. If the specimen tem-
perature is above the temperature at which helium interstitials become mobile, then
the helium injected during the irradiatioh will diffuée out to the free surface of
the FIM tip, and thus we expect to see a sharp decrease in the helium concentration
as the irradiétion temperature is increased. By determining the temperature at
which the helium becomes mobile an approximate value of the migration energy can be
made. In principle, by measuring the total dose of helium and then comparing it to
the measured amount of helium detected in the specimen, the fraction of helium re- .

tlected from the tungsten specimen can also be determined.

*  Sputtering of the surface may occur since the energy required to produce a
surface vacancy is much lover than the displacement energy and, in fact, our
FIM images do indicate surface disordering following irradiation with 300eV He
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Figuré 13. Composition' profiles show1ng the spatial dlstrlbutlon of hellum in

in tungsten Profiles l and 3 are for tungsten 1rrad1ated with 300eV He ions

at u8K along ‘the <110> direction.

Profiles 2 and h are for unirradiated -samples

and’ constltute controls.. The helium 1nterst1t1als are. not moblle at h8K
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a tungsten speqiﬁén irradiated with 300eV helium ions to a dose of %3x1015i0n cm

b. Results . o o

In Fig. 13 we show two helium composition profiles (labeled 1 and 3) fozg
along the <110> direction at UBK. Also shown in this figure are two helium profiles
(labeled 2 and k) for unirradiated specimens which serve as controls. All four runé
were performed on the same specimen in the sequence indiéatéd»by'the"labeling'of
the profiles; i.e., l.was first,v2 second, etc.- Between'each'run the specimen was
annealed to 373K fof Sevéral hours. Controls 2 and 4 were performed under the
same conditions as irradiations 1 and 3 except that the tip was shielded from the
idn beam in control 2 while in controlbh the specimen was held at a positive
potential of 450 Vdc and thus only neutral helium atoms from the ion gun could hit

the specimen. A number of conclusions can be drawn from this experiment:'

(1) From the difference in the slopes of the helium profiles of the
irradiated versus the unirradisted fungsten, we can conclude that at

: *
48K helium is being retained in the lattice after irradiation. -

(2) The sigmoidal shape of profile 3 indicating a rise and then a fall
in the helium concentration with distance is consisteﬁt with a range
profile for the helium ions. This result suggests that particle ‘
range measurements are possible and~also that at 48K the inter-
stitially deposited helium is not mobile. At this time we have
not been able to assign a distance scale to the horizontal axis in
Fig. 13 since we have not yét determined the absolute number of
atoms on the surface.that were within the area analyzed by the
atom probe. Thus,'we are not yet able to report on either the
range or the reflection coefficient of 300eV helium on tungsten at
this time.

(3{ The absence of a statistically significant difference'between con-—
trols 2 and L4 -indicates that our measurements are not affected by

a neutral component of helium in the ion bean.

In*addition to the helium atoms and tungsten substrate hydrogen, .carbon and
oxygen were also detected. In Figs. 14, 15 and 16 we show the hydrogen, carbon and

oxygén composition profiles for the runs shown in Fig. 13. These profilés indicate’

* The presence of helium in the control experiments is due to the random arrival
of helium atoms from the gas phase. " The number of helium events in the controls
could be reduced by as much as a factor of ten through the use of a differentially
pumped ion-gun. : : : o
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FigﬁreS'ih, iS and 16. Composition profiles for hydrogen, carﬁonjand oxygen for
the runs shown in-Fig. 13. The only species detectéd other than tungsten and
helium are hydrbgen, Carbon‘and oXygen.- The profilés show that they are only
‘preSent in the near surface region -and thus trapping of the helium interstitials

at impurities can be ruled out.

C wmtow v
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that beyond roughly the first 600 atoms, only W and He are present in the lattice.
.This result 1is important.since it allows us to conclude that the helium atoms are
- not trapped at iﬂpurities The most probable origin of the hydrogen, carbon and
‘oxygen atoms is from residual gases in the FIM; these gases are adsorbed on the sur-
face of the spec1men during the irradiation and during. the %2 hours requlred to
pump out the helium after an irradiation. This explanation is supported by the .
observation that just prior to the atom probe analysis the vapor gaseous components
in the vacuum system are H (T 8x10 Otorr), He(O.leO—lOtorr),_CO(O.7xlO—lOterr) and
CHh(0.0SXlO lOtorr). Durlng the atom probe analysis the high electric field pre-

vents the H CO and CHh from reaching the FIM tip.

>

In ordir,to'rule out the_probability of helium atoms being trapped at
vacancies or'self—interetitial atoms crea*ed'by the 300eV helium.irradiation,'an
isochronal recovery experiment was performed In this experiment a tungsten
spec1men was irradiated along the <110> direction with 300eV He idns“at 30K.
After the irradiation approximately two (110) planec corresponding to VLA of
material were field evaporated from the specimen. Thelproeedure'remeved the
sputtered surfaceé and restored the surface’to a- nearly perfect condition. The
specimen was then warmed from 30 to 90K at a rate of ~1.5K min_l while being
continuously photographed. No SIA contrast effects were observed during this
enperiment indicating that no SIAs crossed the surface. . Previous work in our
laboratqry'(lh,15,16) indicates that if SIAs were present in the specimen, they
would have appeared threughout the entire temperature range in this exmeriment;
i.e. 30 to 95K. Thus we may conclude that no SIAs and hence no vacancies were
producad by the irradiation. Unfortunately no contrast effects which could be
aesociated with the arrival of heiium interstitials at the surface were observed.
This is not surprising in view of contrast mechanisms for SIAs (17).

_In an effort to determine the temperature at which helium interstitials mi-
grate, irradiations were performed at 48 and 92K. The composition profiles for
these runs are shovn in Fig. 17 and indicate that while helium is retained in
the material at 48K in agreement with the results shown in Flg 13, at 92K the
level of detected helium is greatly reduced and is essentlally at the level shown-
in the controls of Fig. 13. This result indicates that helium interstitials become
mobile between 48 ‘and 92K. These results are in rough agreement with the work of
Wilson and Bisson (18) who calculate a migration energy of ~0.25eV. A migration

. energy of ~0.25eV would correspond to a migration temperature of ~110K.

'* This. is -the temperature where the flux of SIAs to the surface would be a
maximuin. o



Figure 17; Helium composition profiles for tungsten irradiated at 48K and 92K.
‘The decreased COncentrétion of -He in the 92K irradiation versus the 48K irradia-

tion indicates that helium interstitials become mobile between 48 and 92K.
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Furthermore, the thermal desorption work of Kornelson indicates that helium is
not retained in,tungsteﬁ irradiated with low energy helium at ~100K, thus placing

the migration temperature below 100K.
4, Helium bubbles in molybdenum

The behavior of helium-in metals has been a subject of increasing scientific
interest because of its relevance to fusion reactor fechnology (19). The first
wall of fusion reactors will be exposed to a high flux of relatively low-energy
(<100keV) helium ions during their operation. The agglomeration of injected‘helium
atoms, formation of helium bubbles and surfacé blisteré will take ?léce as a con-
sequence of the injection of helium atoms.- Surfacé blisters and helium.re—eﬁission
phenomena have been investigated ektensively by. using electron miCrdscopy and the
thermal re-emission technique (26,21). However, formation of helium bubbles and
growth mechanisms'are'not well understood (22). L

Because of the unique capability of the atom-probe FIM with respect to both
its atomic resolution for structural and compositional analysis, a more detailed
study of the initial stage of helium bubble formation, including bubble density,
size and internal gas pressure of bubbles, aslwell'as the damage structure of the
host iattice, is in progress.

Some initial investigation of helium bubbles in molybdenum has been carried .out
by the FIM in the following manner. Molybdenum FIM tips are first electropolished-
by a conventional method and then developed to a desired radius of curvature by the
field- evaporation technique inside the FIM. The molybdenum tips are then removed
from thé.FIM and placed inside a Faradayvcage in a high-intensity irradiation port
of the Hill-Nelson type jon-accelerator system. The irradiation is carried out
with 20 to LokeV He+ ions at room temperature.  The total helium dose-is varied
from 5x1016 to 3x1017 ions cm”2 to obtain a high density of helium bubbles. The
irradiation angles are varied to allow'most of injected helium atoms to arrive within
_reasonably sharp tip. To date an initial investigation of the helium bubbles and
‘damage structure has been conducted by using conventional FIM techniques. The
chemical composition and SPatiéJ-distribution of helium bubbles and the number -
of helium»atoms.inside the bubbles will be invesﬁigated in the near fufure by the

atom—probe'FIM.

¥ Private communication with E. V., Kornelson.
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C. The Point-Defect Structure of Depleted'Zones (Drf M. Current and C-Y. Wei)

During the past.year we have revived our earlier work (23,24,25,26) on the
point-defect structure of depleted zones* (displacement spikes).. The FIM is, ét
present, the only. experimental technigue capablé of studying the point defect
structure of depleted zones. The.subject of the point—defeét structure of a de-
pleted zone (DZ) is basic to our knowledge of the damage produced by a single
primary knock-on atom (PKA). The only other "technique" capable of giving-detailed
information about the detailed structure of a DZ is the computer simulation‘tech— A
nique; this approach is a theoretical one and hence it is sensitive to the choice
of the interatomic potential and the mathematical‘approximations employed.

In the present program of studies the emphasis is on determining: (1) the
average number of vacancies produced by an ion incident with a givén amount of
energy; (2) the spatial distribution of vacancies within é depleted zone for an ion
of a given mass; (3) the change in the spatial distribution of vacancies within a
depleted zone as a function-of the mass of the irradiating ion at constant bom—'A
bardment energy; (4) the vacancy concentration within depleted zones; and_(5) the
effect 6f interstitial impuritieé on the average number and the spatial arrange-

ment of vacancies within a depleted zone.
1. Technical improveménts related to this subject
a. Taraday cage with channel electron multiplier array (CEMA)

A special Faraday‘cage, employing a channel electron multiplier array
(CEMA) has Been constructed to simultaneously measure the dose and observe visually
the profile of the beam; Fig. 18 shows a c¢ross-sectional view of the Faraday cage.
The incident ion beam is first allowed to pass through an annular aperture (the
secondary-electron retarder) which is biased at —3OOVdc; this aperture defines
the cross-section of the beam. The ion-beam theﬁlpasses into the secondary-elec-
tron collection—cylinder and impinges on the top surface of the CEMA which is '
allowed to float; the CEMA servés to both éoilect the.positive ion-beam and as an
image intensifier. The ion current is convefted.to aﬁ electron current by the
CEMA. The bottom surface of the CEMA is maintained at +900Vdc; ‘this yields a gain
_of 10}{ The electron current is extracted from fhe CEMA by a flSOOVdC-potential
which is_maintained on a phosphor screen thaﬁ isudepbsited on a tin oxide coating

that covers a glass‘plate."TheAeXtracted and accelerated electronh beam is converted

¥ We use the term depleted zone in preference to displacement-spike; although'
the two terms are often-used interchangeably -in the -scientific literature.
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FPigure 18. A cross-sectional view of the1Faraday‘cage used to both measure
the positive ion current and observe the profile of .the ion beam simultaneously.

Note the CEMA and phosphor screen at the bottom of the figure.
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intb visible. 1light by means ofAfhe phosphbr; ' In the above manner the positive
ion beam is made visible for inspection. '

The ion current is extraéted from the top- surface of the CEMA and is measured
with an electrometer. The Faraday cage is insulated from the surrounding wall by
two pieces of Corning machiﬁable glass. Initial tests showed that the leakage cur-

rent is less than 33(10“12 amp; this value is negligible in comparison to the min-

imum ion current of lxlO_lO amp used in a typical irradiation.

b. The use of a Houston omnlgraphlc 2000 x-y recorder with the Vanguard
motlon analyzer
To reconstruct a depleted zone in three-dimensions from the 35mm FIM
micrographs it is necessary to determine the position pf each vacant lattice site

and its relationship to the surroundinglperfect lattice site. The reconstruction

process is accomplished with the aid of a Vanguard motion analyzer which has been -

interfaced tQAa Houston omnigraphic 2000 x~y recorder. The Vanguard motion
analyzer has a pair of x-y crosshairs which are used to determine the position
of a vacancy or an atom. The displacement of the crosshairs from a zero point
(fixed by the investigatbr) is linearly proportional to a voltage which is used to
initiate the pen of the x~y recorder. qu a given depleted zone the positions of
all the atoms surrounding the vacancies in a given plane aré'transferred to a
sheet of graph paper mounted on the x-y recorder..- This procedure is repeated for
all the atomic planes ﬁassing through the region of the depleted zone. The infor-
mation transferred to the graph paper is then uséd to reconstrﬁct the ¢.:pleted zone
-employing the Nova 1220 computer.

c. The application of the Oak Ridge Thermal-Ellipsdid Plot Program

(OR TEP) to the visual display of depleted zones '

The OR TEP program (é?) was developed at Oak Ridge National Laboratory

to provide three-dimensional and stereo-displays of large complex organic and

biological molecules. We have applied this program to display the vacancy struc-

ture of depleted zones. The Prime computer -in the Cornell Materials Science Center

Computer Facility was used for the required caiculations and plotting.

{
2. Results on a depleted zone in a Pt-4.0 at.% Au alloy

FIM specimens of a Pt-4.0 at.% Au alloy were irradiated at LOK with a 30keV W
ion beam to a dose of '\:l-lO13 ion cm~2: _After the LOK irradiation each specimen
‘was annealed 1sochronally to lOOK then cooled back to 70K where it was pulsed
field evaporated atom-by-atom to detect the presence of vacancies and inter-

stitials. In only one out of three specimens did we find a mapable and isolated
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depleted zone in the bulk of a specimen; it had ‘an average radius of curvature
of “v190A. We refer to this depleted zone as DZA; its positionAin the FIM tip,
relative to the two. other depleted zones‘detected‘in the tip is shown in Fig. 19.
It islnoted that DZA is locgted V30A down.from the initial surface and ~90A from
the irradiated surface of the specimen. Depleted zone B is located near the (931)
plane and depleted zone C'is located .near the (220) plane. Depleted zones B énd C
were found only one or two interplanar spacings from the irradiated surface of the
specimen.

Depleted Zdne A detected in the (751) piane was.found to consist of 31
vacant lattice sites clustered in a .disc-shaped region, V20A in diameter lying near
a (220) plane. Fig.-20 shows a series of ten FIM micrographs of ten sucééssive

3

(YSE) planes; they were chosen from a total of 1.2x10~ frames of 35 mﬁ ciné film
vhich were recorded and analyzed in the reconstruction of DZA. The (YSi) plane and
the surrounding planes are indexed in frame 1; the frame number of the ciné film

is located in the lower right-hand corner- below each micrograph and the layer number
is preceded by the letter n in fhe upper left-hand corner above each micrograph.

The position of every'atom in the (751) plane is indicated schématically below each
ﬁiéfograph by a solid black circle and a vacant lattice site is indicated Ey an open
circle. Frames 112, 38, 392, 519, 640 and T1ll exhibit vacant lattice sites in
layers 2, 5, 6, T, 8 and 9 respectively. TFigs. 2i(a), 21(b) and 21(c) show the
projection of the vacant lattice sites contaiﬁed in DZA onto the (010), (100) and
(001) planes respectively. - The projection onto the (001) planes, in Fig. 21(c)
shows very clearly that the habit plane is a (330) plane; Fig. 21 is a photograph
of a bsll-mcdel of DZA; each ball represents a vacant lattice site and the surround—
ing latticé atoms have been 6mitted for clarity. The photograph in Fig. 21 was taken
along approximately a [100] direction. _

A three-dimensional plop'of DZA is shown in Fig. 22; this plpt was made via
the OR TEP program. The circles represent the vacant lattice aites and the length
of the connecting bonds between vacant lattice-sites is equal to the first nearest-
neighbor distance in the face-centered cubic lattiqe. The viewing direction in
Fig. 22 is approximately along an [011] direction. It 'is clear from this figure
that the morphology of DZA is very close to that of a cylindrical vacancy cavity.

The calculatibn’bf the &acancy cgncentratioh in a depleted zone involves a
degree of unertainhy;as one must always estimate, in some manner, the number of
.atoms associafed ﬁith the depleted‘zoné. Two proccdures were adopted for estimat-

“.ing the vacancy cohcentration’(cv). In the first procedure we ‘define, in a




Figui'e 19. (a) A 200 stereographic projection showing the positions of depleted
‘zones A, B and C; (b) ‘A side view of the FIM tip showing the geometric
_relationship of depleted zones A, B and C. o '
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Figure 20. A series of 10 FIM micrographs out of 898 showing the vacant latt:

@

f

sites (open circles) contained within depleted zone A detected in the (751) plane;

the solid cirecles indicate lattice atoms.
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Figure 2l.f‘(a), (b) and (c) represent the projection of the vacant lattice sites
in depleted zone A onto the (010), (100) énd.(OOl)Aplanes respectively; (d)

.shows a photograph'of'a ball model of the depleted zone taken along the [I00]
direction. ' ‘ ' '
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Figure 22. An isometric ‘drawing of.deplefed zone A-made wi£h~the aid of the

OR TEP program. The viewing direction is approximately along the [01I] direction.



Fig. 22



UOTQBIGUSOUOD Louedora 93BIdA® ayj} fsaueTd Xx-2 pur Z-£ ‘L-X 9Y} IOJ OTU} SsafeT
SATJ QBTS ® UT UOT3BIIUIOUOD AOoUBOBA oFBIoaB oY) FUTUTWISLSP LY POIBINOTED OSTB
sen o ‘UOTHTIPPE UL "UOT209S snoTadxd oy3 UT POQLIOSSP dUO dY3 OF IBTTWIS JOUUBW
? UT P91BINOTRD SBM -9U0z pajaTdep Yowd J0J (Ao) UOTJBIYUSOUOD L£OUBDRA O,
}saqts 207338 JUBORA CTZ AQ 00§ JO onTBA 9SBIJ-UTYOUTY 9TqTssod mﬁmxxem aY3 S$po9d
-xo ( 2uoz pagoTdep 283 290U JeTnoTaaed UT SUOT qUIPTOUT oTIUTS ® £Aq péqvaxo ou
LTONTIT qéom sem souoz pajeTdep 99aYl IS9YY JO yoey “UIBUST UT y0OZA PUB I939WBTp
ut VOL&‘emnTOA ® UTYQTA pokeIle S99TS 90T13ET JUEIBA TEZ JO paqsisuoo Jd-7a pue
Y18ULT UT V0O0Sv PUBR J333WBTP UT YOSThv SUNTOA B UTULTA PIGBOOT S83TS 2ATIIBT JUBIBA
gGZ sutequod F-7d ‘qqﬁuar Ut y042n puB JISQDUWETP UT YOOTv SUNTOA B UTYITMA PIUTELUOD
SYIS 9 pUB S31TS 2DT33BT JUBDIEBA €TC suTequUOd (-Zq SUTL 'uemtoads pucodas v Jo ated
(2ggg) @u3 JO uOoTFeI 9y} UT Punojy sea J 9uoz paraTdsg uswroads suo Jo AT9ATroadsax
saTod (T[TH) PuUB (222) U3 JO SUOTIIX 9Y3} UT PI30939p aJ89m J pue q s$duoz pajardap ayj,
- {-70 Pue -7 ‘d-Za porousp aae Loya ¢ssuoz parardep sTqedeu 3143 PUNOT an suaﬁpoads
DP23BIPRILT JNOJ Y} JO OMF UL *2IdY paqxo&ax 2J® S4INSaI 983Yy3 SUOT +13 ADMOE YTM
poieTpRIIT susuToads oy WOIJ S3TNSII YUY [Tey9p UT pazhleus A{uo SABY oM aqép oL
*(SVIS) SMOié TeI3TISIDQUI~ITIS pue saxoﬁBQEA 4300 X0F UYdaBdS 0% QT 01 {T 38 wWojle

+
IOTXTN JO 9s0p T®303 ® 03 II03 _ OT.T Uey3 ss97 Jo 2uanssaxd ®

-fq~uoge psjyesodess—proty posTnd sem uswroads PSIBIPBIIT YOEH °SUOT +M-xo +ow ¢ I

990§ U3 THA _ WD UOT ’
ARF0E U3 5= et
38 QT 0% {T 4B NIIS-UT PIIBIPBIJLT SIOM [WOT-(€~S‘T) = JO Mg 'f pue aumjeradwdl WOOI

USaM19q OTQBJI .AQTATISISOX] SOITM UslsTun SUT I8 I-2U0Z ssBd-INno o suswmToad
I -TAT L { LI { S

SUOT +M‘IO +om ‘+IO ASYOE UITA POLBIPRIIT UalsPung uo s3Tnssy ¢
“1sTX2 0p SAOOT UINS 3BYY UNOYS aaey umutyeTd @aqe:pexx; uoJINaU UO
(g2) sotpnys 2dooSOIOTW UOILDSTS uUoTssTwsuwyy, °~dooT UOTIBOOTSTP OT3BUSTId £Saou0 JOMOT
B 03UT o9sdBTTOD 2I0J3Q 9189S Jbsinoexd aU3 ST STUY 38YJ pue £9TABD KOUBDBA TBeOTIP
—uTTLo ® 03 spuodsaxxod yzg eyl uotutdo ano sT- 3] - 3oBdwod LIdA ‘paspur ‘ST y2Q
YBUL SAOUS UOTINQTIFSTP 92TS J3SNTD STUL °SITOUBOBA 2 FUTUTBIUOD J23SNTO AoumoeA
oqunl 2u0 (g) pue “SITOUBDBAOUOW OA} (T) :SMOTTOJ S SIs;eqsnto-Jo uo;qnqﬁxqstp azxé
9Y} USY] °PIJISPTSUOD oJB SI9TS 90T13B JUBIBA SI0qUBTaU-38dIBIU 4ga1y ATUO JI
| ‘ ' ‘43 1f 09 CEa ST
Y7d aﬁq J07 saanpasoxd BUTIUNOD OM3 2A0QB Y3 FuThoTdws Ao Jo 98uex arqrssod ayg
‘paFeaone usy} 2I3M 40 JOo sonyea 29ayy 9y -sauerd £-2 pué z~K 9y} xo0y poyead
-2 sem aanpoosoad sydm 'Qubz-paandap‘aqq utyl Tt paurejuod sauerd A-X TTe JI2A0
Surdeasae uayqy pur osueTd A-X YdED UT Ao ﬁuyqvtnbxep PSATOAUT axnpaaoxd PuUOIdS JY}

A
.0 POIBIMOTRO USYY PUB 9UOZ pa3dTdep Y3 SUTUTBAUOD SUMTOA B ‘JISUUBW STqRUOSEIL

9=



-61-
for the depleted zone vas then determined by averaging the concentration in all

the five-layer thiek—slabs. The value of év calculated in this manner is, typically,
less than the value of Cy determined by the method of the previous section by a’
factqr of two to four. _Thie ;esult is, simply, due to the larger number of lattice
sites.included in the second method of-calculating c, The tﬁo different values of
cv.calculated by ﬁhe different definitions shows the possible range of c, in de-
pleted zones.

In Fig. -23 we compare the average vacancy concentration in DZ-D, DZ-E and
DZ-F with the ¢, calculated for the depleted zone produeed by a 20keV W+ion in W
and reported earlier by Beavan et al. (29); the Beavan et al. data was re-analyzed
by the methods discussed in this report. It is clear from the data exhibited in
Fig. 23 that the value of Cy produced by a 30keV Cr+ in W is sigﬁificantly lower

, 4 . +
than the value of cv~produced by a 20keV WV ion in W. Additional experiments are
in proirese to obtain the values of cy for depleted zones\produced by 30keV Al+
and Mo ions.

We have also determiﬁed a radial distribution funetion R(i) and a normalized
raﬁial distribution: function P(i) for each depleted zone. The quantity R(i) is
defined as the avefage ﬁumber ofAvacaﬁt lattice sites in the ith'sphefical shell
areund a vacancy; the ith shell is located between the sphere with-redii r. , and
r,. The quantity R(i) is given by

_ 1\1.t
R(i) = .21 N (1,3)/0, (1)
J=L ,
A , . ' L bl i, .
where Nv(i,j) is the number of vacant lattice sites in the 1 1 shell measured from
1 N .

the jtl vacant lattice site and N_ is the total number of vacant lattice sites in

t
the depleted zone. The normalized radial distribution function P(i) is then given by
_ N,
. t
P(i) = Jil Nv(l’J)/Nt(Nt_l)' (2)

Figs. 24 and 25 show P(i) calculated for DZ-F and the 20keV depleted zone detected
by Beavan et al. (29) respectively. In the calculations for Figs. 24 and 25 the
thickﬁess of each shell was taken to be equal to'2.5ao, where a, is the lattice
parameter of tungsten. It ie clear {rom these two figures that the depleted zone
produced in W by a 20keV W+ ion is considerably more compact than the one produced

+
by a 30keV Cr in W,
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Figure 23. The average vacancy concentration in different depleted zones in

+ : +
tungsten produced by 30keV Cr ions or 20keV W ions.
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Figure 24. ‘The normalized radial. distribution function (Eq. 2) as a function

" of distance.for DZ-F. The thickness of each shell is taken'as'2;5ao,'where

a_ is the lattice parameter of tungsten.
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Figure 25. The normalized radial distribution function P(i) calculated for the

depleted zone detected by Beavan et al.
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4. Influence of interstitial nitrogen on'self—ion damage in tantalum

Recent transmissioh electron microscope (TEM).studies of the selffion damaée
in bee molybdenum (30) show a dramatic decrease in the defect yield (number of
damage regions visible within the TEM image for a given dose) and damage ‘efficiency
(fraction of vacancy self-interstitial atom.pairs which survive recombination) with
the addition of %17appmAinterstitial'nitrogen to zone-refined moljbdenum. A
lattice dynamics calculation for the case of intefstitiallcarbon in a-iron (31)

- lends detailed support to the suggestion that the presence of carbon interstitial-
metal complexes in the lattice can supress the initial separation of vacancy-self-
interstitial‘atom pairs. A decrease in the average range of replacement collision
sequences then encourages a higher recombination rate and reduces the amount of
surviving damage. Preparations are being completed for a study of the initial

state of damage in'tantalﬁm {as a complement to the more thoroughly investigated '
case of tungsten) and a systematic survey of the effecf of interstitial gas solutes
in the range of a few appm to NSAat,% on the nature df‘the initial and annealed self-

ion damage.
a. Experimental preparation

4 . 1) The vacuum outgassing and quenching system has been upgraded and
expanded to the point where 15 cm segments of hignh purity wire caﬁ be outgassed in
vacuum and then doped by rapid radiation quenching to obtain a known fraction of
interstitial gases. The‘system can now be used to prepare Ta{0) and Ta(N) solutions
up to the range of A5 at.%. |

' 2) In order to establish the careful calibration of the irradiation
beam dose ﬁeeded for useful-compafisons between the damage produced in various metal-
gas solutions, a combined Faraday cage¥Channel~plate assembly has beén fabricated
at the Clark Hall machine shop. This design, Whidh»is:similar-fd'the.one described
earlier in this section, allows for a.gohtinuoué.and simﬁitanebus monitoring of the
ion beam profile as well as the beam intensity and total irradiation dose.

3) The development of an effective and reliable électfopplishing
procedure for producing FIM tips of tantalum is a more problematical task than for
the case of tungsten or molybdenum; Most published solutions for tantalum (see
Table 1) have a tgndency to produce strongly defOfmed_end'reéions and depend
sensitively on solution histroy and the polishing potentihl. The polishing prop-

erties of a given solution and‘polishing routine also depénd on thHe form of tantalum
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Table 2. Solutions for electropolishing tantalum and tantalum (nitrogen) alloys.

-'Pétential

Solution ' - (vde) | Tip Quality Notes
13 ml HF 10-15 ) rough edges ' Ca
T ml H Doh ' diameter ~2000A
7T ml H PO
3 m_ljcﬁ chon
10 ml HF - 10-15 uneven profile b
10 ml HQSOh diameter v500-1000A
5 ml H_PO
5 ml CR cdon '
15 ml H soh 12-15 smooth taper, nippled tip profile
10 ml Hﬁ : diameter ~800-1600A
5 ml H Poh
15 ml HF- 2-7 ' ' long narrov.taper, some jagged c
15 ml H, SOM- edges at tip ’
2 ml E “Cc1 diameter Vv500-1000A
15 1l HF 6-10 jagged edges at tip
10 ml H, Doh diameter ~1200A
5 ml H POh
13 ml HE . 37 severe "saw-tooth" edges, narrow a
10 ml 1,50, 3 Stip ' ‘
5 ml HE ?O ‘ dismeter VLOOA
2 ml cH COOH :

a) This is Miller's solution. Very active etching reaction.

b) The middle of the road solution from Ishimura 's survey of acid combinations
using only optical microscope cxam:ndt;on of tip profile. This gives a
generally more even etch than Muller's

¢) Froths up vigorously when the HC1l is added to the other two. Solution "ages"
rapidly - with the later etch tips getting a more even removal of material
for a given etch potential. '

a) ThlS variation on Muller's solution is even more unstab]e than the original -

and gives a very uneven attack along the thinnest uectlon of the tip.
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i

~ wire used:s (1) "off-the—roil"AMRC‘Marz—grade tantalum; (2) outgassed wirve

(characterized by a grain length which is from 1 to 10 timgs'the Wire diameter;:
and (3) outgassed and quench-doped tantalwi-interstitial solutions. AThe'pOiish—
ing rates atlthe grain bbundary; for éxample, are considerably less than the rates
along the sides of the segments themselves. This produces é sequence bf knobs and
;faqets as the wire end is thinned rather than the smooth taper to a point which is
. characteristic of tungsten. An additional éomplication is the tendency for
tantalum to form an oxide layer over the tip and fhe case at which the tip can

be charéed with interstitial hydrogen from acidic solﬁtions_(this fact precludes
the use of any etching routines).

" A systematic survay of the etch solutions listed in Table 2 and their modi-
fications is continuing. "~ Tip profiles of the three types of tantalum specimens
are first checked with a 400X optical microscope and then in a 100kKeV (l20,000X)
scanning electron microscope. The SEM is particularly useful for following the '
effects of polishing vbltage and routines on the end forms of the wire ﬁip. Several’
etched wires have been imaged in the ion~accelerator‘FIM system. A smaller FIM

assembly is presently being rehabiiitated'as a tipAtest stand for this project.
D.- Recovery in Stage II of Ion-Irradiated Pt(Au) Alloys: An Up-Date

Direct and visible evidence has been obtained for long-range migration of self-
interstitial atoms (SIAs) in Stage II of thfée differént ion—irradiated.platinuml
(gold) alloys. Field-ion microscope (FIM) specimens of Pt-0.10, 0.62 and 4.0 at.%
Au alloys vere irradiated in-situ with 30keV W or Pt+ ions ét a tip temperature
of 35 to LlK at 2.1077 torr. Direct observation of the surfaces of the FIM spec~
imens during isochronal warming experiments to lOOK showed that a flux of SIAs
crossed the specimens' surfaces between 40 to 100K. .The spectrum for each alloy
consisted of two recovery peaks centered at V60 and 88K (substages IIB and IIC).
The position of substage IIB exhibits a systematic .dependence on the gold concen-

tration (¢, ) (see Fig. 25).

The rigovery bétween 40 and 100K can be explained.on the basis of an impurity
delayed diffusion model. When kT becomes sufficiently large the SIAs are'able to
detrap from the Au atoms and to migrate through the lattice. During their course
of migratioﬁ through the lattice the SIAs .retrap and detrap at Au atoms until they

finally reach the surface of the FIM specimen where they are observed as an extra



Figure 26. The composite  isochronal recovery speétré of the Pt/0.10 at.% Au,
Pt/0.62 at.% Au and the Pt/4.0 at.% Au alloys which were irradiated betweén 35
and LOK.with 30keV W+,_or P’c+ idns and then warmed to 100K at a linear rate of
=1.5K/min. o |
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‘parameters{S). The change in magnetic.saturation with dose was measured for S
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bright-spot in the FIM image. ‘The number of retrépping and detrapping events in-

creases as ¢, increases and concomitantly the effective diffusion coefficient of

_thé'SIA decreases as l/cAu (32). Thus,>the tempefatﬁre at which the maximum in

substage IIB occurs increases with increasing c The observation of two long-range

Au’

migration recovery peaks in all three Pt(Au) alloys is incorporated into the inpurity-

delayed diffusion description employing a two-level trapping model (32). Thus, it

is assumed that at Ti the two trapping levels corresponding to substage IIB and IIC
become occupied by the initially mobile SIAs. 'to form two distinct configurations.

of immobile gold atom-SIA complexes. As kT is increased, from Ti’ during the iso-~
chronal annealing experiment the SIAs trapped in the less-tightly bound state (IIB)
are able to detrap and retrap from this state until they reach the surface of the
FIM specimen. In addition, the SIAs in the less-tightly bound state are also capable

of jumping into a more-tightly bound state (11 Finally, with a further increase

C)'
in kT the SIAs in this more-tightly bound state are able to detrap and to give rise.
to substage IIC. 4
In Fig. 26 we compare the present work on the Pt/0.10 at.% Au with two iso-
chronal recovery experiments on Pt(Au) alloys that employed electrical resistivity
neasurements. . Fig. 26(b) exhibits the work of Shambra and Jackson (33) on.both an
annealed specimen and an annealed and pre-guenched specimen; the pre-gquenching
treatment seeds the specimen with vacancies. prior to the low temperature.irradiation.
The enhanced recovery cbserved by Shambra and Jackson .is indicative of long-range
migration. Finally, Fig. 26(c) shows the results of Schilling et al. (3h4); we hﬁve
cuitted the substage IIA they datected since this oqcurred below the value .of Ti
we employed. The position of sﬁbstage IIB in the Schilling et aX. work (LOK) is
below our substage IIB, but this can be éxplained on the basis of the different

damage pattern produced by electron irradiation;

E. The Range of a Focused Collision Replacement Sequence in Ordered Alloys (J. Aidelberg)

In a recent study'of partially ordered NigMn irradiated with thermal neutrons
Kirk et al. (.35) claim to have developed a technique to measure the average length
of alfocused collision replacement sequence. These workers have measured the change
in magnetic saturation with dose for different values of the long-range order-

o

equal to approximately C.T79, 0.90 and 0.95. A quantitative.éomputer analysis of
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Figure 27. A comparison of our results [26(a)] on the Pt/0.10 at.% Au alloy with

the isochronal recovery experiment of.Shambra and Jackson [26(b)] and Schilling

‘et. al. [26(c)].
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the magnetic disorder produced by <111> focused collision replacement sequences

showed that the magnetic disorder caused by é focused collision replacement séquence
is a maximum at S8%0.7 and decréaseé to zero at S=1. Kirk et al. calculated from their
data an average sequence length of about 50 atoms along the <110> direction.

We are pfesently studying the random disordering produced by focused,coliision
replacement sequences in NihMo by direct observation in the FIM. The ideas pertinent
to the experiment are as follows. If one startswith a fully ordered alloy (s=1)
then the FIM image of this alloy resembles that of a pure metal (36,37) . The result
of the lattice disorder produced by the focused feplacement sequences is to change
the image contrast to that which is characteristic of a random alloy (37). A speci-
men of the fully ordered.alloys is irradiated in-situ with low energy neon ions
(<1000eV) so that all the vacanciés‘are left at the irradiated surface and the
interstitials are driven into the bulk of the FIM specimen by the focused collision
replacement sequence mechanism. After the irrédiation the specimen is pulsed field-
evaporated and the measured width of the disordered region (as detected by its ran-
dom appearance)'is used aé almeasure of the range of the focused ccllision replace-
ment sequence.

During fhe past year we expended a good deal of effort to obtain ordered
specimens of NiBMn and Ni3Fe wiﬁhout too much success. The main problem appeared
to be connected with specimen homogeneity. Hence, an extensive effort was made to
control the stoichiometry and the uniformity of the composition of these two alloys.
To this end we extensively employed wet chemistry and the atomic absorpfion_tech~
niques to determine the chemistry and x-ray fluéresence to insure homogeneity of
the compoesition throughout the alloys. Wire specimens of these alloys are presently
being heat~treated to produce the ordered alloys. ‘

Considerable time was also spent iﬁ developing a reliable electropolishing
technique for producing sharply pointed FIM specimens. The procedure developed
is as follows: (1) a wire with a diameter of 0.02cm and 1 cm in iength is dipped
to a depth of hmm into the electfopolishing bath; (2) the gléctfolyte consists of

a freshly made solution of 1 part H SOu to 20 parts Methanol (by volume) used at

2 _
room temperature; and (3) five Vac is applied across the electrolytic cell and ~2mm
of metal is removed from the end of.the‘specimen. At the end of the polishing treat-
ment we obtain an FIM tip with a diameter of ~50 to 100A.

A series of preliminary irradiation experiments on NihMo indicated that we

needed: (1) a lower ultimate background pressure in the FIM; and (2) an ion-gun

with a more intense ion beam. Thus, during the past year we improved the FIM to
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obtain a background pressure of (4 to 5)xlO—lO torr routinely. A low background

pressure is necessary since we must irradiate the specimens in the absence of an
electric field and at a pressure of 5010—10 torr very little impurity adsorption
will occur during the relatively short irradiation periods (10 minutes). In addition

we'modified the ion-gun so that it is now similar to the one described in the

‘section on the atom-probe FIM.

‘F. Invited Seminars and Papers

A number of invited seminars and papers were presented during the present

contract year. They are as follows:

1. "The Study of Defects in Metals by Field-Ion Microscopy and Atom-Probe Microscopy",

International Symposium on Application of Field-Ion Microscopy to Metailurgy,
Lake Yamanaka, Japan, May 6-8, 1976. :

5. "Application of the Field-Ton and Atom-Probe Microscopes to the Study of Defects"
Third Annual Meeting of the MJCTOSCO?iC&l 5001ety of Canada, Cttawa, Canada, June

1976.

3. "An Atom Probe Field-Ion Microscope for the Study of the Intefdbtion of "Impurity
Atoms or Alloying Elements with Defects", Argonne National Laboratory Conference
on "Properties of Defects in Metals', Argonne, Illinois, October 18-22, 1976.

4., A review paper for a Festschrift-type issue of Surface Science to honor the
retirement of Professor Erwin W. Muller.

G. The Fast-Neutron Irradiastion of Wire Specimnens in EBR~II

A large number of wire specimens of lungsten, tungston {(vhénium), molybdenun,
molybdenum (titanium), TZM, iron and iron (: silicon) are presently being irradiated
in EBR—II. The specimens are being irradiated with the help of Di. M. Grossbeck
of Oak Ridge National Laboratory (ORNL) (see pages 84-85 of the 1976 annual Progress
report of the Metals and Ceramics Division of the Oak RLdge National Laboratory)
and Dr. J. J. Laidler of the Hanford Engineering and Development Laboratory (HEDL).

The specimens in the ORNL capsﬁles will not be.ready until 1979, whereas we are

"hopeful to have the specimens from the HEDL capsules somevhere between January and

July 1978.

ITI. OTHER FINANCIAL ASSISTANCE

A total of $9,T7h9 will have been received frem the National Science Founda-
tion, through the Cornell University Materials Science Center, during the period

July 1, 197€¢ to June 30, 1977. Includcd in this sum was two weeks of summer salaxry
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plus overhead funds for Professor D. N. Seidman. .The research performed with this

‘Materials Science Center support consisted to some feasability investigations for

the construction of a field-desorption microscope and some  research on clustering

effects in metallic glasses.

10.

Iv. LIST OF DOCUMENTS GENERATED DURING THE CONTRACT PERIOD

"Application of the Field-Ion and Atom-Probe Microscopes to. the Study of Déefects',
D. N. Seidman, COO—3158-M9.

"A Computer-Controlled Time-of-Flight Atom-Probe Field-Ton Microscope for the

Study of Defects in Metals", T. M. Hall, A. Wagner and D. N. Seidman, C00-3158-50.

~ "An Atom-Probe Field-Ion Microscope for the Study of the Interaction of Impurity

Atoms or Alloying Elements with Defects", A. Wagner, T. M. Hall and D. N. Seidman,
C00-3158-51. A

"The Stage II Recovery Behavior of Ion-Irradiated P*(Au) Alloys", Ching~Yeu Wei
and D. N, SeJiman, C00-3158- -52.

"A New Technique fof the Detection of Transmission Sputtering', G. Ayrault and
D. N. Seidman, C00-3158-53

"A Study of Lov—Fwergy (<1keV) Transmission Sputtering in Criented Gold Thin-
Films", G. Ayrault and D. N. Seidman, COO-3158-5k.

"A Novel Faraday Cage for the Combined Measurement and Observation of Positive-
Ton Beams (300eV to LOkeV)", C-Y. .Wei and D. N. Seidman, C00-3158-55. :

"A SputlaW Arrdnﬂemcnt of Vacancies in a Depleted Zone in an Ion- IrradJated
Pt-b at.% Au Alloy", C-Y. Wei and D. N. Seidman, COO-3158-56.

. "The Study of Defects by Field-Ton and Atom-Probe Microscopy". D. N. Seidman, .

C00-3158-5T7.

"Annual Progress Report, '"Defects in Metal Crystals', D. N. Seidman, C00-3158-58.
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