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ABSTRACT

A brief summary was presented of all the Cornell work on the primary state of
radiation damage in ion-irradiated tungstgn and platinum. The priméry research
tool for ail this research was the field-ion microscope (FIM); the FIM was ideally
suited for this research because of its excellent atomic resolution and the ability
to examine the interior of the specimens, as a result of the field-evaporation
effect., This paper summarized, in outline form, the following items: (1) the
principal experimental quantities determined from the analyses performed on all
the individual depleted zones (DZs) observed; (2) the main experimental programs;
(3) a number of the more important results and conclusions concerning the vacancy
structure of DZs; and (4) the three-dimensional spatial distribution of self-
interstial atoms around DZs in tungsten which had been irradiated and examined

in situ at 10 K.
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The field-ion microscope (fIM) with its excellent atomic resolution and the ability
to examlne the interior oI speclmens—--—as a result of tho field-ewaparation effecl
[1,2]--is ideally suited for the study of the properties of point defects [3-5]. As -
early as 1971 we - examined the point-defect structure of two depleted zones (DZs)
created in tungsten, at'<15K, by 20 keV W+ ions and measured the range of 25 self-
interstitial atoms (SIAs) which.had been produced as a result of a series of re-
placement collision sequences (RCSs) [6]. This work continued with the de£ailed
observation, in 1973, of the vacancy structure of a DZ created in tungsten at 473 K by
a single 20 keV W ion. More recently we determined the vacancy structure of a (220)
platelet which had been created by a single 30 keV W+ ion in a platinum-4 at.% gold
alloy [8]. These early studies served as background experience for our more recent
and rather extensive systematic studies of the primary state of damage of jon-irradiated

tungsten [9-15] and platinum [15].
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“In general, it‘hés been found possible to classify the vacancy portion of the pri-
mary. state of radiation damage into three morﬁhological states: (1) depleted zones;
(2) compound vacancy clusters or voids; and (3) dislocation loops. The SIAs were
observed within and around isolated DZs [6,13], that had been produced in tungsten
specimens maintained at <15 K. The values of the ion fluences employed were small
enough such that each DZ was created by a single projectile ion. In the case of
tungsten, thé temperature ‘'of each specimen both during and after an irradiation was
well below the ohset of the long-range migration of SIAs [16]. Whereas, for platinum
the temperature of irradiation was above the SIA long-range migration stage, that is,
Stage I. All specimens were irradiated in situ under ultra-high vacuum conditions, to
a dose of less than lO13 ions cmf2, and then ekamined in situ employing the pulse
field evaporation technique [3-5].

The principal experimental quantities determined from the analyses performgd.on
all the individual DZs observed were as follows: ;

(1) The direct determination of the absolute number of vacanciés containéd

within each DZ (vj that was created by a single projectile ion éf mass (Ml)
and initial energy (El); .

(2) Visual representations of the positions of the vacancies included within
every DZ--these were made employing the OR TEP program (171,

(3) The measurement of the average diamefer of an individual DZ (<A>) and the
orientation [hkﬁ] of the DZ with respect to the ion beam and the crystal
lattice;

(4) A calculation of the average vacancy concentrafion within each DZ (<cv>)
based on vV and the actual volume filled by the vacancies;

(5) A calculation.of two different types of radial distribgtion functions
[9,10,12,14,15] for the vacancies comprising each DZ;

(6) The determination of the fraction of first-nearest neighbor vacancies--

within each DZ--in clusters of size n, where n ranged from one to five

to approximately four hundred;
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L

—-3- : -

Y

The depth (L) from the irradiated surface--measured along a direction
parallel to the incident ion beam--at which the DZ was detected aﬁh the
direction of elongation ([hk2]) of the DZ; and

The measureﬁent of the number (vns) and concentration (<cv>ns) of vacancies
which were created in the near-surface region (<5 Z thick) of ion-irradiated

tungsten specimens [11,12].

For each experimental program listed below the physical quantities outlined in the

preceeding paragraph were determined. The main experimental programs were as follows:

(1)

(2)

(3)

(6)

The determination of the effect of M1 on the point-defect structurc of
DZs, in tungsten, at constant El--the projectiles W+, Mo+, Kr+, Cu+, Ur+
and Ar+ were employed for El = 30 keV;

The determination of the effect of El’ at constant Mi, on the point-defect
structure of DZs in tungsten--15, 30, 45, 60 and 70 keV Kr ions were used
as well as 20, 30, 45, and 60 keV W ions;

The effect of monomer versus dimer irradiations on the point-defect
structure of DZs in tungsten--the projectiles employed were 20 keV Ag+

+ + o+
and W , and L0 keV Ag, and W ions; and

2
In the case of tungsten the three-~-dimensional gpatial dlstributlons of
SIAs around DZs was determined;

The point-defect structure of DZs in platinum which had been irradiated
with 20 keV‘Kr+ iona;

The sign (vacancy or SIA) and habit plane of the disloucaliou loops

detected in both the lon-irradiated platinum and tungosten cpecimens.

Within the context of this precis of our work it is impossible to give all the

results and conclusions reached. Instead we have simply listed a number of the more

important ones; the reader is referred to the refernces for further details. For

the tungsten specimensJr the following was observed and concluded:

(1)

To first order the value of v was independent of M1 and equal to approximately

172 vacancies per DZ for E, = 30 keV;

1 -

t+ The results that were characteristic of platinum are listed under numbers (11) and

(12).



(9)

(13)

h

This value of v was in good agreement with the Kinchin-Pease [18]
expression as modified by Robinson and Torrens [19];

The value of <A> increased as Ml was decreased

at constant El (30 keV);

The value of <> decreased from =16 to 2 at.% as M1 was decreased from

183.85 amu (W) to 39.948 amu (Ar) at an E, of 30 keV;

1

For both Kr and W the value of Vv increased linearly as El was increased

from 15 to TO keV;

For both Kr and W ions, with energies between 15 and 70 keV, the values

of <A> did not follow the trend of increasing <A> predicted by the linear-
cascade model;

The spatial arrangement of the vacancies within the DZs was a strong

A

function of M1 at constant E. (30 keV)--in general, the number 6f subcascade§™

1
within each DZ increased as M1 was decreased;
The fraction of monovacancies contained within each DZ increased as M1

was decreased at constant El (30 keV);

The value of <v> per projectile ion for DZs produced by dimers was 1.5 R

times greater than the value of <v> for the DZs created by monomers--at a
constant energy per projectile ion;

Statement (9) indicated the existence of strong nonlinear effects in the
production of dense collision casca@es;

In the case of platinum, for E, = 20 keV, examples of all the three morpho--

1
logical states were found--this was not the case for tungsten irradiated
with 20 and 30 keV ions;

For El = 20 keV Krt ions, in the case of platinum, the DZs collapsed more easily

to dislocation loops than in the case of tungsten--even though the average size
and point-defect structure of the DZs in the two metals were similar; and

The fraction of DZe that collapsced into dislocation loops in tungotcen,

irradiated with W ions, increased as El was increased from 20 to 60 keV.
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Finally, the three-dimensional spatial distribution of SiA; around DZs, in ion-"
irradiated tungsten, was determined [13]. Tungsten FIM specimens were irradiated
in situ with 30 keV Cr' or 18 keV Au' ions along the [TUI] girection, at 10 K, and
examined at this temperature by the pulse field evaporation technique. At 10 K the
SIAs, in tungsten, were completely immobile. The distances were measured, along
the close—packeﬁ crystallographic directions--that is, the <100>, <110> and <111>-
type direction--between each SIA and the DZs. Distance measurements were also made
between.each SIA and the irradiated surface of the specimen. The set of distances
employed for analysis corresponded to the minimum measured distances; thus, the histo-
grams of the distances presented represented a lower bound (denoted by Rmin) to the
actual propagation distances. For the 30 keV Cr+ ion-irradiated specimen a total of
97 SIAs were detected and <Rmin> was 175 * 110 K; the * values fér <Rmin> represent
one standard deviation. In the case of the 18 keV A’ irradiated specimen the quantity
<Rmin> was 175 % 130 X; 33 SIAs were detected. A composite distribution of Rmin values
was obtained by combining our earlier measurements [6] with the present results to
obtain <Rmin> v 160 * 120 X. . We suggested that this value may have represented
an overestimate of the mean range of replacement collision sequences (RCSs) in tungsten.
Nevertheless, the results cbnstituted very direct evidence for the existence of RUSs
in tungsten. These results are consistent with our observation that the values of
<v> were in agreément with the modified Kinchin-Pease expression [18,19]. That is,
the RCSs provided an eftficient mechanism 1oy the separation of STAs from Lhe DZs.

All of the experimental results given above for DZs have been compared, in detail,
with both the analytical and Monte Carlo computer simulation models of deposited

energy; the reader is referred, once again, to the publications for details.
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