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DEFECTS IN METAL CRYSTALS 

R.W. Balluffi and David N. Seidman 

ABSTRACT 

The objective of the present research effort was a broad investigation 

of the basic properties of crystal defects in metals. Attention was focused 

on point defects (vacancies, interstitials, and solute atoms), line defects 

(dislocations), and planar defects (dislocation arrays, grain boundaries 

and surfaces). 

Progress was made in the following areas: 

(A) An In-Situ Field Ion Microscope Study of Irradiated Tungsten and 

Tungsten Alloys 

1. The Volume Change of Migration of the Stage I Self-Interstitial 
Atom 

2. The Recovery Behavior in Stages I and II. 

3. The Recovery Behavior in Stage III. 

(B) Field Ion Microscope Observations of Voids in Neutron Irradiated 

Molybdenum 

(C) A Field Ion Microscope Study of the Recovery Mechanism for Substage 

II in an Ion Irradiated Platinum- 0.62 at.% Gold Alloy. 

(D) A New Technique for Focused Collision Sequence Range Measurements 

(E) An Atom-Probe Field Ion Microscope for Defect Studies 

(F) Grain Boundaries in Thin-Film Bicrystals of Surface-Reactive 

Materials 

(G) Computerized Control and Data Acquisition System for Quenching 

and Annealing Thin Metal Wires 

(H) Special Aspects of Diffusion in Thin Films 



* , 

(I) The Detection of the Periodic Structure of High Angle Twist 

Boundaries 

(J) Field Ion Microscope Studies of Au, Ni and W Solute Atoms in 

Dilute Pt Alloys 

(K) FIM and Electrical Resistivity Study of Vacancy Defects in 

Quenched W 
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1. INTRODUCTION 

During the past year a number of projects was completed, and signifi

cant progress was made in other areas. A brief account of the work is given 

in the following section. 

The following personnel were involved: 

Professor R.W. Balluffi, Principal Co-Investigator 

Professor D. N. Seidman, Principal Co-Investigator 

Dr. G. Ayrault, Research Associate (joined October 1973) 

Dr. T. Darby, Research Associate (joined July 1974) 

Dr. R. Benedek, Research Associate (left April 1974) 

Dr. P. Goodhew, Research Associate-Lecturer (joined Jan. 1, 1975) 

Dr. T. Hall, Research Associate (joined May 1973) 

J. Aidelberg, Research Assistant (joined September 1974) 

C.G. Chen, Research Assistant (left August 1, 1974) 

H. Huang, Research Assistant (left August 30, 1974) 

C. Nielsen, Research Assistant (joined February 1974) 

J. Park, Research Assistant (left August 30, 1974) 

I. Sun, Research Assistant (joined September 1974) 

A. Wagner, IBM Fellowship holder 

C.Y. Wei, Research Assistant 

K. Wilson, Research Assistant (left August 30, 1974) 

K. Pratt, Film Scanner 

R. Whitmarsh, Technician 
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II. EXPERIMENTAL WORK 

A. An In-Situ Field Ion Microscope Study of Irradiated Tungsten and Tungsten 

Alloys 

1. The Volume Change of Migration of the Stage I Self-Interstitial Atom 

A detailed study has been performed of the effect of the electric 
o 

field (̂ 4.75VA ) required for field ionization of helium gas atoms, in the 

field ion microscope (FIM), on the isochronal recovery spectrum of ion 

(30keV W ) irradiated tungsten. All the irradiations were performed in-situ 
-9 under ultra-high vacuum conditions (<10 torr) to a constant dose of 

12 -2 5*10 ion cm . The FIM specimens used were prepared from oriented single 
4 crystals of high purity tungsten with a resistivity ratio of 5-10 (R = 

p07„ /p. 0 where p is the resistivity uncorrected for any possible specimen Z. 13K 4 . ̂ K 
size effects). The experimental procedure involved a comparison of the 

isochronal recovery spectra in the temperature range 18 to 120K of specimens 

irradiated at 18K in the absence of the electric field with identical specimens 

which were irradiated at 50K and then cooled to 18K in the absence of the 

electric field. The results of these recovery experiments demonstrated that 
°-l the large electric field of ̂ 4.75VA has only a minimal effect on the 

annealing kinetics of self-interstitial atoms (SIA's) and that the volume 

change of migration of the Stage I SIA is less than 0.02 atomic volume. 
(2) This result strengthens our contention that SIA long-range migration 

occurs at V38K and that Stage I recovery is certainly completed by ̂ 45K for 

tungsten. This result is in contradistinction to other investigations ' ' ' 

which have assigned SIA long-range migration in tungsten to the 70 to 100K 

temperature range. 

2. The Recovery Behavior in Stages I and II 

The low temperature isochronal annealing spectrum (as determined by FIM ) 
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of four different purity levels of tungsten (with resistivity ratios of 
4 4 + 

5*10 , 1.5*10 , 50 and 15) irradiated in-situ with 30keV W ions to a 
12 -2 standard dose of 5'10 ion cm at 18K was shown to consist of distinct 

recovery peaks at ̂ 38, 50, 65 and 80K with a small amount of recovery ob

served up to 120K. The spectra for these four different R value specimens 

were essentially identical between 18 and 120K. A fifth group of tungsten 

specimens with a resistivity ratio of -5 began to exhibit some deviations 

from the standard spectrum. This result indicates that the distribution of 

self-interstitial atoms (SIA's) produced by the 30keV W ion irradiations in 

the tungsten FIM tips was such that the SIA-SIA reaction dominated the recovery 

behavior. The isochronal peak width at half-maximum for the 38K long-range 

SIA migration peak in pure tungsten was shown to be approximately equal to 
(2) the value predicted by an analytical expression based on a diffusion model 

The Stage II peaks also obeyed this diffusion model prediction. The isochronal 

recovery spectra for tungsten -0.5 at.% rhenium and tungsten - 3 at.% rhenium alloys 

were radically different from the isochronal recovery spectra of pure tungsten. 

For both tungsten-(rhenium) alloys the amount of recovery for the long-range 

migration peak was suppressed and in the case of the 3 at.% Re alloy it was 

almost eliminated. This result constitutes strong evidence for the formation 

of immobile SIA-rhenium complexes during the long-range migration substage 

at 38K which suppresses the SIA-SIA reaction. High-purity tungsten (resistivity 
4 ratio of 5"10 ) doped with 50-100 appm carbon showed a 20% reduction in 

the amount of recovery observed for the long-range migration peak at 38K. The 

substage II. peak at V50K grew at the expense of the 38K peak. This result 

also constitutes evidence for the formation of SIA-impurity atom complexes during 

the long-range migration peak at V38K. An analysis of the SIA contrast patterns 

detected in the isochronal anneals indicated that some form of SIA clustering 
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must have occured below 120K (Stage II) during the isochronal anneals. 
13 + -2 Preliminary high dose (5*10 W ion cm ) experiments also exhibited a 

suppression of the 38K peak and indicated that more SIA clustering was 
12 -2 occuring than in the low dose (5*10 ion cm ) experiments. The evidence 

for SIA clustering came from both the isochronal annealing experiment and 

a post-anneal pulse field evaporation experiment. 

3. The Recovery Behavior in Stage III 

* (8) A search for a possible Stage III SIA contrast effect was made . It 

was hoped that if the Stage III SIA did exist in tungsten, then some evidence 

would be found after ion irradiation in the temperature range 200°-300°C (below 

Stage II). However, only 4 possible SIA's were found in 10 atomic sites ex

amined by pulse field evaporation. This low concentration of possible SIA's 

indicates that either the SIA's were able to diffuse out of the FIM specimens 

before converting or that the Stage III SIA did not produce any visible con

trast. 

The free surface offers an perfect sink at a short diffusion distance. 

If the SIA is diffusing in the low temperature (Stage I) configuration 

with an energy change of migration (Au_. . ) , and it attempts to convert into 

the high temperature configuration with an energy barrier for conversion 

(Au.. .) then the time (t) required to reach the surface in the Stage I con

figuration is given by 

t = R2/6Dli (1) 

* Attardo and Galligan have reported a Stage III SIA contrast effect in 
an FIM study of neutron irradiated tungsten. 
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2 where R is the mean square diffusion distance and D is the diffusion 

coefficient, 

Dli = D?±
exPC-Au™ /kT> (2) 

where D° is the pre-exponential factor. 

The time required for the SIA to convert (t') is given by 

t' = ̂ exp(Au!j\/kT) (3) 

where V is the attempt frequency. If the SIA converts at a temperature (T ) 

before reaching the free surface then the following inequality holds 

t >t' when T = T (4) 

or 
2 

AUli = AUli + k T l n 6DT. (5) 

li 

(2) The pre-exponential factor D . has been measured by Scanlan et al. and 

Au.. . is = Ah, . from our value for Av, .. The quantity R can be taken as the li li li y 
* mean square tip radius and T is the irradiation temperature at which SIA's 

are observed to remain in the tip. Unfortunately V is known only to an 

order of magnitude, at best, and this lack of knowledge considerably weakens 

eqn. . In addition, since no appreciable SIA concentration was observed 

after a 300°C irradiation, it was clear that this experiment would not pro

duce unambiguous information about the existence of a Stage III SIA. 
4 Therefore, an electron irradiation of high (R=5*10 ) and low purity 

(R=15) tungsten specimens was carried out in the NASA facilities at Lewis 

Research Center, Cleveland, Ohio by Dr. J. DiCarlo. Four-pass zone-refined 

single crystals and MRC VP grade polycrystals of 0.0125mm diameter were irradi 
-2 ated simultaneously with 2.35 MeV electrons at a flux of ^OOUA cm to an 
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integrated charge of 9.0 coul. They were clamped at one end to a large copper 

block kept at ̂ 340K by water cooling. The steady-state heat equation for 

this arrangement indicated that the specimens experienced a temperature 

differential of M.00K in the 2.5mm irradiated gauge length. 

Three four-pass zone-refined specimens and two MRC VP grade specimens 

were then electropolished into FIM tips and pulse field evaporated at ̂ 20K. 

Nine control specimens were also examined. Table 1 exhibits the defect con-

centrations found in these unirradiated crystals . A site was considered 

vacant if it was completely surrounded by visible atoms when the layer was 

first imaged. Vacant sites in the outermost ring of atoms were not counted, 

and the atom site total did not include these outermost atoms. The complex 

pattern consisted of vacant sites on two to three successive layers and was 

usually terminated by an extra bright spot. 

Both contrasts effects observed in control experiments are consistent with 

impurity atoms in the crystal lattice. The single vacant site has been observed 

as the contrast effect for a substitutional impurity atom that has little mis

match with the crystal. Gold in platinum displays this type of behavior ' 

The complex vacancy bright spot pattern is caused by the strain field of an 

impurity atom that has a large mismatch with the host lattice. Tungsten in 

platinum is a good example of this latter case ' . [Stage I SIA's in 
(12) tungsten also exhibits a strain field pattern .] The vacant sites are 

created when lattice atoms are displaced above the surface by the impurity 

atom's strain field and are preferentially field evaporated. If we assume 

* All specimens were made at 1mm from the free end of the irradiated length. 
This position corresponded to a temperature of -430K during the electron 
bombardment. 

** These concentrations were measured on the {ill}, {332}, {334}, {221} and 
{345} planes. The first 20A of material removed was not included in these 
totals. 
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that each isolated vacant site or vacant site bright spot complex observed 

in the control experiment was caused by an impurity atom then the detectable 

background impurity atom concentration in the unirradiated specimens was 

<1*10 atom fraction. 
4 Both the MRC (R=15) and zone-refined (R=5*10 ) tungsten showed an 

increase in defects after irradiation as shown in Table 2. However, there 

was a large amount of scatter in the defect concentration from specimen-to-
-4 -5 specimen. The complex pattern concentration varied from 1*10 to 1*10 

at.fr.. These complex patterns were different from the strain field contrast 

effects previously observed. While the impurity atoms found in the control 

experiment showed vacant sites on two or three layers, and the Stage I SIA 
(12) strain field was observed on only three successive layers , the defects 

observed in the electron irradiated material extended for five to fifteen 

layers. Figure 1 presents a typical pattern found in pulse field evaporation 

of the electron irradiated zone-refined tungsten. The number on each photo

graph is the frame number of the film. Intermediate frames were omitted for 

clarity. The atom positions (denoted by Q ) are given schematically below the 

micrographs. Frame 1 presents a perfect (111) layer (layer 1). A field 

evaporation pulse was initiated before each frame which allowed for an atom-

by-atom dissection of the lattice. Normal field evaporation occurs only at 

the outer ledge atoms of the surface layer . Frames 63 shows layer 2. It 

was initially perfect, but two interior atoms (denoted by ® on the photograph) 

preferentially field evaporated as the plane evaporated. Frames 87, 151, 168, 

197, and 250 illustrate layers 3-8. All of these layers contained vacant sites 

from the moment they were first uncovered. Frames 255, 256, and 257 detail 

the final pulse field evaporation of layer 8. In frame 255 a weak atomic 

* Table 1 presents the defects found in control pulse field evaporation 
experiments. Interior vacant site concentrations were < 1.5*10~5 at.fr. 
in unirradiated specimens. 

http://at.fr
http://at.fr
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Table 1. Summary of control pulse field evaporation experiments. 

MATERIAL ATOM SITES VACANT "EXTRA BRIGHT 
COUNTED SITES SPOTS" 

Four Pass 
Zone-Refined 
Tungsten 

1 

2 

3 

4 

5 

6 

7 

4 . 7 - 1 0 3 

1 . 0 - 1 0 4 

4 
1 .0 -10 

4 
2 . 5 - 1 0 

4 
3 . 3 - 1 0 

4 . 0 - 1 0 4 

8 . 4 - 1 0 4 

2 . 1 - 1 0 5 

0 

3 

0 

0 

0 

0 

0 

3 

0 

0 

0 

0 

0 

1 

0 

1 

MRC 
VP Grade 
Tungsten 

1 4.6-104 1 0 

2 1.0-105 0 0 

TOTAL 1.5-105 1 0 

Vacant sites are lattice sites that have no atomic contrast, and that are 
surrounded by imagable atoms. "Extra bright spots" are atoms in non-lattice 
sites. The first 20A of evaporated tungsten is not included in this table. 
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Table 2. A listing of the defects found in the electron irradiated tungsten. 

MATERIAL 

Four Pass 
Zone-Refir 
Tungsten 

1 

2 

3 

ed 

ATOM SITES 
COUNTED 

5.8-104 
4 9.5-10 
4 4.5-10 

VACANT 
SITES 

5 

0 

0 

"EXTRA BRIGHT 
SPOT" PATTERNS 

14 

0 

3 

TOTAL 2.0-10" 17 

MRC 
VP Grade 
Tungsten 

TOTAL 

3.0-10 

5.0-10 

8.0-10 

2 

4 

6 

1 

1 

2 

"Extra bright spot" patterns usually consisted of a series of vacant sites 
on several successive layers which were terminated by an extra bright spot. 
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contrast is seen to appear (denoted by @ ) in a non-lattice site. This 

"extra bright spot" has increased in size in frame 256. In frame 257 it is 

seen to remain after layer 8 had been totally evaporated. This "extra 

bright spot" evaporated on the pulse before frame 259. Layer 9 which is 

shown in frame 259 contained two vacant sites. The lower vacant site cor

responded exactly to the position of the "extra bright spot" of frame 257. 

This alignment indicates that the "extra bright spot" of frames 255-257 

was an atom of layer 9 that was displaced above the surface. The FIM dis

plays the electric field distribution over the crystal surface, thus a 

protruding atom has large local electric field which produces a large He 

ion current. 

The energy transferred to a lattice atom during irradiation was only 

enough to produce a Frenkel pair so that the complex vacant site-bright spot 

patterns were not small depleted zones. The four defects that could be re

sponsible for this large contrast effect are: 

(1) SIA clusters 

(2) SIA impurity-atom complexes 

(3) Stage III SIA 

(4) Vacancy clusters. 

Vacancy clustering is ruled out by the low temperature of the irradiation 

(<450K). Vacancies were immobile in this Stage II irradiation. If this defect 

was the Stage III interstitial then it possessed an enormous strain field 

compared to the Stage I SIA. SIA clusters or SIA impurity-atom complexes 

seem to be the more probable choices for this defect. However, no unambiquous 

determination can be made without detailed calculations of the FIM imaging 

characteristics of defect clusters near crystal surfaces. Attardo and Galligan 

have interpreted the SIA-defects found after their neutron irradiation in terms 

of a <110> split Stage III SIA. Since no detailed information about contrast 



Figure 1. A series of 12 micrographs showing a defect found in the (111) 

plane after a Stage II electron irradiation. The number on the micrograph 

refers to the frame number of the cine film. Intermediate frames were 

omitted for clarity. The plane is illustrated below each micrograph. 

Closed circles (0) are atoms; open circles (0) are sites that were 

vacant from the instant the plane was imaged; crossed circles (®) are 

atoms that were initially imaged, but were seen to field evaporated prema

turely; and the star «•)) is an "extra bright spot". Frames 1, 63, 87, 123, 

151, 168, and 197 show seven consecutive layers. Frame 250-258 show the 

field evaporation of layer 8. Layer 9 is shown in frame 259. 
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effects of various SIA-defects at FIM surfaces was presented by these authors, 

their conclusion must be viewed with caution. 

B. Field Ion Microscope Observations of Voids in Neutron Irradiated Molybdenum 

The voids forming a three dimensional lattice in a molybdenum specimen 
22 -2 irradiated at 550°C to a fast neutron fluence of approximately 1x10 ncm 

(13) have been investigated for the first time by the field ion microscope 

(FIM) technique. The numerical values obtained for the mean void diameter, 

the number density, and mean spacing are in approximate agreement with 

transmission electron microscope observations. Controlled field evaporation 

sequences through sixteen voids revealed complex atomic displacements 

around each void much of which is a result of the void intersecting the 

surface. The advantages of the FIM technique for the study of high number 
17 -3 densities (<5xl0 cm ) of voids are discussed and the potentialities of the 

FIM atom probe for the solution of problems concerning the nucleation and 

stabilization of voids was also considered. 

Further experiments are in progress on neutron irradiated molybdendum 

and a molybdenum-titanium alloy secured from Professor John Moteff. Contacts 

have also been made with Dr. Kissinger of Battelle Northwest Laboratory and 

Dr. Steigler of Oak Ridge National Laboratory. Both of these investigators 

have promised to make available to us their library of neutron irradiated 

specimens. Their libraries include different neutron irradiated elements 

(e.g. nickel, molybdenum and rhenium) as well as a number of dilute alloys 

which should be suitable for atom-probe FIM studies. In addition, contacts 

have been made with both Drs. Wiedersich and Okamoto of Argonne National 

Laboratory to obtain ion and alpha-particle irradiated specimens which con

tain voids. It is hoped that FIM specimens can be prepared from these specially 

irradiated specimens for atom-probe studies. 
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C. A Field Ion Microscope Study of the Recovery Mechanism for Substage II 

in an Ion Irradiated Platinum -0.62at.% Gold Alloy 

Direct and visible evidence for long-range migration of a point defect 

in substage II of an irradiated Pt-0.62at.% Au alloy was obtained by a 
(14) series of FIM isochronal recovery experiments . Pt-0.62at.% Au alloy 

specimens were irradiated with 30 keV W ions under ultra-high vacuum 
_9 (< 2-10 Torr) conditions at a tip temperature of 50 or 70 K. Direct 

observation of the FIM specimens' surfaces during the isochronal warming 

experiments showed that a flux of point defects crossed the specimens' 

surfaces between 68 and 100 K constituting an isochronal recovery spectrum 

with a miximum at V?2 K. The surfaces of two irradiated pure Pt specimens 

[Ml-2) "10 at.fr. impurity level] were also examined to demonstrate that 

the recovery spectrum observed is only characteristic of Pt-0.62 at.% Au 

alloy. The mechanism for the recovery spectrum observed is most likely the 

dissociation of self-interstitial atoms (SIA's) from Au atoms. Application 

of a diffusion model to the isochronal recovery spectrum yielded an effective 

enthalpy change of migration of ̂ 0.24 eV and an effective diffusion coefficient 
2 -1 of M0.09-0.84) exp(-0.24 eV/kT) cm sec for the detrapped SIA's. Thus, 

the binding enthalpy between an SIA and a Au atom is ̂ 0.19 eV. Control 

experiments were performed to show that the imaging electric field had not 

caused extensive long-range stress-induced migration of the defects observed. 

In addition, an extensive series of control experiments were carried out to 

show that the contrast effects observed were not caused by surface artifacts. 

D. A New Technique for Focused Collision Sequence Range Meausrements 

Since Silsbee^ ' introduced the concept of focused collision sequences 

in 195 7 it has been the subject of a lively and as yet unsettled controversy. 

The importance of focused events in the field of radiation damage is clear; 

http://at.fr
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the motion of interstitials by focused replacement collision sequences (some

times called dynamic crowdions) during the damage event may well be the 

determining factor in the initial damage distribution. Despite this, the 

range of these events, and even proof of their existence, has remained 

elusive. Two recent papers, both concerning focused events in gold, drama

tically point up the present state of confusions in this area. On the one 

hand, Ecker has reported that the range of focused collision sequences 
° (17) 

is <50A, while on the other, Wollenberger et.al. have claimed that the 
o 

range is as large as 4000A. Clearly, further work is needed to rationalize 

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 present series of experiments is being carried out on gold, although 

the technique should be applicable to other metals as well. The specimens 

are epitaxially grown, vapor deposited single crystals with <100> foil 
o 

normals ranging in thickness from 600 to 1500A in thickness. The foils are 

bombarded with low energy (< 700eV)Xe ions directed along the foil normal 

(i.e. parallel to the <100> direction) using the ion gun and specimen holder 

shown in Fig. 2. Focused collision sequences having a range greater than 

the foil thickness can cause ejection of atoms as ions from the bottom sur

face of the foil. These are detected using the Bendix Channeltron Electron 

Multiplier Array (CEMA) system shown in Fig. 1, which consists of two individ

ual CEMA's placed in series, with a phosphor screen to give a visual image 

of the ejected species. The experiments are carried out in the high vacuum 
—8 system (V>xl0 torr) in Fig. 3. As shown, the specimen holder is mounted 

on the tail section of a continuous transfer liquid helium cryostat, with 

which the specimen can be maintained at any temperature between 25°K and 
300°K. 



Figure 2. Experimental apparatus for the study of focused collision sequences 

showing the ion gun, the magnetic beam analyzer, the specimen holder, and 

CEMA detector. 
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In order to ensure that the observed current emerging from the bottom of 

the foil is not due to light ion impurities (H or He ), a magnetic analyzing 

system has recently been installed parallel to the beam of the ion path. 

This device, which consists of three apertures and a permanent magnet with 

adjustable pole pieces, removes any light ion component from the beam before 

it reaches the specimen. It should be emphasized that addition of this 

device has not affected our results, but it has removed a possible criticism 

of the experiment and has given us greater confidence that the ejected species 

are indeed due to focused collision sequences. 

Our objective in this study is not only to give direct proof of the 

existence of focused collision sequences, but also to measure their range 

as a function of temperature and crystallographic orientation. The method 

for doing this is straightforward. A single crystal foil of known orientation 

is first cooled to a given temperature, then bombarded (and therefore thinned 

by sputtering) until a signal appears on the CEMA detector. The ion beam is 

then shut off, and the specimen removed from the vaccuum system and trans

ferred to a transmission electron microscope where it is carefully checked 

for holes and its thickness determined by measurement of the projected width 

of microtwins lying on {ill} planes. This, then, gives a direct measure of 

the range of focused collision sequences. Naturally, the range measured in 

this way is somewhat dependent on the efficiency of the detector; the maxi

mum possible gain is desirable for the earliest detection of a signal. Using 
o 

our present CEMA detection system, very long ranges (< 800A) have already 

been observed. However, a new detector, utilizing the latest advances in 

CEMA technology, will soon be added to the system, giving greater sensitivity 

and possibly the ability to observe events of even greater range. 

The bulk of the experimental work to date has been done at low tempera

ture (< 50°K) where the focusing range is expected to be longest. The first 



Figure 3. Experimental system: (A) electrostatic lens; (B) sapphire strip; 

(C) platinum resistance thermometer; (D) machinable glass ceramic detector 

mount; (E) Channeltron Electron Multiplier Arrays; (F) fluorescent screen; 

(G) specimen holder; (H) beam apertures; (I) liquid helium cryostat; 

(J) copper block; (K) copper specimen mounting block; (L) magnet; 

(M) insulator. 
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objective was to check the validity of our results, i.e. to make sure the 

observed effects are due to focused collision sequences. This phase of 

the work having been completed we are now measuring the temperature depend

ence of the focusing range. 

E. Atom-Probe Field Ion Microscope for Studying Defects in Metals 

The atom-probe FIM we have constructed was specifically designed for 

problems related to the study of point defects (e.g., SIA's and impurity 

atoms) and their interaction with one another and higher order defects 

(e.g., voids, dislocations and grain boundaries). The atom-probe has the 

following general features: 

1. A two-axis of tilt goniometer stage which is mounted on the 

tail of a cryostat; 

2. High-vaccuum specimen exchange device ; 

3. Variable magnification ; 

4. Low-energy noble gas ion gun; 

5. Digital timer; 

6. Computer control of the atom-probe; 

7. Display of data by means of a Tektronix 4010-1 Graphics 

Terminal. 

We will consider each of these features in this report briefly and refer the 

reader to an MSC report for more details. 

1. A two-axis of tilt goniometer stage which is mounted on the tail of a 

cryostat 

A completely new goniometer stage was installed in the atom-probe FIM 

which has the following capabilities: (a) The specimen can be cooled to 

18K within 20 minutes and to 13K within 1 hour employing a modified version 
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(19) of the continuous-flow liquid helium cryostat described earlier. This 

feature allows us the capability of changing the mobility of point defect, 

such as the SIA, rather easily; (b) the specimen is rotatable about two 

orthogonal axes which intersect at the tip of the specimen. This allows a 

selected region on the surface of the tip to be projected over the probe 

hole for chemical analysis; (c) the entire goniometer stage can be trans

lated in the x,y and z directions to facilitate alignment of the tip with 

respect to the probe hole and also with the low-energy noble gas ion gun. 

2. High-vacuum specimen exchange device 

To allow the specimen to be replaced without breaking the vacuum in the 

main chamber of the atom-probe FIM a novel specimen exchange device was in

corporated in the design of the specimen holder. The specimen mounting screw 

is affixed to the end of a 1 meter long exchange rod via a bayonet type 

clip and it is also surrounded by a retractable protection shield which serves 

as an alignment guide when screwing the specimen holder into the goniometer 

stage. The specimen exchange rod passes through a Wilson type sliding motion 

feed through employing two viton gaskets. The specimen exchange rod passes 

through an ultra-high vacuum (UHV) straight-through valve which seals the 

main chamber from the airlock until the airlock has been evacuated. The 

airlock is first evacuated using two Varian sorption pumps in sequence and 

is then pumped by a titanium-sublimation pump (TSP) and a 15 liter sec ion 

pump. 

3. Variable magnification 

The entire assembly consisting of the channel electron multiplier array 

(CEMA), screen, lens and viewing mirror is mounted on a pair of UHV metal 

bellows arranged so that the distance from the tip to the front of the CEMA 

can be varied continuously. When the probe hole in the CEMA is moved in close 
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to the specimen a large area on the surface of the tip is projected over the 

tip; conversely when the CEMA is translated in the other direction only a few 

atoms are projected over the probe hole. Since the tip-to-CEMA distance can 

be varied from M.2 to 100 mm there is a linear magnification change of ̂ 8x and 

an areal magnification change of ̂ 64x. 

4. Low-energy noble gas ion gun 

The low-energy noble gas ion gun is of the same type as the one used in 

the study of focused collision replacement sequences discussed in Section (D). 

This ion gun allows us to irradiate the tip along any desired crystallographic 

direction. At low incident ion energy (< IkeV) the primary mechanism of defect 

production is by the generation of focused collision replacement sequences. 

Employing xenon as the irradiating species it is possible to inject SIA's 

by means of the focused collision replacement sequence method and to leave 
o 

both the vacancies and xenon atoms in a layer (< 50A thick) close to the 

irradiated surface. This layer can subsequently be removed by the process 

of field evaporation. The net result is a distribution of SIA's without 

any vacancies. This is the only way, to our knowledge, that a pure distri

bution of SIA's can be produced. The low-energy ion gun also allows us to 

inject either helium or hydrogen into the lattice to appreciable depths 

along channeling directions. Thus, it should be possible to examine the 

interaction between SIA's and the gaseous impurity atoms He and H in the 

atom-probe FIM. 

5. Digital Timer 

The most important electronic instrument used in the time-of-flight 

moss spectrometer is the eight channel digital timer which we have designed 

and built . This instrument can measure the times-of-flight of up to 
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eight consecutive ions and can measure the times up to 99.99U sec with an 

accuracy of 0.02u sec. The times-of-flight are outputed directly to a Nova 

1220 computer in binary-coded decimal (BCD) format. 

6. Computer Control of the Atom-Probe FIM 

This atom-probe FIM has been designed specifically for the study of 

defects in metals. One of the requirements for these studies is that large 

amounts of data can be accumulated rapidly. For this reason we have inter

faced the atom-probe to a NOVA 1220 computer. The computer was programmed 

to control the following sequence of operations: (1) triggers the field-

evaporation pulser; (2) reads in the time-of-flight data of the field 

evaporated ions from digital timer; (3) reads in the necessary voltage data. 

Using the collected data the computer then calculates the mass-to-charge 

ratios of the ions. 

7. Display of Data by means of a Tektronix 4010-1 Graphics Terminal. 

After the mass-to-charge ratios are computed they are stored in the 

form of a histogram which is the number of events as a function of the mass-

to-charge ratio. In addition, the raw data consisting of the times-of-flight 

and the voltages are stored on a magnetic cassette tape so that the results 

of the run can be re-analyzed at any later time. 

The Nova 1220 computer is interfaced to a Tektronix 4010-1 graphics 

display terminal and a Tektronix 4610 hard-copy unit so that the histogram of 

mass-to-charge ratios can be displayed graphically and a hard-copy permanent 

record can be obtained in under a minute. 

An example of a tungsten spectrum is shown in Fig. 4. This histogram 
is a plot of the number of events versus the total mass-to-charge ratio. Note 

+3 that the abscissa runs from 0 to 100 amu. The spectrum only contains W " and 

W+4, but the W+3 ion is the dominant ion detected. The data were taken in a back

ground pressure of better than 5-10" torr in the absence of helium gas. Note the 



Fig. 4. An atom-probe FIM spectrum of a pure tungsten specimen analyzed 

in a vacuum of 5*10 torr. The spectrum consists of essentially W 
+4 and W ions. 
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+3 
absence of random events in the background. The blowup of the W ' spectrum 

shown in Fig. 5 between 59 and 64 amu clearly shows the existence of three 

of the four tungsten isotopes; i.e., the isotopes ,W ' , ,W and 7,W 

are easily identified. The ?,W isotope with an isotopic abundance of 

14.40% is more difficult to identify. Thus the present system has a resolu

tion (Am/m) of 1/93. This resolution is adequate for many of the problems 

we have planned, but it is clear that it will have to be improved if we are 

to study clustering in a system like the tungstenrhenium system which 

requires a Am/m of 1/187. 

F. Grain Boundaries in ThinFilm Bicrystals of SurfaceReaction Materials 

A technique for preparing thinfilm bicrystal specimens of surface

reactive metals containing grain boundaries of controlled geometry was devel
(21) 

oped . Epitaxial films were deposited on oriented substrates and were 

then welded together facetoface _in situ under vacuum. Low angle twist 

boundaries in copper and aluminum prepared by this technique contained grids 

of primary dislocations as shown by transmission electron microscopy. Grids 

of secondary grain boundary dislocations were detected in high angle <111> 

twist boundaries at twist angles near the high coincidence density 1=3 mis

orientation. The method has considerable potential for use in the study of 

interphase interfaces. 

G. Computerized Control and Data Acquisition System for Quenching and An

nealing Thin Metal Wires 

In the study of the thermal generation and the annealing of point defects, 

e.g., vacancies, in metal crystals, it is often necessary to have accurate and 

reproducible control over the thermal history of the specimen. A computer

controlled system was therefore designed for the rapid thermal pulsing, 



Figure 5. An atom-probe FIM spectrum of the same specimen showing only the 
+3 
W ion. Note the clear separation of the three main isotopes of tungsten. 
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quenching and annealing (thermal cycling) of thin metal wires . The 

system features complete software control of the temperature vs time profile 

of the sample. Using programmable gain instrumentation amplifiers and a crystal-

controlled programmable time base, both rapid and accurate (dT/dt<10 K/sec; 

AT<+5 K) control of the thermal cycle is obtained. 

H. Special Aspects of Diffusion in Thin Films 
(23) A review article on diffusion in thin films was prepared for the 

International Conference on "Low Temperature Diffusion and Applications to 

Thin Films" held at the IBM Thomas J. Watson Research Center, Yorktown Heights 

during August 12-14, 1974. In this work we attempted to identify and describe 

a number of factors which may cause diffusion in thin films to differ from the 

ordinary diffusion which occurs in bulk specimens at elevated temperatures. 

Diffusion in thin films may be expected to have special characteristics for a 

number of reasons which include the following: (1) thin films are invariably 

diffused at relatively low temperatures because of their poor thermal stability; 

(2) all volume elements are in close proximity to either a free surface or an 

interphase boundary of some kind; (3) films generally contain high densities 

of low temperature diffusion short circuits such as grain boundaries and dis

locations; (4) large biaxial stresses in the plane of the film are often pre

sent; (5) relatively high concentrations of uncontrolled impurities may be 

present as a result of special fabrication or diffusion conditions; (6) dis

ordered or metastable structures may be present; (7) the diffusion usually 

occurs over short distances under the influence of large concentration (or 

chemical potential) gradients; (8) steep chemical gradients and low tempera

tures may affect the possible maintenance of local equilibrium at phase 

boundaries during multiphase diffusion. These factors were discussed in turn. 

Selected experimental results were used wherever possible as examples. 
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I. The Detection of the Periodic Structure of High Angle Twist Boundaries 

An electron diffraction technique was developed to study the structure 
(24) of high angle grain boundaries . Diffraction patterns were obtained from 

the grain boundary region, and it was demonstrated for the first time that 

high angle <001> twist boundaries have a periodic nature over the entire 

range of possible misorientations. Relatively strong grain boundary reflec

tions from the 0-lattice were obtained from all boundaries studied. These 

results indicate that atomic relaxations occur around the 0-lattice points 

which seem to be at least qualitatively similar to those which are known to 

occur around 0-lattice points in low angle twist boundaries. 

High resolution electron microscopy was used to image directly the 

0-lattice of boundaries with misorientations up to 25° and 0-lattice spac-
° (25) ings as small as 7A . The results were entirely consistent with the 

conclusions reached on the basis of the diffraction experiments described 

above. An experimental method was devised for determining whether the 0-lat

tice was imaged by conventional diffraction strain contrast or by interfer

ence strain contrast which arises from interference between f.c.c. and 0-

reflections resulting from the periodic structure of the boundary. It was 
o 

demonstrated that spacings down to about 34A were imaged mainly by means of 
o 

diffraction strain contrast, while networks with spacings of about 16A or 

less were imaged mainly by means of interference strain contrast. In further 

work secondary grain boundary dislocation networks were observed in the vicinity 

of E=5, 13 and 17 boundaries. 

J. Field Ion Microscope Studies of Au, Ni and W Solute Atoms in Dilute Pt 

Alloys. 

Platinum based alloys containing dilute concentrations of either gold, 

nickel or tungsten atoms were examined in the field ion microscope during 
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pulsed field evaporation . The contrast patterns produced by the solute 

atoms were established by comparing the images of the alloy specimens, which 

contained known concentrations of solute atoms, and the images of pure plati

num control specimens. The gold and nickel atoms appeared as a-dark spots, 

i.e., single dark atomic sites lying within net planes which were visible 

during all stages of hte pulsed field evaporation. In many cases platinum 

atoms near solute atoms were preferentially field evaporated producing 3-dark 

spots, i.e., single dark atomic sites which appeared suddenly within a well 

resolved net plane during observation and remained there until all the atoms 

of that plane evaporated. The tungsten atom contrast was more complex and 

generally consisted of a cluster of contrast effects which often contained 

multiple a-dark spots, 8-dark spots and also bright spots. 

A computer technique was then developed to determine the three-dimen

sional spatial distributions of the Au and Ni atoms in the alloys from the 
(27) contrast effects observed in the field ion microscope images . The radial 

distribution functions for the solute atoms were then claculated along with 

the pair-wise interaction energies between solute atoms up to separations 

corresponding to ninth nearest-neighbor positions. Finally, heats of mixing 

were calculated from the interaction energy data. It was found that Au atoms 

exhibit clustering at short distances while Ni atoms exhibit ordering (anti-

clustering). Thus, there is an attractive interaction between Au atoms and a 

repulsive interaction between Ni atoms. The heats of mixing were 440+150, 

140+50 and 75+60 cal/mole for 4.0 at.% Au-Pt, 0.62 at.% Au-Pt and 0.65 at.% 

Ni-Pt alloys respectively. These values are generally consistent with 

available thermodynamic data. 

The results indicate, in general, that direct and detailed studies of 

atomic arrangements in solid solutions can be carried out effectively by 
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field ion microscopy under certain conditions. 

K. FIM and Electrical Resistivity Study of Vacancy Defects in Quenched W 

High purity single crystal tungsten rods with resistance ratios R(273 K)/ 
4 

R(4.2 K) in the range 15x10 have been prepared by electron beam melting. 

Thin single crystal wires of 63 um dia, obtained from these rods by electro

polishing, were then heated resistively in an ultra high vacuum manifold 

and "radiation quenched" by switching off the heating current. Initial quench 

rates as large as ̂ 30,000 K sec were achieved. No significant changes were 

found in the annealed specimen base resistance at 4.2 K as a result of multiple 

quenching and annealing cycles. We believe, in general, that this quenching 

method represents an ultraclean technique which maintained the specimen 
f e A A ■ UA (28) 

free of impurities during quenching 

Appreciable quenchedin resistivity increments were obtained in all 

cases by quenching from temperatures in the range 2700 K  3565 K. However, 

the increments quenched into one specimen were lower by a factor ^10  30 
(29) 

than those obtained in other specimens subjected to less initial purification 
Furthermore, some increments obtained by extrapolation to °° quenching rate 

were smaller by a factor ̂ 30 than those obtained previously by Gripshover, 

et al. by a similar extrapolation procedure. It appears that these differ

ences are real and cannot be due to intrinsic quenchedin vacancy defects. We 

believe instead that the results are due to the presence of relatively large 

concentrations of quenchedin impurities (along with vacancies) in all of 

the specimens with the possible exception of the most pure specimen used in 

the present work. The impurities evidently went in and out of solution during 

quenching and annealing. 
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Field ion microscope (FIM) specimens were prepared from the gage lengths 

of two quenched specimens and were examined atom by atom by the method of 
(29) pulsed field evaporation for the presence of quenched-in defects . About 

8x10 sites were examined in the first relatively impure specimen quenched 

from 3300 K. Eighteen dark spot defects were found which could have been 

either vacancies or impurity atoms. This result establishes an upper limit 

of ̂ 2x10 for the concentration of quenched-in vacant sites. In the second 

more pure specimen about 1.3x10 sites were examined, and a smaller concen

tration of dark spots wes found corresponding to an upper limit of V3xl0 

for the concentration of quenched-in vacant sites. These results therefore 

appear to be generally consistent with the results obtained by means of the 

electrical resistivity measurements. 

The results indicate that only very few vacancies (certainly <3xl0 

atom fraction) are quenched into W under typical conditions. Furthermore, 

we may conclude that the relatively larger resistivity increments observed 

in previous work have been largely due to quenched-in impurities. 

III. Other Financial Assistance 

Professor R.W. Balluffi has spent a small fraction of his time on a 

research project "Properties of High Angle Grain Boundaries" which is sup

ported by the NSF through the Materials Science Center at Cornell University. 

This project has completely supported one research associate and one research 

assistant who are involved in studying grain boundary phenomena. 
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Atom", K.L. Wilson and D.N. Seidman, COO-3158-34. 
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K.L. Wilson and D.N. Seidman, COO-3158-35. 

8. "An Atom-Probe Field Ion Microscope for Studying Defects in Metals", 
T.M. Hall, A. Wagner and D.N. Seidman, COO-3158-36. 

9. "Field Ion Microscope Studies of Au, Ni and W Solute Atoms in Dilute Pt 
Alloys. I. Solute Atom Contrast", C.G. Chen and R.W. Balluffi, COO-3158-37. 

10. "Field Ion Microscope Studies of Au, Ni and W Solute Atoms in Dilute Pt 
Alloys. II. Solute Atom Distributions", C.G. Chen and R.W. Balluffi, COO-3158-38. 

11. "Annual Progress Report, "Defects in Metal Crystals", R.W. Balluffi and 
D.N. Seidman, COO-3158-39. 
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