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THE MATERIALS SCIENCE DIVISION HVEM-TANDEM FACILITY AT ARCONNE NATIONAL
LABORATORY

A. TAYLOR, FACILITY MANAGER
Bldg . 212, Argonne Nat iona l l a b o r a t o r y , 9700 S. Cass Avenue, Argonne,
I l l i n o i s , 60439 USA

ABSTRACT

The ANL-Materials Science Division High Voltage Elec t ron
Microscope-Tandem Fac i l i t y i s a unique na t iona l r e sea rch
facility available to scientists from industry, universi-
t ies , and other national laboratories, following a peer
evaluation of their research proposals by the Facility
Steering Committee. The principal equipment consists of a
Kratos EM7 2.2-MV high voltage electron microscope, a 300-kV
Texas Nuclear ion accelerator, and a National Electrostatics
2-MV Tandem accelerator. Ions from both accelerators are
transmitted into the electron microscope through the ion-
beam interface. Recent work at the facility is summarized.

INTRODUCTION

The ANL-Materials Science Division High Voltage Elec t ron Microscope (I1VEM)-
Tandem Facility is a unique national research facility available to scientists
from industry, universities, and other national laboratories, following a peer
evaluation of their research proposals by the Facility Steering Commiut.ee.
The facility provides a unique combination of capabilities for high-voltage
electron microscopy, ion irplantation/bombardment, and ion-beam analysis. The
HVEM/ion-boam interface permits direct observation of the effects of electron
and ion bombardment on materials in the microscope. The ion-beam interface
may be used with either a 300-k.V ion accelerator or the 2-MV tandem ion accel-
erator. Prime-time usage of the facility is divided approximately equally
between ANL and non-ANL scientists . The HVEM began regular research operation
in January 1979. The ion-beam interface was completed about a year later and
has been operated intermittently during the Tandem facility construction
phase, in conjunction with a Texas Nuclear 300—kV ion accelerator obtained
from the Coddard Space flight Laboratory. Tine accelerator facility is
scheduled to begin reseaich operation with both accelerators in January 1982.

LAYOUT OF MAJOR FACILITY COMPONENTS

The r e l a t i v e loca t ion of the a c c e l e r a t o r s , HVEM, and ion-beam i n t e r f a c e i s
shown by the isometr ic in Fig. 1; a plan view of the 2-MV tandem a c c e l e r a t o r
f a c i l i t y i s given in Fig. 2 . The l a t t e r f igure a lso shows the layout of the
HVEM f a c i l i t y on the f i r s t - f l o o r level and two adjunct e l e c t r o n microscopes
used for Divisional r e s e a r c h . The Ion-beam i n t e r f a c e i s enclosed in the HVEM
mezzanine containing the accelerator-generator systems. The faci l i ty layout
provides for combined or separate use of the microscope and accelerators.

*Work supported by the U. S. Department of Energy. ~
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Fig. 1. Isometric drawing of the HVEM-Tandem Facility as viewed from the west. The
300 kV accelerator is not shown.



Fig. 2. Plan showing layout of the 2-MV tandem and 300-kV ion accelerators and
the KVEM (first floor shown in inset).



Ions from both the 300-kV and 2-MV accelerators are deflected 30° west into
the Ion-beam interface by the respective analyzing magnets. All other ports
of the analyzing magnet transport beams into the Tandem target room. Target
chambers shown at the 8° west and 10° east positions are positioned to receive
the beam from the 300-kV accelerator so that ion implantation and ion-beam
analysis can be carried out either sequentially or simultaneously without
exposing samples to a i r . Local shielding (not shown) to be placed around the
8°W target will be provided for nuclear reaction analysis work using
deuterons.

A Nuclear liata ND 6600 computer is provided for data acquisition and analy-
sis in the computer room adjoining the accelerator control room. Support
areas consist of an equipment preparation laboratory adjoining the target and
a specimen preparation laboratory and instrument laboratory on the f i rs t floor
level .

HIGH VOLTAGE ELECTRON MICROSCOPE

The HVEM i s an improved Kratos/AEI-EM7 wi th a maximum v o l t a g e of 1.2 MV and
a demonstrated l a t t i c e reso lu t ion of 3.5 A. The pr incipal spec i f i ca t ions are
l i s t ed in Table I. In addi t ion to a 33° ion-beam access tube, the microscope
contains several unique f e a t u r e s . These include a negative ion t r a p , an ion-
pumped specimen chamber, two independently adjustable dark-f ie ld cond i t ions ,
and 100 to 1200-kV continuous-mode voltage se lec t ion from the control desk.
The electron-beam dosimetry system cons i s t s of a r e t r a c t a b l e Faraday cup above
the specimen and a movable cup above the f luorescent screen to probe the
current density prof i le of the e l ec t ion be.im. A var ie ty of s ide-en t ry s i n g l e -
and doub le - t i l t stages (Table II) are ava i lab le that permit observat ions
between 10 and 1000 K in vacuo, and from ambient temperature to 1300 K in
gaseous environments. Two s t r a in ing stages are a lso ava i lab le for work e i t h e r
in vacuo or in the environmental c e l l . Special s ide-ent ry stages to charac-
te r i ze the ion beam are discussed below. At p resen t , ion implantat ions cannot
be carried out with the envi roninc-nt.il cell i n s t a l l e d .

The ANL HVEM is equipped with a Harwell design camera and has a capaci ty of
48 p l a t e s . A Cbhu video camera and image i n t e n s i f i e r are mounted beneath the
microscope column. A Kaye Instruments data logger l i s t s a l l important micro-
scope parameters for user re fe rence .

TABLE I
Specifications of Kratos Model EM7 1.2-MeV electron microscope

RESOLUTION 3.5 A LATTICE
MAGNIFICATION 63-1 ,000 ,00DX
CURRENT DENSITY 15 A/cm2

HIGH-VACUUM SPECIMEN CHAMBER
NEGATIVE ION TRAP
ELECTRON DOSIMETRY SYSTEM
COHU VIDEO SYSTEM
ION BEAM ACCESS PORT
CRYOGENIC ANTIC0NTAMIKAT0R



TABLE II
Specimen stages for the I1VEM

•Type

Double-tilt , carl ridge-type
Double-tilt , carfridge-f ype
Double-tilt, carl ridge-type
Single- t i l t , cart ridge-type

(EC*-compatible)
Single- t i l t , ribbon-i:ype

(EC-compatible)
Single-rill straining
Single-t i l t straining

(EC-cornpat ible)
Single-t i l t He-cooled

X-Tilt

±60°
±30°
±60°
±60°

±60°

±60°
±60°

±60°

Y-Tilt Temperature Range (K)

±40°
±30°
±45°

*Environmental Cell max gas p r e s s u r e 2-5x10 Pa

Ambient
Ambient - 1125
78 - Ambient
Ambient - 1050

Ambient - 1300

• Ambient - 950
Ambient

10° - Ambient

ACCELERATORS

The f a c i l i t y i s equipped wi th a Na t iona l E l e c t r o s t a t i c s (NEC) 2-MV Tandem
Ion A c c e l e r a t o r (Model 21'DHS) and an ANL-rriodif iod Texas Unclear 300-kV h i g h -
c u r r e n t ion a c c e l e r a t o r , which t o g e t h e r produce 10-keV t o 8-MeV ion beams of
most s t a b l e elci-icnts in the p e r i o d i c t a b l e . This ene rgy span p r o v i d e s i o n
ranges comparable to or g r e a t e r than t h e 1 to 5-irr, f o i l t h i c k n e s s v i s i b l e i n
the electron microscope. The specifications of the accelerators are given in
Table TIT. The tandem unit shown in Figs. 2 and 3 has two external negative
ion sources and a positive ion source in the tormina]. The negative ion
sources are an MX Alphatros rf-rype source with a rubidium charge exchange
for He" ions, and an ANL-built Wisconsin SKICS (Source of Negative Ions by CS
Sputtering) for metallic ions. 'Die throe ion sources provide f l ex ib i l i ty in
the generation of a wide variety of ion species as veil as redundancy in the
event of ion-source malfunction during operation. Both the terminal and the
injectors arc controlled via fiber optic telemetry systems, which provide the
operator with direct readout of source parameters at the operating console.

The Texas Nuclear accelerator., although not part, of the original plan, was
obtained as surplus from the Goddard Space Might laboratory during 1979 and
i ncorporat ed into the ins ta l la t ion to provide higher-current ion beams at. the
lower energies for ion implantation work. The unit was used during the f i r s t
half of the cons!ruction phase of the tandem fac i l i t y in proving experiments
with the ion-beam interface.
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Fig. 3. Photograph showing the vault beam transport system
of the 2-MV tandem accelerator.



T*.BLE I I I
S p e c i f i c a t i o n s of f a c i l i t y a c c e l e r a t o r s

NEC Model 2 UDHS Texas Nuclear 300-kV

TERMINAL VOLTAGE

ENERGY 5-TAPILIXy

CURRENT DENSITY

ION SOl'RCF.S

ION BEAMS

BEAM LINES-McVxAMU

2 MV 300 kV

±250 eV ±300 eV

~1 uA/cm2 ~1 yA/cm2

DANFYSIK910, 9 1 1 , SPUTTER, DUOPLASMATRON

ANY STABLE ISOTOPE

2x240 0 . 3 x 6 0

TARGET KOCH BEAM LIKES 8°W; 1 0 , 2 0 , 3 0 ,
45°E

MINIMIM-INTERFACE

BEAM SPOT DIAMETER 20 pm

30°W, 32°E

1 mm

ION-BEAM INTERFACE SYSTEM

The ion-beam interface system is shown in the photograph of Fig. 4 and in
the side elevation layout of Fig. 5. All steering and focusing elements are
elecfroKtalic to avoid interference of stray magnetic fields with the IJVEM.
The beam transport components consist of an NEC doublet lens (Model EPD38-15)
with a 30~r;m~diameter aperture, a Danfysik cylindrical deflector with a
bending radius of 2.0 m and plate gap of 20 nm, a set. of X-Y electrostatic
steerers, and an NKC triplet lens (Model EOT10-10) at the entrance to the
microscope colunn. Adjustable X~Y slits before each lens serve to define the
ion beam position while scanning wire beam profile monitors provide a readout
of the beam shape. Movable Faraday cages have been incorporated in both the
horizontal and inclined sections of the interface. The vacuum envelope is
entirely of stainless steel, sealed with metal gaskets. The operating vacuum
is typically -10 Pa without bake-out.

The principle of the beam transport optics is straightforward. The doublet
lens serves to focus the ion beam on the exit slit of the 57° deflector, while
the triplet refocuses the ions passing through this slit into the microscope
with a reduction of ~3 to a minimum diameter of 0.2 mm. This diameter defines
the maximum beaip current density attainable. Smaller beam diameters at the
specimen can be achieved by reducing either the width of the exit slit of the
57° deflector, or the distance from triplet, lens to specimen; the former
method was selected to avoid miniaturizing the design of the triplet. Future
exploitation of the advantages of selected-area irradiation, both to enhance
data recovery and to reduce beam heating of the foil, is possible. However, a
prerequisite will be a high degree of spatial stability in the ion beam. In
the interim, beam diameters of 1-2 mm are being used successfully. These
beams are collimated inside the microscope by the Faraday collimator shown in
Fig. 6. A quadrant sector plate with 3~mm-diameter aperture on the entry side
provides a readout to show that the ion beam cover? the entrance aperture.
The exit aperture fixes the diameter of the beam and the fraction of the beam
intercepted by the cup. This intercepted beam current provides a measure of



•J...- ' . ' ' <>••>,*• I',' / ; 'i

V
V

Hg. 4. Showing the HVEM control desk and 300 kV accelerator control console
(first-floor level) and the ion-beam interface and microscope accelerator
pressure vessel (mezzanine level).
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Fig. 5. East elevation showing the 300-kV ion accelerator, the ion^beam
•interface, and the HVEM.



the current on the sample, which may be compared with the ANL-Canan Faraday
cup built into a side-entry stage rod (Hg. 7). The system is aligned by
passing a laser beam along the axis of the system, using s beam viewer rod
(Hg. 8). Final alignment is carried out with the ion beams.

FACILITY ADMINISTRATION AND USE POLICY

The HVEM-Tandem Facility is administered through the Physical Research
I'rogram of the Materials Science division. The facility manager and opera-
tions staff report directly to the Associate Director for Physical Research.
All day-to-day operation decisions are under the jurisdiction of the facility
manager.

General matters of use priorities, facility development, and evaluation of
research proposals for use of the facilties are handled through the HVEM-
Tandem Steering Committee. This committee consists of eight representatives
from academic and industrial research Institutions and seven ANL staff
members. With the exception of the facility manager, who serves as committee
secretary, each committee member serves a three-year term. The chairperson,
currently Prof. T. Mitchell (Case Western Reserve University), is elected
annually by the committee. The Director and Associate Director for Physical
Research of the Materials Science Division are ex-officio members of the
committee. The committee meets every six months, in May and November.

Priority use of this facility is for fundamental materials research that
will be published in the open literature. Approval for ail major use of the
facility is obtained through research or technical proposals submitted to the
HVKM-Tandem Steering Committee. The criteria for evaluation of a proposal and
the allotment of use tine include scientific merit, feasibility, need for the
use of these unique facilities, and compatibility of the proposed research
with facility equipment and operational priorities. In general, the committee
seeks to maintain an approximately 50% non-ANL usage of schedulable time.
Inquiries for use of the facility should be addressed to the facility
manager. Outside users wishing to use the accelerators alone are requested to
collaborate with the appiopriate MSD user group.

RESEARCH OPERATION AND RESULTS

The HVEM has been in research operation for an average of 36 h per week
since January 1979. The ion-beam interface has been used intermittently in
conjunction with the 300-KV Texas Nuclear accelerator since these systems were
completed in January J98O. It is anticipated that the complete accelerator
facility will be available for research commencing in January 1982. Typi-
cally, twenty research programs are handled annually at the HVEM. The experi-
mental work covers a broad spectrum of materials and solid-state research,
with approximately one third of the effort devoted to radiation damage
studies, one quarter to mechanical behavior, and the remaining time to various
structural investigations including use of the environmental cell for oxida-
tion studies. The research papers published to date are listed at the end of
this article. Summaries of some of the programs are available in the Topical
Bulletin/Announcements-High Voltage Electron Microscopy, published for DOE by
ANL. Examples of results obtained to date in each research category are given
below.
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Irradiation Damage Studies

One of the principal user g r o uP s investigating basic defect production
processes comprises W. E. King and K. L. MerkJte (ANL) in collaboration with M.
Meshii and A. Baily (Northwestern University). A special side-entry, single-
tllt stage He gas cooled to < 10 K, was developed for in-sit.u irradiation,
resistivity measurements, and transmission microscopy. A systematic study of
the threshold energy for defect production as a function of irradiation direc-
tion Jn single-crystal copper foils was carried out at < 10 K using resis-
tivity measurements. The average threshold energy of the energy threshold
surface was 28 eV. Die minimum energy, 18-19 eV, is located in a region <
15° away from <100> and <110>. A ring of high (~50 eV) threshold energy
surrounds the <111> direction.

In a more recent study, these authors have correlated both ion and electron
damage microstructures with resistivity measurements. The objective of one
experiment was to directly study displacement cascades at Jow temperature.
For this purpose thin single crystal gold films were irradiated at T < 10 K
vith 140-keV Kr ions using the ion-beam interface. During the irradiation
and without warming the sample, strong "black spot" type diffraction contrasts
became visible. The defects showed black-spot and "black-white" contrasts
typical for small dislocation loops under kinetnatical (Fig. 9) and dynamical
diffraction conditions, respectively. This demonstrates the athermal collapse
of high energy density cascades. Further experiments are being carried out on
cascades of lower energy density in which the level of atomic agitation during
the thermal spike phase ( ~10 s) of the cascade nwy not be sufficient to
cause spontaneous collapse at low temperature.

4

Fig. 9. Gold film observed under kinematical diffraction conditions
during in-situ irradiation with 140-keV Kr+ at T < 10 K.



A second neries of experiments was carried out on copper to observe the
internet Ion of irradiation-induced i n t o r s t i t i a l s with i n t e r s t i t i a l - t y p e
clusters and dislocation loops. The samples were doped with i n t e r s t i t i a l
clusters by i r radiat ing with I.1-MeV electrons at T = 70 K ins i tu in the
HVEM. 'Die evolution of the defect s t ructure was monitored via e lec t r i ca l
r e s i s t iv i ty damage rate measurements and by electron optical observation.
Figure 10, which shows plots of the reciprocal of the irradiation-induced
res i s t iv i ty per incident electron verms r e s i s t i v i t y increment, provides
information on the rate at which freely migrating i n t e r s t i t i a l s are trapped at
existing sinks. A large slope indicates a low trapping rate and vice versa.
During the doping i r rad ia t ion , denoted by squares in Fig. 10, a mottled
background contrast was observed to evolve in both dynamical and weak beam
inngoP. Tn an effort to form dislocation loops, the samples were annealed at
200 K. However, both damage rates in i r radia t ions at T = 70 K (denoted by
circ les in Hg. 10} and microscopy at T < 10 K indicated no major change in
the sample mi crost ructure aside from some detrapping of i n t e r s t i t.Ial s . The
sanples were then annealed to room temperature, which is well into stage I I I
for copper. following th i s , dislocation loops were observed via electron
microscopy and a strong inciease in the trapping rate of the i n t e r s t i t i a l s was
observed via dan.-igc-rate measurements, as indicated by the strongly depressed
in i t i a l slope in fig. 10. With further ^xperimentation, detailed information
on tlie sink strength of dislocation loops may be uncovered. During these
pxper) nr-nts , an electron optical resolution of < 20 A at T < 10 K was
routinely obtained.
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Other ongoing research projects using the ion-beam interface system inclvide
a study of the precipitation of lithium implanted into nickel, ini t iated by K.
Seslian (University of Arizona) in collaboration with 1!. Wic-dcrsicli (A.-s'L); a
study of the radiation damage structure in SYNROC init iated hy V. J . Sethi
(ANL); and an investigation of the restructuring of ordered Ni,Al y' phase in
Ni-12.8% Al by D. I. Potter (University of Connecticut, Etorrs) and A. Taylor
(ANL).

^5echanieal Deformation

H. K. Birnbaum and coworkers (University of I l l inois) have made significant
progress toward identifying the specific mechanisms of fracture in their in-
situ deformation and fracture study of hydrogen embrittlement of nickel and
Types 304 and 310 stainless s t ee l s . Samples 25 urn thick have been deformed at
ambient temperature in a displacement-controlled stage fitted into the envi-
ronmental cell of the microscope. The progress of fracture was observed by
transmission electron microscopy (TKM) and by selected area diffraction (SAD).

For nickel, i t has been shown that hydrogen gas increases the generation
rate and mobility of dislocations, thus decreasing the flow stress in the
early stages of deformation. Both intergranular and trnnsgranular fracture
modet, are associated witV a highly localized deformation at thu crack t ip ;
neither mode is truly "b r i t t l e " .

In Type 304 stainless steel fractured in 10 Pa of >i, gas, in addition to
significant local deformation, transforuation to a bec phase occurs at the
crack t i p . Dark-field micrographs of transgranular fractures show s igni f i -
cant thinning along the crack surfaces. SAD patterns taken within 1 vim of the
crack tip or along the crack surfaces show Debye rings corresponding to fine-
grain a and y phases in addition to the matrix y' spots. These, results suggest
that y + ct phase transition is a precursor to the hydrogen-ieduced fracture of
stainless steel nnd that resistance to hydrogen einbri11] nscnt is greater in
Type 3J0 steel , in which t lie y phase is more stable and transformation during
fracture in hydrogen is not observed. i-.iiile correlation of y s tab i l i ty with
resistance to hydrogen e;nbrittlenent is complicated by the presence of other
fracture nechanisms, it is clear that such in-si tu liVKM work provides a major
tool to understand this important technological problem.

J . M. Rigsbee, University of I l l ino i s , is examining the roles that in ter -
facial structure and chemistry pJay in the deformation and fracture mechanisms
in two-phase al loys. Duplex fee: bec stainless steel alloys are being
examined with a variety of experimental technqiues, including in-si tu
straining in the ANL-HVEM. Figure 11 is a bright-field HVEM micrograph
showing a crack nucleating in an Fe-27 Cr-9 Ni specimen during in-si tu
straining. Dramatic variations in dislocation densities are observed to occur
over distances of less than one micron. As the thinned region forms, the
mechanism for thinning involves the continuous (and apparently homogenous)
nucleation of dislocations in the thinning region which pile up in the thicker
matrix region directly outside the actively thinning region. It is l ikely
that: the width of the actively thinning region is a function of how easily the
thinning dislocations are dispersed into the outlying matrix and is related to
the intrinsic fracture resistance of the material . Whether these effects are
thin-foil phenomena is a major question that is now being investigated.

Fracture processes in stainless s*eel are also being investigated by L.
Murr (Kew Mexico Institute of Mining and Technology). In other work, R.
Scattergood, F. Kocks and R. Cook (ANL) are studying the dynamic recovery of
single crystals of nickel at elevated temperatures.
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fig, 11. A bright fieJd electron micrograph showing l:he dis locat ion
struclure at '.lie edges of a crack nucleation s i l e (dotted l i n e ) .

T. Pcliober (vis i t ing sc ien t i s t from KFA, Ju l i ch ) , working with M. Qwson
(AKL), li;ive recently completed a T}J! and IJVEM study of hydride prec ip i ta t ion
in liin^nosivim, which is an important candidate for reversible storage of hydro-
gen. SampJfs were studied at. temperatures of < 170 K to avoid radiolyr.ic
decomposition of the samples. The orientat ion re la t ionships between the
hydrides and the matrix we;e established in hydrogen-loaded samples and the
production of small random Mg grains during dehydration was also observed.

Other research that will be published shortly includes a study of i n - s i t u
annealing of presirained Qi and Ni single crysta ls by A. S. Argon and F. Prinz
(MIT); a study of the correlat ion between line defects and e lec t r i ca l r e s i s t i -
vity in Si by B. Cunningham and D. Ast (Cornell University) and H. Strunk
(M.P.I. , Stut tgart) ; and a study of near-surface segregation in i r radia ted
Ni3Ri by W. Wagner, L. E. Rehn and H. Wiedersich (ANL).



Structure Studies

P. Marik.tr and M. Brodsky (ANL) are investigating the effect of chromium
content on the ear]y stages of oxidation of nickol , using rhe environmental
ce l l . The formation of oxide films has been studied on Q00) single crystals
of Ni, Ni-5 at.% Cr, and Ni-25 at.% Cr in the temperature range 673 to JO73 K
at an oxygen partial pressure of 18 to r r . The two-dimensional growth rate of
the oxide areas in Ni-5 Cr lias been found to be a logarithmic at 773 K. This
is consistent with early-stage oxidation in other systems, but is probably not
representative of the time-region where protective G^O^ is being formed. It
is well known that Ni-Cr alloys form protective layers of C^O;}, instead of
less protective Ki0, at compositions above 20 at.% Cr. Therefore, it is
important to establish the Ni/Cr/0 ratios in the oxidized microstructure; this
is being done in collaboration vith N. Zaluzec (AKL), using the E-I400 analyt i -
cal microscope. In order to observe Q^O-j 8 rowth, oxide format ion is being
examined at oxygen partial pressures as low as 10 . Because this moves the
system further into the region of C^yG3 s tab i l i ty while at the same time
decreasing rhe oxidation rate, i t will be possible to follow the oxide growth
at temperatures higher than 773 K where C^Oo is more likely and where high-Cr
nickel alloys are generally used.

J . Weertman and R. Page (Korthwestern Lhiversity) have studied grain-
boundary dislocation and void structures in high-purity copper subjected to
fatigue and creep. Foils from specimens that had been deformed at one half
the melting temperature were inspected. Under conditions of high-frequency
fatigue, voids nucleate in copper at serration peaks formed by the intersec-
tion of a grain boundary with a dislocation structure such as a tangle or
dipole wall. It was found that void nucleation can begin before the
appearance of a suhgrain network. Void nucleation is continuous, and as
fatigue progresses voids tend to form clusters which ul tiiriat. ely coalesce into
long peanut-shaped cracks.

There is l i t t l e evidence of dislocation activity around individual fatigue
voids. Void growth at this stage takes place by a vacancy diffusion mechnnism
:•• , since the voids are equi'axed, growth must, be 'imite.d by boundary diffu-
si •• not surface diffusion. As void clusters form, a large increase in
dislocation density is seen in the immediate vicinity of the c lusters . Inter-
action between the closely spaced voids enhances plastic growth.

Numerous small voids were soon in the matrix, especially in the vicinity of
grain boundaries. These voids had boon left behind during grain-boundary
migration.

It appears that voids nucleate more slowly during creep than during high-
frequency fatigue. Few small voids are seen in samples that have undergone
creep for an extended period. The majority of the creep cavities were not
associated with any distinctive dislocation s tructure. On the basis of cavity
shape and enhanced density of dislocations around cavi t ies , i t is concluded
that plastic deformation is important to the growth of a significant fraction
of creep cavit ies. Whether deformation is by creep or by fatigue, significant
void growth occurs only on high-angle boundaries. This work is being
continued by Veert.tnan and J . Cabanas.
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