
United States Army
Research Office Workshop

S ,:.'-CT E 9u

MAR 01 1910

AD-A218 884

High Intensity Electro-Magnetic and
Ultrasonic Effects on Inorganic

Materials Behavior and Processing

July 17-18, 1989
North Carolina State University

Raleigh, NC 27695

Department of Materials Science & Engineering

Division for Lifelong Education .

o6) 62:3-



UNCLASSIFIED MASTER COPY FOR REPRODUCTION PU! t'OSE&
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE
Ia. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAJLABIlUTY OF REPORTZ b. DECLASSIFICATION /OOWNGRAOING SCHEDUL Approved for public release;

distribution unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

ARO 26690.1-MS-CF

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

North Carolina State Univ. (I Appcable)
. S. Army Research Office

6c. ADDRESS (Clty, State, and ZIP Code) 7b. ADDRESS (Ci, State, and ZIP Code)
P. 0. Box 12211

Raleigh, NC 27695 Research Triangle Park, NC 27709-2211

Ba. NAME OF FUNDING/SPONSORING rb. O-fICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICArION NUMBER
ORGANIZATION gv ap pcabie)
U. S. Army Research Office DAAL03-89-G-0032

Sc. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

P. 0. Box 12211 PROGRAM PROJECT TASK WORK UNIT

Research Triangle Park, NC 27709-2211 ELEMENT NO CESSN NO

11. TITLE (Include Security Classification)
High Intensity Electro-Magnetic and Ultrasonic Effects on Inorganic Materials Behavior .Ind

Processing

12. PERSONAL AUTHOR(S)
Hans Conrad

13a. TYPE OF REPORT 13b. TIME COVERED 114. DATE OF REPORT (ejr Month, Day) uS. PAGE COUNT
Final I FROM4 I89 TO3/31/90 February 1991

16. SUPPLEMENTARY NOTATION The view, opinions and/or findings contained in this report are those
of ;he authqr($) and shquld not be construgd as an 5fficial Department of the Army position,

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and idmntify by block number)
FIELD GROUP SUB-GROUP- '/ Workshop, Inorganic Materials, Electro-Magnetic Effects,

Ultrasonic Effects, Materials Behavior, Materials Proces; ing

Solid State Theory, Material Processing Technology _L')
!9. ABSTRACT (Continue on reverse if necessary and idnlfy by block number) PI

The objectives of this workshop were to review the ongoing work on the effects of the

various forms of energy, other than thermal and external stresses on the mechanic-qi

behavior of materials, and to identify critical technical issues which must be addressed

to make a headway to understand the mechanisms involved in th=se effects and exploit this

emerging technology. The program started with the considerations of the fundamental

mechanisms relevant to the physical effects to be discussed, followed by the disccssion

of the mechanisms involved in specific mechanical effects and a full session on --he

materials processing. The spirit of this workshop is to exclude from its scope the

thermally and mechanically induced effects.

20. DISTRIBUTION / AVAILABIUTY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
OUNCLASSIFIEDIUNUMIrTED 0 SAME AS RPT. C3 DTIC USERS UnclassI flied

". NAME OF RESPONSIBLE INDIVIDUAL. .22b. TELEPHONE (Include Area Code) I 22c. OFFICE SYMBOL

DO FORM 1473, 4 MAR 83 APR edition may be used until exhausted. SECURITY CLASSIFICATION OF THIS PAGE
All other editions are obsolete. UNCLASSIFED

90 03 06 054



Proceedings

9 ARO-Sponsored Workshop

HIGH-INTENSITY ELECTRO-MAGNETIC AND ULTRASONIC EFFECTS ON
INORGANIC MATERIALS BEHAVIOR AND PROCESSING

July 17-18, 1989
North Carolina State University

Raleigh, NC 27695

Co-Cha.rmen: H. Conrad, North Carolina State University
I. Ahmad, U. S. Army Research Office

CONTENTS

Introduction

Program

List of Attendees -,i$ -- or

Submitted Papers ) 2

Issues and Opportunities ...
R. Rosenberg K.
D. Kuhlmann-Wilsdorf and H. Conrad .
H. Conrad .......

.,: ilv C,Aes

I - cr

41@



Workshop

on

FEIGH-NTENSIT ELECTRO-MAGNETIC AND ULTRASONIC EFFECTS ON
INORGANIC MATERIAIS BEHAVIOR AND PROCESSING

North Carolina State University
Raleigh, NC

July 17-18, 1989

INTRODUCTION

It is becoming increasingly clear that externally-applied, high-intensity

fields (i.e., electric, magnetic, electromagnet'c or ultrasonic) can have a

significant direct influence on the properties of materials, in addition to such

indirect effects as Joule heating or induced mechanical stresses. Some examples

of phenomena reflecting direct effects are electromigration (1,2), electroplasticity

(3,4), plastoelectricity (5), magnetoplasticity (6,7) photoplasticity (8,9) and

acoustoplasticity (10,11).

Electric fields and currents have been found to influence recovery,

recrystallization and grain growth (12,13) and phase tran.>'., nations including

solidification (14,15) crystallization of amorphous alloys ,) and aging or

precipitation (17-19). Magnetic fields have been found to influence aging (20) and

martensitic transformations (21) in iron alloys. Beneficial effects of electric and

magnetic fields have been reported in metal working and processing, including

ro~llig nd drawing (22,23), forming (24), and consolidation of metal powders

(25,26). The effects of electric and magnetic fields and electric currents become

especially important in the following applications:

(1) High energy pcwc- sources

(2) Microelectronic circuits

(3) Electromagnetic forming and propulsion

(4) Advanced forming and processing techniques



Moreover, with increased application of superconductors (low- and high-

* temperature), the effects and applications of high electric and magnetic fields and

electric currents will become increasingly important. Also, it is expected that the

high magnetic field studies on solids presently underway (27) will lead to new and

improved electronic and magnetic materials.

In addition to electric and magnetic fields, electromagnetic radiation, such

as for example microwaves (28,29), white light (8,9,30) and lasers (31), are known

to influence materials behavior. Moreover, ultrasonic oscillations applied to

metals and alloys have been reported to influence mechanical behavior and phase

transformations (11). Of special interest to this workshop, are the direct effects of

such electromagnetic and ultrasonic waves on materials behavior, rather than

any indirect effects resulting from the associated heating.

It was felt that the general subject of the effects of electric and magnetic

fields, electric current, electromagnetic waves and ultrasonic energy on

* inorganic materials behavior and processing had reached a stage that a

workshop was desirable to review the state-of-the-art and to identify fruitful

directions of research. Bringing together theoretical and experimental

investigators in this general area in the USA should lead to an exchange of ideas

that would enhance our appreciation of the fundamentals of the subject and of its

scientific and technological importance, and hopefully lead to: (a) a better

understanding of materials behavior in general and (b) the development of new

and improved processing methods.

The U. S. Army's interest in the subject matter of the workshop are

discussed in the included papers by Dr. I. Ahmad of the Army Research Office

and Dr. P. Cate of the Benet Laboratories, Watervliet Arsenal.

H. Conrad
North Carolina State University

I. Ahmad

2 U. S. Army Research Office
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US Army Interest in the Electrical, Magnetic, Acoustic and Photonic
Effects on the Mechanical Behavior of Materials and Processes *

Iqbal Ahmad
US Army Research Office

Research Triangle Pk N.C. 27709

ABSTRACT

A brief historical perspective of the research on the electrical, magnetic,
and photonic effects on the mechanical behavior of materials and processes
followed by a discussion of the objectives and the scope of the workshop
are presented.

INTRODUCTION

One of the important functions of the Army Research Office is to identify new
fundamental concepts and emerging technologies relevant to the mission objec-
tives of the DoD R&D program in general and the Army needs in particular. The
topic of this workshop is in the area of an emerging technology, which has
considerable potential for application in the mechanical metallurgy of hard
to work materials of importance both to the defense and industrial sector. In
the following, a brief overview of the effects of the electrical current and. field, and magnetic, acoustic and photonic fields on the mechanical behavior of
materials followed by a discussion of the objectives and scope of the workshop
and potential applications of this rather unexplored technology in future Army
materiel are presented.

HISTORICAL

The phenomenon of the effect of various kinds of force ,"ields on the behavior
of materials has been known for more than a century. For Example Geradin (1)
as early as 1861 reported electromigration of constituents of liquid solder
alloy. Since early 1960 it has been recognized that conduction electrons exert
a drag on motion of dislocations in metals. The enhancement of dislocation
mobility by the irradiation of a zinc single crystal under tensile stress, with
directed electron beam was reported by Troitskiy and Likhtman in 1963 (2).
Electrons with energy level lower than the threshold of the atomic disloca-
tions, when the true radiation hardening could occur, were used. They found
that when the electron beam was parallel to the slip plane the flow stress was
lower and the fracture strain was higher than when it was normal to the plane
(Figure 1).

* Presented at the workshop on the "Effect of Electric Current and Intense

Electrical, Magnetic, Acoustic and Photonic Fields on the Mechanical Behavior
of Materials" held on July 16-17, 1989 at the North Carolina State University,. Raleigh, North Carolina.



A few years later USSR scientists, mainly Troitskiy and his group at the
Institute of Physical Chemistry of USSR Academy of Sciences started studying. the effect of electron state of metals on their mechanical properties (3).
The use of pulsed current(instead of continuous) made it possible to achieve
high current density but leave the metal practically cold. In this manner
the effect of electric current on the ductility and deformation of a number
of metals uncomplicated by heating of the sample was studied. It was shown
that the application of high density electric current pulses increased the low
temperature ductility of metals including Zn, Pb and In. Figure 2 shows this
so called "electroplastic effect" in a Zn single crystal specimen deformed
under uniaxial tension at 78K. At each application of the electric current
pulse the load dropped. The load drop occurred only during the plastic deform-
ation (region A), and none in elastic range or following appreciable stress
relaxation. Furthermore the load drop increased with the increase in current
density. The effect was explained to be due to the interaction of drift
electrons with dislocations, in that the electron wind provided additional
force on dislocations enhancing their mobility. Similar effect was discovered,
when metals were exposed to acoustic energy. Blaha and Langanecker (5)
reported in 1955 that ultrasound field reduced the apparent shear stress
necessary for plastic deformation ot metals such as Zn, Al, Cu steels.
Langanecker et al successfully achieved alnost 100% reduction even in hard to
deform metals when ultrasonic energy density was sufficiently high. He exhibi-
ted a macroscopic wire drawing machine at the 4th International Wire Exhibition
in Basle in 1974. Semen P. Kundas et al (6) reported a Vacuum Hot Ultrasonic
Flattening (VHUF) method shown in Figure 3a, where in heated wires of tungsten
(0.1-0.3 mm) and molybdenum (0.1-0.8mm) could be flattened by subjecting them
to ultrasonic energy ( 0.4-4.5 KV depending on the diameter of the wire, with. resonance frequency of 18-44 kHz), without damaging the wire. In fact as
Figure 3b and 3c show the microstructure of the VHUF wire was much superior to
that obtained by conventional rolling. The process has been patented in USA,
Japan and many European Countries. Troitskiy and his group (7,8) also designed
a mill to Flatten tungsten wires, in which high density electric current pulses
were supplied to the high roll stand (Fig 4). The wire after passing through
these rolls passed through the ultrasonic station for flattening. In one pass
the experimental mill produced about a 75% deformation of a 0.41mm diameter
work hardened tungsten wire into a ribbon O.lx 1.5 mm in size with shape factor
of 11, achieving complete satisfactory ductility. The ribbon had a strength
of 260 kg/mm sq. and could be wound on rollers having I mm radius. Without
applying the electric current and ultrasonic flattening the ribbon delaminated
and broke. There is a threshold effect of current induced ductility. The
maximum ductility was achieved at 1500-2000 A/mm sq. The great potential of
this process can be appreciated from Figure 6, which shows a transverse section
of high temperature-high strength wires of thoriated tungsten used for the
reinforcement of superalloys (9). These wires, made by the state of the art
process, have radial cracks in as received condition. Under the stresses
induced during the composite fabrication and during the thermal cycling in
service, these cracks propagate and are one of the causes of the failure of
the turbine blades made from these composites. Conceivably use of the electro-
acoustic process can enable the fabrication of relatively high quality crack
free high strength W alloy wires. The same technology can be applied to moly-
bdenum wires, ribbons and sheets. The USSR workers also reported beneficial
use of electric current and fields as well as magnetic and acoustic fields in

*-2-



the heat treatment processes and improvement of fatigue and creep behavior of
metallic materials. A number of papers in this workshop will describe these. contributions.

In view of these interesting results reported in the USSR literature and their
potential application in thermomechanically processing of difficult to form
metals, ARO has been sponsoring research in the area of the effect of electric
current pulses and fields on the mechanical behavior of metals for the last six
years. Professor Conrad and co-workers have summarized their results in an
excellent review published recently (4). They will report the results of their
more recent work at this workshop.

During recent years there have been papers on the effect of magnetic field
and radiations. Again most of them were from the USSR school. The first
Soviet work was published in 1937 by A.V. Alekseev, who reported hardening of
high strength steel by magnetic treatment. Since then hundreds of articles and
three monographs have been published in USSR. The beneficial effects reported
(10) include strengthening of materials, controlling or retarding of cracks,
and improved wear resistant and machine tool life. Dr. Naum Tselesin, who has
translated some of the Soviet literature on the subject will review them.
Professor Hochman who has recently completed an ARO supported study will
discuss the effect of the magnetic field on the stress relaxation in welds.

The photomechanical effect is the variation in hardness, as measured by
microindentation tests, with illumination of the surface of a semiconductor.
Original experiments demonstrating photoplasticity in semiconductors were
carried out by Osipyan and Savachenko (11). They found that when CdS was
irradiated with visible light, the stress for plastic deformation under. indentation increased by as much as 25% at 700C. Holt (12) in 1965 reported
a large increase in hardness (Figure 5) with illumination in GaAs, GaP and PbS.
Under other conditions illumination can also induce softening. There changes
have been attributed to the interaction between charged dislocations in the
material and the electronic defects generated by the illumination. However,
the nature of these interactions is a subject of much controversy. Photo-
mechanic effects are of considerable concern in the electronic packages.
Electromagnetic radiations and nuclear radiations can cause similar effects.

There are a number of other mechanical effects such as piezoelectricity,
electrostriction and magnetostriction which may be weaker than the more
dramatic electro or magneto mechanical effects, but they are also important.
In general the basic mechanisms of all these effects are not very well
understood. In Table I an effort is made to summarize the influence of
various force Fields, excluding thermal and external stresses, on the
mechanical behavior of materials.

in other disciplines also field effects are opening up exciting new applica-
tions. Sonochemistry and plasma chemistry are such examples. Plasma assisted
CVD has made possible the synthesis of diamond films. Crystals with predeter-
mined crystallographic orientation can be grown by applying magnetic field in
appropriate direction. For example Figure 7 shows growth of iron whiskers
aligned in the direction of the applied field. Those without the field grow
in random directions (13).
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Table II summarizes potential applications of this exciting emerging.technology which are of interest to the DoD.

The above clearly indicates new opportunities of not only fundamental
contributions to the theory of solid state, but also potential improvements
in the processing technology and new ways to enhanced performance of important
materials. These considerations have prompted ARO to hold this workshop.

The objectives of this workshop are to review the ongoing work on the effects
of the various forms of energy, other than thermal and external stresses on the
mechanical behavior of materials, and to identify critical technical issues
which must be addressed to make a headway to understand the mechanisms involved
in these effects and exploit this emerging technology. The program will start
with the considerations of the fundamental mechanisms relevant to the physical
effects to be discussed, followed by the discussion of the mechanisms involved
in specific mechanical effects and a full session on the materials processing.
The spirit of this workshop is to exclude from its scope the thermally and
mechanically induced effects.

There will be a general discussion at the end of the first day and a Panel
discussion at the end of the workshop. These are important forums to bring
out the salient issues and make recommendation for future research.

0
-4-
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TABLE I: SUMMARY OF THE FIELD EFFECTS ON MECHANICAL BEHAVIOR

OF MATERIALS (THERMAL AND MECHANICAL STRESS EXCLUDED)

....- ECHANICAL EFFECTS

ELASTIC STRAIN fPLASTIC STRAIN
HARDENING/TOUGHENING
AGING (ENHANCED PPTATION)
INCREASED HARDENABILITY INCREASED DUCTILITY
CAVITATION RETARDATION INCREASED CREEP
CRACK GROWTH RETARDATION INCREASED TOUGHNESS
INCREASED WEAR RESISTANCE INCREASED FATG. LIFE
MARTENSITIC PHASE TRANSN.
ELECTROMIGRATION

PIEZOELECTRIC EFFECT 4.
ELECTROSTRICTION ELECTROPLASTICITY
MAGNETOSTRICTION , MAGNETOPLASTICITY

ACOUSTOPLASTICITY

T PHOTOPLASTICITY

POLARIZATION EFFECTS ATOMIC MOBILITY DEFECT, DISLOCATION

t GENERATION, MOBILITY

ELECTRIC CURRENT oo -
ELECTRIC FIELD "
MAGNETIC FIELD
ACOUSTIC AND
PHOTONIC ENERGY

TABLE II. POTENTIAL PAYOFFS

APPLICATION MATERIAL PAYOFF

SHAPING OF HARD TO WORK W, Mo, CR, TI IMPROVED QUALITY
MATERIALS ( ARMAMENTS, HI INTERMETALLICS IMPROVED PERFORMANCE
TEMP COMPONENTS, ROTORCRAFT) LOW COST

THERMOMECHANICAL FERROUS AND NON- IMPROVED QUALITY
PROCESSING FERROUS ALLOYS, ENERGY SAVING IN
(ARMAMENTS, VEHICLES, INTERMETALLICS, HT TREATMENT PROCESSES
TOOLS ) CERAMICS

NOVEL MATERIALS AND FERROUS/NON INCREASED FTG LIFE
SYSTEMS (ARMAMENTS, FERROUS ALLOYS, INCREASED WEAR RESIST
VEHICLES, ROTORCRAFT, INTERMETALLICS, REDUCED CREEP
RAILGUN. ELECTROTHERMIC CERAMICS SUPERIOR WELDS
GUN) ELECTRONIC MATLS SUPERIOR LAUNCHERS

MECHANISMS NEW THEORIES OF VARIOUS FIELD EFFECTS
ON THE MECH BEHAVIOR OF MATERIALS
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1 2 3 4 5 6

Figure 1: Stress-elongation curves for Zn sinrle crystal specimen

irradiated with directed electrons beam during plastic deformation
at 77K. (,) parallel to the glide plane; (e) normal to the glide
plane; (0) without irradiation.

A A
P'g !A A W&

50Q0

Time

Figure 2: Load vs time diagram for a Zn crystal in uniaxial

tension at 78K and strain rate of 1.1x10 4s- showing load drops

resulting from the application of 1.5x1O
5A/m 2 dc pulses. Regions A

correspond to constant extension rate, regions B to stress 
relaxtion.
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Figure 3(a): Schematic of VHUF method of flattening of Mo and W

wires. 1-Vacuum chamber; 2-Ultrasonic source-magnetostrictive

transducers with 0.4-4.5KV power with resonance frequency 
in

18-44 kHz range; 3-Wire heater (800-1600K); 4 and 5-Pay-off and

take-up reels; 6-Unit to measure ultrasonic amplitude; 
7-Wire

tensiometer; 8-Thickness gauge.

Figure 3(b): Ultrasonically flattened Mo strip
(x70) after recrystallization anneal at 1400K
for 30 minutes.

Figure 3(c): Rolled Mo strip (x120) after
recrystallization anneal at 1400K for
30 minutes.
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1016

Figure 4: Schematic of experimental mill for flattening a wire

into strip: 1-Unwinding reel; 2-Direct current motor; 3-Tension

gauge; 4-Strain station; 5-Ultrasonic generator; 6-Transformer;

7-Concentrator; 8-Reflector; 9-Double-roll stand; 10-Electric

current source; 11-Take-up reel.

8100

-E
E

p

00 002 003 004 a05

LIGHT INTIENSlTY IN ARBITRARY UNITS
Figure 5: Hardness versus light intensity measurements on the

arsenic face (M specimen 1, &specimen 2) and the gallium face
(EF) of semi-insulating GaAs. 95 pct confidence limits are
indicated by vertical bars. (1M)
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Figure 6(a): Cross-section of a composite containing
.40 Vf W-2% ThO 2 filaments (x 20).

(b) (c)

Figure 6(b): Transverse section of cast JT9D composite
blade (x 3).

Figure 6(c): Showing connecting pattern of crarks, some
initially present in the filaments (x 20).

0
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(a)

(b)

Figure 7: Showing whiskers of iron grown by CVD.

(a): Without superposition of magnetic field,
growing in a random fashion.

(b): With superposition of magnetic field.
Note all of these are aligned parallel
to the field.
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A SURVEY OF RESEARCH INTO ELECTROMAGNETIC AND

ACOUSTIC EFFECTS ON MECHANICAL BEHAVIOR AND

PROCESSING OF MATERIALS

by

George Mayer
Institute for Pefense Analyses

A literature search has been conducted into the roles of eidctncaaet:. ,cus: ¢

and microwaves in influencing the physical properties and forming of innrganic l- r:a!s.

,-ctivities in ahese ae.S and trends in research over dhe last thr,-e decades rerv ewe .



Electron Theory of the Solid State

Barry M. Klein

Complex Systems Theory Branch
Code 4690

Naval Research Laboratory

.;ashington, D. C. 20375-5000

it is now possible to give a good first-principles description of many

properties of condensed matter systems based on modern techniques of electronic

structure theory. Utilizing advances in the theoretical framework, such as the

ocal density approximation (LDA) for exchange and correlation, sophisticated

algorithms and supercomputers, theoreticians can now simulate many aspects of

the experimental environment. Examples include predictions of crystal structural

parameters and elastic constants; superconducting properties; dynamic behavior

such as crystal growth and surface reconstruction; lattice dynamics: and

transport properties. As examples of the accuracy of such calculations,

predicted structural parameters and mechanical properties (e.g. lattice and

elastic constants) are, in general, accurate to 1% and 10%, respectively.

Electronic structure theory, besides adding insights into the interpretation of

* experimental observations, has a predictive capability which is a useful adjunct

to experimental searches for new, better materials. In this paper I will

describe several of the methods used, and some illustrative results of electronic

strl-cture theory. Some of the future developments needed to address aspects o.

:he \.orkshop topics will also be discussed, including the need for more efficient
quantum mechanical basis sets and computer algorithms for large, complex systems:

and the need for improvements beyond the LDA to treat excited states and magnetic

materials.



INTRODUCTION

MIodern electronic structure theory has evolved over the past few decades
to the point where "real" materials properties may be determined theoretically

and compared with experiment. This not only adds interpretation and insights

into observed phenomena, but also offers the possibility of predicting new

materials with enhanced desirable properties. Especially in the past ten years,

theories and computer codes have reached highly sophisticated levels, with a firm

understanding of the reliability and accuracy of calculated phenomena, and a

closer matching of theoretical and experimental "conditions". In what follows,
i give a brief discussion of the formal underpinnings of these approaches, some
examples of the kinds of results that may be obtained, and some prognostications

or where this theoretical/computational research is going.

DENSITY FUNCTIONAL THEORY

On the intuitive level, knowing the atomic positions and the electronic

zbarge density of a condensed matter system provides a wealth of information
about many of the physical properties. The theorems of Hohenberg, Kohn and Sham

* formalize this by showing that the zround state total energy of a system or
nuclei is a unique functional of the electronic density --- e.g., if you know
the density you know the total energy. Using their formalism, one can show that
the following system of equations follows:

Etotn(r)l - EH !n(r)] + Excn(r)l

[72 + - 0

occ

i-

Here. E is the Hartree contribution to total energy, containing electron-nucleus

and electron-electron coulombic terms. Exc is the exchange-correlation
contribution for the electrons (fermions) . The electron density, n(r) , is
determined from the occupied one-electron orbitals, Oi(r), which are in turn
determined from the Schroedinger equation with an effective potential, veffxr)

:he above equations represent a well-defined approach for determining the
self-consisrent electron density, the mean potential that the electrons move in.
and the ground state total energy of the system of nuclei and electrons.
MIagnetic and/or electric fields may be included or not, with paramagnetic or
soin-DoLarized calculations for the electron system. The one-electron equation
for the electron orbitals contains energy p-rameters which, strictly speaking,
are not r,orousLv the one-eLectron energies that are seen experi:nentailv, but
in practice there is a "practical" relationship. and often gooO ji<anritatL';,e
agreement betweon the :j and experiment. The key "unknown" ingredient in these
proedures is the precise form of the exchange-correlation ener-v and its

0~



derivatives, but the local density approximation form has proven to be entirely

adequate in most cases. In this approach, the Exc is obtained from results of

the homogeneous electron gas, with the value of Exc at the density n(r) being

that of the homogeneous electron gas at that density. This local potential is

straight forward to implement, in practice.

It is important to recognize that this is a ground state theory, with the

only rigorously determined quantities being the ground state charge density and

total energy. In practice, though, the one-electron eigenenergies have a good

deal of quantitative relevance, with one of the most glaring counter examples

being the lack of agreement between theory and experiment for the band gap in

semiconductors and insulators. Examples of ground state properties that can be

determined are: structural parameters, elastic constants, and phonon spectra;

some examples are discussed below. Also, defect problems can be tackled using
"supercell" methods. A recent review of applications to the high-T c oxide

materials has been given by W. Pickett [2].

The most rigorous, but computer intensive, approach for solving the Kohn-

Sham equations is to do self-consistent loops until the input and output charge
densities match, and the total energy converges (there is a variational principle
operating so that convergence tends to be smooth and systematic). Generally,
these approaches are very robust, with a host of methods used to solve the
erfective one-electron Schroodinger equation for the solid in question. Using
3loch's theorem is, generally, crucial for computational viability for the "bulk"
calculations, although cluster methods are gaining increasing favor for certain
kinds of problems. A paper by M. Pederson, J. Harrison and B. Klein illustrates
these latter methods F3]. For the Bloch periodic systems, one deals with a unit

cell of several atoms, and chooses some convenient basis set for expanding the
one-electron orbitals --- e.g. plane waves, gaussians, etc. --- and proceeds in
solving the set of equations in a straight forward, but very computer intensive
manner.

The fully ab inirio self-consistent method that we favor is the full-
potential linearized-augmented-plane-wave (L&PW) method i41 which makes no
approximations as to the shape of the charge density or potential in solving the
Kohn-Sham equations. This is a workhorse electronic structure method for many
fozthe groups working in this field, although other approaches, when properly

impl.emented, converge to the same result. In the LAPA method, one expands the
single-particle orbitals in a dual representation: atomic-like functions near
the nuclei (in the so-called muffin-tins) and bv plane waves in the interstitial
region where the potential and charge density are rather slowly varying.

Azvropriate matching of the dual representation at the muffin-tin boundaries are
performed to ensure continuity of the wavefunction.

Alternatively, with less rigor but several orders of magnitude less

*omputation, one can use model charge densities in one pass of the equations and
:D'mass the self-consistency procedures. These generic "constrained density
models", which are physically/chemically motivated, have proven to be very useful
and accurate in many cases '5;. Some examples are given below. Other methods.

sucn as the embedded atom approach t6l also make an ansacz for the
potential/densitv, but have the advantage of being able to deal with much larger
systems, such as extended defects.

3



O Structural and Elastic Properties of Ordered Intermetallics

The ability to calculate structural parameters, stability or instability
of phases, and elastic properties, etc., can be a big asset in programs to
develop better high-temperature alloys, for instance. We are embarked on such
a program at NRL, and we show several examples which illustrate the state-of-
the-art. We refer the reader to a recent article by Chubb, Papaconstantopoulos,
and Klein [7j , on Ti-Al alloys for details of the method, etc. Some results are
shown in Figures 1 and 2. The structural parameters are determined bv finding
the global minimum of the total energy, using the above procedures, as a function
of all of the internal parameters of a given structure The bulk modulus is
related to the second derivative of the total energy at the minimum; other
elastic constants are determined by straining the theoretical crystal about the
ground state structural minimum. Various structures can be tested to see which
one has the lowest total energy. ois can be seen, these LAPW studies predict the
structural parameters to of oider 1%, and the elastic behavior (where known
experimentally) to about 10% accuracy. Discrepancies are usually ascribed to
-he local density approximation or, in some cases, to experimental uncertainties.
It should be noted that these are true theoretical predictions, as experimental
informatio., is not used in the calculations. We note that phonons can be
calculated using similar techniques, freezing in the phonon displacements and
using the total energy second derivatives to determine the force constants.

Cluster Methods

As remarked above, local density methods can also be applied to systems
without using Bloch periodicity, to clusters, for instance. As an example,

consider work done by M. Pederson, J. Harrison and B. Klein on lithium clusters
,.sing a gaussian basis set '3. As can be seen from Figure 3, it is possible
to extrapolate from finite clusters to the infinite bulk using rather modest
sized clusters, witI quite good agreement with experiment. One advantage o'
:'-ese c'uster methods is that they can often be done in a compuationaily more
ef::icent way than bulk LPW, especially for the cases or treating defect
structures. Speeding up methods and codes is a very active field of research
right now with the potentially big payoff of being able to treat "larger"
systems.

Magnetic Systems

The electronic structure calculations can also be done in a spin-polarized
mode or in the presence of external electric or magnetic fields. For the
magnetic case, discrepancies with experiment are significantly larger than for
paramagnetic calculations due, it is believed, to the inadequacy of the local

_on density approximation. See '83 for a good, relatively recent discussion.
:ajor efforts are underway by a number of groups to go "beyond the local density
approximation" with improvements to be expected in the coming ::ears. Motivated
by the unusual new results discussed at this conference, perhaps man%- of these
imitations can be eliminated soon.
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OConstrained Density Models
The first two examples were fully ab inittio self-consistent studies which

were extremely computer intensive. Although "guessing" at the right density in
the Kohn-Sham equations circumvents the great majority of the computational
binrder, it requires physical/cneinical insight into the specific nature cf the
bonding in the materials in question. For ionic materials, for instance, it is

a good approximation to choose the model of the self-consistent charge density
to be that of overlapping ionic charge densities obtained from isolated-ion
atomic structure calculations which can be done quite rapidly on the computer.
Allowing the radial charge densities to "breath" in response to the ambient
crystal field greatly improves these calculations for many materials (the
"potential induced breathing", P!B, model [5]). L. Boyer and colleagues at NRL
have show-i that this approximation for ionic materials, such as alkali halides,
works very well in studies of equations of state, melting, thermal conductivity,
elastic behavior, etc. Figure 4. shows results of elastic constants using the
?13 approach with very good agreement with experiment. P!3 works very well for
many ionic systems, so well that comparisons of the charge density and electronic
structure using PIB and LAPW are often close to indistinguishable!

CONCLUSIONS

Modern electronic structure theory and computational approaches offer the
opportunity of addressing "real" materials properties. Where the methods have
been compared with experimental results, agreement has usually been very good
for ground-state related properties. There are many remarkable opportunities
ahead as theoreticians hone their tools to address increasingly, complex phenomena
such as extended defects (grain boundaries, dislocations, etc.), and the effects
of large electromagnetic fields. A major challenge for the future is to deveLoc
new computational methods built on the current successes that are computationai._:
viable for these extended systems. In a sense, the fully self-consistent ab
ini:Jo methods act as a theoreticians experiment, enabling the development of
simpler physically and chemically motivated models of the materials world.
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FIGURE CAPTIONS

i. Structural parameters and elastic constants of L 10 structure TiAl
from [7].

2. Unpublished structural parameters and elastic constants of BI
structure SbY.

3. Elastic constants of A1203 from [9].

4. Results for simulation of crystal growth using cluster methods from
[3]. A0 is the atomic separation, B is the bulk modulus, and U is
the cohesive energy.
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TIAI (AuCu I structure) (LIo)

Theory Experiment

Lattice constants (A)

a 3.94 3.99

c 4.02 4.07

c/a 1.02 1.02

Bulk Modulus (MBar)

1.95

Elastic moduli (MBar)

C11-C12 5.8

C13  2.01

C33  1.95

Figure 1.



SbY (Sodium Chloride Structure) (B1)

Theory Experiment
Lattice constant (A)

a 6.12 6.11
Bulk modulus (Kbar)

670 660
K0 ' 3.5
Elastic constants (KBar):

C11  1800
C12  100

C44 260
<G> 430 405

Figure 2.



0 A SIMULATION OF CRYSTAL GROWTH

By studying successively larger crystal fragments, the
transition from atomistlc to bulk phenomena may be observed:

THREE DIMENSIONAL BCC ONE DIMENSIONAL LINEAR
CRYSTAL FRAGMENTS

-1 -1  a I j .Irj I r r o 0 .8

Energy = 1.59 eV nergy =0.87eV

1 1 .3 L0.
N0-5

10 0.02 0.08 0.1 0.1 0.3 0.5

tnrverse Number of Atoms

No. of Atoms Ao (u B (Mbarl e

9 atoms 5.62 0.15 1.07
15 atoms 6.36 0.11 1.17
27 atoms 6.16 0.13 1.31
n1.59

Bulk-KKR-MT 6.42 0.15 1.65
Bulk-LOGO 6.52 0.14 1.65
Bulk-LAPW 6.36 0.15 1.77
Bulk-Expt. 6.58 0.12 1.63

0
Figure 3.



Static elastic constants (in GPA)
and pressure derivative at zero
pressure for A120 3 (corundum).

Elastic Constants P Derivatives

PIB Exp. PI8 Exp.

C11 540 498 5.78 6.17

C12 157 163 3.44 3.28

C13 130 117 3.56 3.65

C14 -48 -23 0.18 0.13

C33 455 502 4.36 5.00

C44 157 147 1.62 2.24

C66 191 168 1.17 1.45

K 261 254 4.06 4.32

Experimental data: Gleske and Barsch (1G68)

Figure 4.



DISCUSSION OF BARRY M. KLEIN'S PAPER

EL Conrad:

1. What fundamental properties of the electrons are needed to carry out the

calculations which you discussed?
2. Can you calculate the effect of an external magnetic or electric field on the

energy Efv to form a vacancy? If so, what is the nature of the relationship

between EfV and the magnetic or electric field?

B. Klein:

1. Phonon spectra are calculated from first principles. The self-consistent

electron densities and tocal energies are determined as a function of the

nuclear locations - for "small" displacements from their equilibrium

positions. The phonons are found from the coefficients of the second

derivative of the total energy with displacement.

In these "all-electron" methods, all the electrons are treated from first

principles.
2. Vacancy formation energies can be calculated for the case of applied EM

fields, but I'm not aware of any previous calculations. I see no impediment

to doing such calculations in the future.

D. Wilsdorf:

1. Can you calculate the coefficient of thermal expansion?
2. How do your methods relate to the "embedded atom" method?

B. Klein:

1. Temperature-dependent properties, such as thermal expansion, can be

calculated but are very computer intensive. Most of the work done has been

performed using constrained density approaches with very good agreement

with experiment. More can and will be done in the future.



* Klein's paper (Continued)

2. The first-principles, self-consistent methods I described do not "model" the

potential as the embedded atom method does. The first-principles results can

be used as "input" to determine the embedded atom potential parameters.

This is being done. Of course the embedded atom method is much faster (but

less accurate) on the computer and, hence, can deal with much larger

systems than the first-principles methods. The strategy of using the full-

blown methods to benchmark more approximate approaches is expected to

continue.

H. B. Huntington:

1. Can you distinguish between two phases of the same material? In particular

two phases with the same number of nearest neighbors, such as fcc vs hcp?

2. Is the basic approximation of the Local Density Approximation (LDA) the

choice of the Vex-cor potential?

B. Iein

1. We can distinguish between different phases, including fcc vs hcp if the

energy differences are - 1 mRyd or more. That's the scale of accuracy of

these first-principles calculations.

2. There are two aspects to the local density approximation: (1) the exchange-

correlation potential depends on the local electron density at the point being

sampled; and (2) this potential is that of a homogeneous electron gas of the

same density as the point being sampled. The tirst is a fundamental aspect

of LDA, and the second is the practical prescription for determining the

potential.



PHONONS, ELECTRONS, AND DEFECTS

A. C. Anderson

Department of Physics
and

Materials Research Laboratory
1110 West Green Street

Urbana, 11 61801

The introduction of either a finite electrical current or a finite strain rate tu a metal or
dielectric solid will, with few exceptions, cause an accumulation of thermal energy in that
solid. The subsequent behavior of the solid depends critically on how efficiently the
thermal energy is removed. The purpose of my presentation is to review some of the
physics intrinsic to these thermal transfer processes. Much of the experimental work in this
field has been carried out at cryogenic temperatures, since the individual energy transfer
processes can be studied more readily at reduced temperatures.

For most practical devices, heat is removed via phonon transport. For one not familiar
with phonon physics, it may be helpful to keep in mind the close analogy with photon
physics. Phonons exhibit a black-body frequency spectrum peaked near the energy kT anca
with a width at half maximum of = kT. The Stefan-Boltzmann law indicates that the rate of
energy exchange Q b tween two solids in intimate contact and at temperatures T and T2 is
proportional to T' -T, or, if T4-T 2 = AT is not large, T3AT. Hence one may define a
thermal boundary resistance between two solids, RB = AT/Q -c 1/AT 3 where A is the area
of contact between the two solids. The thermal resistance RB is important when the
phonor, mean free path L >> D, a dimension of the solid. Hence RB is generally of little
importance at room temperature except for very small devices. The theory of RB is under
control and depends only on the acoustic properties of the two solids. 1)

The acoustic behavior of any crystal is extreme!y anisotropic. The most vivid evidence
of this anistropy, and a phenomenon relevant to thermal transport, is phonon focusing. If a
small heater is placed at the center of one face of a cube, the arrival pattern of phonons on
the other five faces of the cube is highly localized in a manner which depends sensitively on
the ratios of elastic constants. 2) This anisotropy must be considered in any discussion of
phonon transport, or in phonon interactions with electrons or defects.

When an energy flux is introduced to a metal or semiconductor by an electrical current,
the effective temperature of the charge carriers (here called electrons for convenience) must
increase with time unless that energy is transferred to the phonons. In brief, we are here
interested in the electron-phonon interaction. An early theory gives acoustic attenuation
varying roughly as Pc0 where w is the phonon frequency. 3) If, then, the electron gas is
heated to a temperature of T + AT through application of an electric field, a thermal
resistance Rv may be defined between the hot electrons and the phonon bath at temperature
T, Rv - 1/DVT 4 . Here V is the volume of sample in which Joule heating occurs. Rv is of
little importance for metals except for very small devices.4 ) However, if the electron
density is decreased (i.e. 3 is decreased), Rv can become a problem. Examp~ies are alloys
near the metal-insultator transition 5), metals near the superconducting transition, and
semiconductors in general, especially in devices where one or two dimensions of V are
constrained. 6)
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A consequence of strain is the introduction and acceleration of dislocations. Since the
dislocarion-dislocation interaction is weak (compared, for example, to the electron-electron
interactions), one cannot ascribe an effective temperature to the dislocations. Nevertheless,
the energy absorbed by the dislocations is transmitted to the local phonon (and electron)
populations. This interaction with thermal phonons can be measured directly in cryogenic
heat-transport experiments. In ionic and metallic crystals the phonon-dislocation interaction
is dynamic in character and can be described by the simple "fluttering dislocation" model.7 )
The most beautiful evidence for fluttering dislocations is derived from ballistic-phonon
(heat-pulse) measurements in which all details of the data, including the extreme anisotropy
of the interaction, is found to agree with theory. 8)

The interactions of phonons with a variety of other defect or excitation systems have
been studied, including the tunneling states of glasses 9) and the excitations of superionic
conductors. 10)

In summary, we see that the application of a stress or electric field to a solid can excite
defects, or localized excitations, with an energy which must be passed through the phonon
bath to the environment of the solid or device. A variety of thermal resistances can hinder
this transfer of thermal energy resulting in an effective heating of the excitations.
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DISCUSSION OF A. C. ANDERSON'S PAPER

D. Wilsdorxt

Is there a strong effect of an adsorbed atomic layer on the thermal boundary

resistance at interfaces?

A. C. Anderson:

When the acoustic mismatch between the two materials is large, as for Cu

and He, there is an additional mechanism of energy transfer at T > 10K which is

not understood. This second mechanism does depend strongly on surface

conditions, including adsorbed atoms.



ELECTRONIC CONTRIBUTION TO THE DISLOCATION DRAG COEFFICIENT

A.D. Brailsford

Research Staff. Ford Motor Company
Dearborn, MI 48121

ABSTRACT

A formal theory of the motion of a dislocation in a visco-elastic medium will
be outlined. By this means it will be demonstrated that the linearly velocity -
dependent drag force acting on the dislocation may be expressed in terms of
certain phenomenological viscosities of the medium. The latter will then be
shown to be derivable from straightforward generalizations of the theory of the
acoustic attenuation arising from either electronic or vibrational degrees of
freedom. The result for the electronic contribution that is determined by
this procedure is shown to be identical to the classical result of Holstein and
Kravchenko. The outcome can also be paraphrased as a kinetic theory-type
viscosity result, but the number of carriers that contributes effectively to
the drag is significantly less than the total number, because only those
electrons moving parallel to the dislocation deformation wave fronts extract
energy from the associated internal electric field.

Alternative expressions to the Holstein-Kravchenko form for the electronic drag
that have appeared since the seminal work of these authors will be discussed.
In addition, a brief overview will be given of effects that have been suggested
to be of importance in metals with substantially non-spherical Fermi surfaces
and in the change in the dislocation drag coefficient that accompanies a
transition to the superconducting state.



ELECTRONIC CONTRIBUTION TO DISLOCATION DRAG

When a dislocation glides at moderate velocity in an otherwise defect free* crystal, it experiences a viscous drag force due mainly to the influence of its
motion on the elementary excitations of the body (phonons and electrons or
quasiparticles). Such motion causes inelastic (dissipative) processes to occur
within the system of excitations, thereby necessitating the input of energy
from an external source in order to sustain that motion. Such inelastic events
are contributory processes to the dissipative function (1] of the body,
specifically to certain generalized (non-local) viscosities [2] in terms of
which, along with strain rate variables, this function is determined. As a
result, it is natural to anticipate the existence of some functional
relationship between the drag coefficient and these same viscosity parameters,
and in fact the precise nature of this connection has been known for some time
(2,3]. Adaptation of the latter affords the most general approach to the drag
problem. Once the geometry of the dislocation has been specified, the
determination of the generalized viscosities of the host medium leads
immediately (by quadrature) to the contribution to the dislocation viscous drag
coefficient arising from the particular elementary excitations considered.

The generality alluded to above is manifest in the fact that some years ago i:
proved possible [2) to derive a unified description of the many mechanisms that
had been separately proposed earlier as contributors to the drag (specifically,
those to be attributed to lattice, rather than electronic effects). In
particular, the comparative insignificance of thermoelastic effects relative to
anharmonic scattering effects could then be established within one and the same
formalism. A similar discussion of electronic effects was given shortly
thereafter [3]. Basically, all that was required to arrive at this formalism
was a certain generalization of the standard Boltzmann equation theories of the
electronic and lattice anharmonic contributions to ultrasonic attenuation.
Essentially only one single change of substance was required- namely, the
dispersion relation of the lattice distortion appropriate to a sound wave
needed to be replaced by that corresponding to each Fourier component of the
deformation appropriate to a dislocation moving (in a first approximation
uniformly) through the host dissipative medium. Specific applications of the
foregoing theory to electronic and lattice processes, and for different
dislocation geometries, may be found in the two references just cited.

Subsequent discussions of the same problem that have been presented by Russian
investigators [4-7] have generally questioned, but never more than in passing,
the applicability of the Boltzmann equation approach to this problem. In
response, and for lack of more substantive criticism, one might observe first
that to question the method is, simultaneously, to question the standard theory
of ultrasonic attenuation. Second, it should be stated that the use of quantum
mechanical perturbation theory, as advocated in these later works, had already
been shown to be equivalent (for the case that the mean free path of the
appropriate excitation is greater than the wavelength of the lattice
distortion) to the other more general method in the case of the calculation of
the sound attenuation in metals [8], the electronic contribution to dislocation
drag (9-11] and lattice anharmonicity contributions to the same phenomenon
(2]. And third, a recent appraisal of all theoretical models [7], while
clearly sympathetic to the views of the Russian school, nevertheless comes to
the conclusion that there is no substantial difference in prediction in the
shared common ground between the earlier work and the later expositions. Such
a conclusion is important, because as more sophisticated modern techniques
(e.g. Local Density Functional Theory, in the electronic case) are brought to
bear on the problem of determining how the energies of the elementary
excitations are affected by strain, it will clearly remain useful to have a
formalism at one's disposal for translating these results into the different



realms of dislocation drag without the necessity of re-developing the whole of
the latter from first principles.

Turning now exclusively to electron drag, it appears that the fundamental
similarity of mechanism in this effect and in ultrasonic attenuation in metals
at low temperatures might still be explored to greater advantage than has been
done to date. Thermoelastic contributions to the drag have been shown to be
negligible [3], while the Boltzmann equation approach in each case is known to
give the same result as quantum mechanical perturbation theory when the mean
free path is sufficiently large (pure materials), as already indicated. Thus
we may take the standard result for the attenuation, a, in this limit [8], as
obtained from free electron (FE) theory and isotropic continuum elasticity,
compare it with the formula for the electronic drag coefficient, Be: (9-11) in
the same model, and so obtain the following final expression of B ein terms of
directly measurable quantities: e

"( - yv) 2 n mvrb2 O
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Bet

In the intermediate steps above, v is Poisson's ratio, n0 is the electron
density, m the electron mass, qD the Debye radius and v the Fermi velocity.
Note, however, that the final result depends only upon the ratio of the
transverse to longitudinal sound velocity, the shear modulus, G, and Burgers
vector, b, and the attenuation per unit frequency, c/f, ( w is the angular
frequency). In order of magnitude, B for a free electron metal of density
similar to that of Cu is of the order dyne.sec/cm . That magnitude also
follows from the above analysis upon using the experimental values for the real
material, as given in Table 1, which is reproduced from the work of Rayne and
Jones [12]. However, what we consider more instructive here is the extent of
the discrepancy between FE theory and experiment for the attenuation, since
there must surely be discrepancies of comparable magnitude (or larger?) between
FE and experimental values of B . Further, it should be noted that the
deviations can be of either relative sense, greater or smaller. Similar
calibrations can also be formed for divalent metals and so forth by more
detailed perusals of ref [12] than we here have the space to pursue. It may be
helpful to note, however, for any who wish to consider this theme further, that
the above discussion presumes the attenuation to be linear in the frequency.
For sufficiently impure metals this is not observed; instead the attenuation
varies as the square of the frequency rather than the first power [8]. hile
for this different regime the theoretical result can still be used to eliminate
the Fermi velocity, as carried out above, the ultimate expression for B in
this case depends non-linearly upon the electrical resistivity of the material
as well as on the attenuation, and so the essential attractive simplicity of
eq. (1) is lost.

Though there have been attempts in the literature to boost the numerical
estimate of Be by one ruse or another using some manipulation of free electron
theory and isotropic continuum elasticity, none have earned any degree of
credulity. To advance the theory to any significant extent, it is necessary at
the least to include the complexities of ultrasonic attenuation for real metals
(12]. Moreover, it would seem equally important to consider the dicrete atomic
nature of the solid and use the body force distribution corresponding to such
an object, instead of that for a continuum. In this context, there seems no
compelling logic behind the use of arbitrary core cut-off procedures that are
occasionally invoked (51, and model excitation spectra that incorporate the



associated dispersion in the spectra of excitations appear to have mainly
illustrative value until justified more closely. An example which reinforces
these remarks is that of the interaction between two vacancies. In continuum
elasticitv, this is zero at any finite separation. Within the framework of
lattice statics, however, it varies inversely as the fifth power of the
separation [13]. Continuum elasticity theory, but with the appropriate body
forces distributed at discrete lattice sites, reproduces this dependence but
gives an interaction of magnitude too large by a factor of (4/3), (14]. The
reason for this discrepancy is that the phonon dispersion inherent in a true
lattice model is not properly included in the latter treatment. The moral for
the present problem is apparent therefore: the correct dislocation form factor
[2], the correct dispersion, the proper lattice-electron deformation coupling
at the Fermi surface and the appropriate Fermi surface topology all require
careful attention if significant improvement over eq.(l) above is to be
attained.

Much detailed work remains to be done. However, by now there appears to be
fairly universal agreement that the independent approaches (but common result)
developed by Holstein and Kravchenko are basically correct. An early attempt
[15] to link the drag with the kinetic theory (local) viscosity, and hence with
the conductivity for spatially uniform electric fields, is no longer considered
tenable. An alternative approach [16], which seeks to link the power
dissipation associated with the drag force acting on moving dislocations to the
Joule heating produced by the resistive flow of an electron gas through a
stationary dislocation distribution, still receives some mention [17], even
though it suffers from the same basic flaws as the kinetic theory local
viscosity model. The correct description of Joule heating is to be found via
the theory of ultrasonic attenuation in metals [8,11], where it is shown that
the appropriate conductivity is rh non-local rather than the uniform field
value. Additionally, the dissipation itself is concentrated near the
dislocation core rather than spread uniformly throughout the entire body.
Atention to both these factors converts the result of ref. [161 to that of e.
(1). Accordingly, we conclude that forms of the drag force that supposedly
follow directly from the dislocation contribution to the electrical resistivi:
'16,18] are theoretically unjustified.

A.D. Brailsford
Research Staff
Ford Motor Company
Dearborn, MI 48124 July 25, 1989



Table 1

Metal Propagation Attenuation/Frequency Ratio
Direction (dB /cm. MHz) Expt/FE

Expt FE

Copper [001] 0.186 0.0985 1.88
[110] 0.072 0.0691 1.03
[1111 0.051 0.0747 0.68

Silver [001] 0.095 0.0811 1.17
[1101 0.062 0.0603 1.02
[ii 0.050 0.0649 0.77

Gold [001] 0.122 0.0531 2.29

[110] 0.093 0.0445 2.09
[111] 0.031 0.0464 0.67

Computed for one electron per atom and the appropriate sound
velocity. (After ref. 12).
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DISCUSSION OF A. BRAILSFORD'S PAPER

D. Widsdor:

What is the absolute magnitude of the electron drag force (coefficient) for Cu?

A. Brailsfordi

The drag coefficient B as a function of temperature (in Cu) was obtained a

member of years ago by Alers and Thompson, who measured the ultrasonic

attenuation of specimens before and after neutron irradiation. (Defects pin the

dislocations, and so remove the (dislocation) contributions).

Their analysis showed that B was consistant with a temperature-

independent electronic part (B,) and a temperature-dependent component (Bph)

arising from vibrational degrees of freedom.

A somewhat similar result has been obtained by Elbaum et al, using a

somewhat different technique, in Al.
In the above experiments it is easily established that the dislocations do not

move over large distances and so experience only "essentially pure" matrix.

(These experimental results and theoretical considerations given in my

manuscript give Be = 10- 5 dyn-s/cm 2).

EL Conrad:

1. Do you expect an electron push coefficient to have the same magnitude as an

electron drag coefficient?

2. Does an electron-phonon-dislocation effect occur when an electric current

(drift electrons) is passed through a metal specimen?

A. Brailsford:

1. In a free electron gas and a dislocation in an isotropic elastic continuation

the force should depend only upon the relative velocity of the dislocation and

the gas.

* 2. In higher order perturbation theory there may be processes linking BraBra



Brailsford's Paper (Continued)

electronic and vibrational processes. I do not know of any work directed

towards this topic.



Electromigration-Caused Deterioration of Metallic Stripes-

A Computer Simulation

H.B. Huntington

Physics Department

Rensselaer Polytechnic Institute, Troy, New York

Electromigration as an observed phenomenon dates back to 1871, well over a
century ago. It is commonly restricted to current induced mass motion in metals and
semi-conductors, materials which ordinarily conduct by electrons or holes. If the mass
motion is that of an impurity, the effect can be observed through chemical analysis, but the
motion of the matrix atom can be followed by the use of radioisotopes or the study of
specimen shape changes.

The basic mechanism for the transport of matter consists in the momentum
exchange between the charge carriers (electrons and holes) and the ions of the material. It
has become customary to resolve the force exerted by the electric field on the ions into two
components the above-mentioned "wind" force, arising from the momentum exchange. and
the "direct" force arising from the electrostatic interaction with the charge of the ions.
This is a simplistic view (1,2) of quite a subtle theoretical problem which has challenged
several outstanding theorists (Friedel (3), Peierls, Sorbello (4), Landauer (5), Sham (6),
Shaich (7), and Gupta (8)) to employ sophisticated treatments to attain a more complete
and basic understanding of the problem.

Various measurements have been employed to obtain tie strength of the

electromigration driving force for bulk materials, usually expressible in terms of a Z . the
effective charge number that the moving ion would appear to have in the applied electric
field for the observed force. The technological interest in the bulk behavior was limited to
specimen purification (9) and filament failure (10). The development of thin film
integrated circuitry, however, revealed a really serious technological problem related to the
failure through thin-films, electromigration of the connecting metal stripes of the
component networks (11). Initially the metal stripes were aluminum. From the
temperature dependence of the failure rate it was immediately apparent that grain
boundary motion rather than bulk diffusion was the avenue for mass transport. The
problem attracted wide attention and intense technical effort.

To prevent regions of void formation and alternatively mass accumulation.
uniformity of morphology in the stripe was valuable. Grain boundary intersections were
possible sources of trouble. Increasing grain size helped but going to the limit of bamboo
structure (chains of single crystals with boundaries roughly perpendicular to the stripe)
may improve the average strip lifetime but also lowered the time of first failure by
increasing the variation in strip lifetime (12). The most effective remedial measure of a
decade ago was to allo, the aluminum with 2-4% copper (13). Although impurities tend.
in general, to increase bulk diffusivity, the opposite is true for grain boundary diffusion. Of
the several alloying agents (14) tried in aluminum copper appears to be perhaps the most
effective agent in slowing diffusion. Ten to hundred-fold increase in stripe lifetime can
result. However, the electromigration failure problem has a way of resurfacing and this has
been particularly true in the present trend toward greater miniaturization. If 1 jim wide

* lines are under development today, it will be 0.5gjm lines for tomorrow. Presently other

I



* higher melting point materials than aluminum, such as noble metals and silicides, are being
explored and in particular composite films are under investigation. A low melting-point,
high conductivity metal is combined with a high melting-point metal sublayer, which
supplies electrical continuity at the failure regions of the good conductor (15).

The problem of adequate pretesting the lifetime of a particular set of stripes lies in
the need for an accelerated procedure. This can be accomplished by performing the testing
at elevated temperature and electric field so that electromigration damage equivalent to
several months or year of actual use can be simulated by a few hours of testing. For
quantitative scaling one needs to know a reliable value for the activation energy for the
diffusion mechanism involved and the exponent in the power dependence of the damage on
electric field (16). The diffusion activation energy is around 0.5 ev but really has to be
measured independently for each metal alloy. It has been customary to take the damage

rate to be proportional to En where E is the electric field and n is the before-mentioned
exponent. Customarily n is thought to be about 2 but values of 5 and 6 have been
observed in cases of high over-voltage. The National Bureau of Standards is developing an
apparatus and procedure for obtaining a standardized stripe lifetime. The question as to
the best value for n has proved troublesome. Another approach to predicting long term
reliability, which has shown promise, is to measure the low frequency electrical noise (-,
1/f) in the stripes (17). Apparently the cause of this noise is in many cases microscopic
events such as the jumping of an atom in a grain boundary and the extent to which these
occur is a good indicator orincipient stripe instability.

Because of the considerable technological importance of stripe stability, any
approach which promised a better understanding of the action of electromigration has
appeared worth pursuing. With this in mind there have been several investigations
(18-21) using computer simulation. In the effort that we have developed our approach has

* tried to involve the actual grain boundary structure and to avoid gross approximations.
The first task was the generation of a suitable grain boundary structure. We

assumed the stripes are essentially two dimensional structures with pronounced (111)
textures and widths varying over a wide range. The grain boundary network was
constructed by the Voronoi method (22). This method consists of laying down a set of
random points to act as nucleation centers for the grains. One then constructs the
perpendicular bisectors of lines joining neighboring points. These lines are the grain
boundaries. The orientations of the respective grains are then randomly assigned and the
intergranular mismatch noted since these will be taken into account in arriving at the grain
boundary diffusivities.

The next stage was to simulate a sort of annealing by allowing the vertices (grain
corners) to move so as to decrease the resultant surface tension. A simple dislocation
model was employed for the grain boundaries to calculate the diffusivities and grain
boundary energies. This procedure had some effect on the susceptibility to damage by
electromigration since both surface tension and diffusivity increase with intergranular
mrisorientation. *These highly misoriented grain boundaries are those whose extent are most
directly reduced by stress minimization. Overall we shall see that stress relaxation does
reduce the damage caused by electromigration.

Next the actual process for electromigration is simulated first for a specimen with a
free surface and then for the more important case of a specimen with a covering passivating
layer which prevents diffusion of matter over the surface. The first situation results in a
steady transfer of matter from the voids to the free surface of the stripe and the second
ends in a static situation wherein the matter flows become balanced out. Electromigration
causes stripe failure by open circuits resulting from voids or short circuits caused by
hillocks. We do not follow our simulation into the later stages of deterioration when voids
have made the current density inhomogeneous and temperature and diffusivity are no
longer uniform. We prefer to concentrate on the earlier stages of the process where one is
concerned with the prediction of final failure rather than its occurrence.



The grain boundary network is made of connecting segments and vertices which are
the points of segment joining. It is at the vertices that transport of electromigration is
unbalanced. At some the net flux of matter will be positive and at the others the net flux
will be negative (outward) resulting in voids. Since matter can not concentrate at a point.
the positive vertices will feature an outward diffusional flux. Electroinigration will also
function along the segments but its influence will be appreciably smaller than the
diffusional flow. The model envisions strong electromigration effects at the vertices and
diffusion only down the segments. The basic equation for matter flow is

dt. = V D fVc(v,t) - A c(r,t)1

where A is a constant related to the electromigration force.
We now apply this model to the case of the free surface. After a short transient

period a steady state develops in the segments where D is constant and V2 c = 0. The
concentration c(x,z) shows a hyperbolic function in x, the coordinate along these grain
boundary, but varies as sin xz/2d where z is measured perpendicular to the free surface and
d is the thickness of the stripe film. Some of this matter flow spills over into these (-)
vertices, where the voids are developing, but in general this flow is insufficient to halt the
increase of the voids. The picture is one of uniformly increasing matter on the free surface
and increasing voids. Eventually the model breaks down because of the assumption of
homogeneity of temperature and current density. Monitoring the total void volume after a
fixed time gives a good measure for comparative purposes. For example the equilibrated
stripe showed only about 60% of the total void volume developed in the untreated Voronoi.
run under otherwise the same conditions.

Electromigration for the passivated stripe involves a considerable more complicated
analysis than for the free surface, principally because the matter builds up near the (+)
vertices instead of extruding to the surface as in the preceding case. We chose to construct

our solution from combinations of the function. (x)3 + 6D t X which is a solution of the

diffusion equation. Nevertheless our solution can not be exact and we must decide what
aspect it should clearly display. It is important that matter be conserved,, that the excess
matter in the segments equal the void volume. In each case the change of excess matter
void volume per unit time equals

ElF i- ES.O. j ,
1 j

where Fi is the inward electromigration flux at the ith vertex and SO. is the flux of matter

which spills over into the jth void. In pursuing the time-wise development of the
simulation we find that initially many small voids are formed but are later filled by the
diffusion flow from nearly (+) vertices.

In summary we face the question as to what basic insight the simulation affords
that could not have been deduced initially. We should like to point out that these are still
many promising avenues that the simulation has open for future pursuit - effect of fracture
of the passivation, development of short circuiting extrusions, pulsing and a.c. operation.
and void motion under electromigration. Even at this stage, however, at least two
interesting results have been developed. As in the preceding paragraph it has been shown
why some voids appear and then disappear. A second result, demonstrated so far only for

* the free surface, is that annealing can improve resistance to electromigration more
effectively than could be expected simply from the grain growth.

3
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DISCUSSION OF H. B. HUNTINGTON'S PAPER

H. Conra

What effect on electromigration can one expect when the specimen is exposed

to an external electrostatic field compared to an electric field applied by electrode
attachments directly to the specimen which gives an electric current?

]L IL Huntingto=

Since I have no experience with external electric field on IC interconnects, I
really have no basis for prediction. It might be an interesting experiment.
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ELECTRIC FIELD EFFECTS OBSERVED THROUGH HIGH RESOLUTION X-RAY DIFFRACTION

BY K. LAL (Nal. Physical Laboratory, New-Delhi, India) AND COWORKERS

reported by

D. Kuhlmann-Wilsdorf
Department of Materials Science
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Since before 1981, K. Lal and co-workers have studied effects of electr-

ic fields on non-conductor crystals, employing an ultra-high resolution X-

ray diffraction technique developed in the Indian National Physical Labora-

tory (1-6). The studies have been conducted principally on silicon single

crystal wafers of high perfection (7-12) but also have involved LiF and CdS

crystals (7,12).

Mostly, the observed effects of electric fields on the crystals can be

explained in terms of (i) heating effects and (ii) the establishment of

filamentary rather than homogeneously distributed current flow (due no doubt

to the fundamental mutual attraction of parallel current flow lines). How-

ever, a more subtle effect suggested by the results is that of reorientat-

ion of atoms whose electron charge distribution is not spherically symmetri-

cal (13).
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INTERACTION OF HIGH-INTENSITY ULTRASONIC WAVES WITH SOLIDS

Robert E. Green, Jr.
Materials Science and Engineering Department

The Johns Hopkins University
Baltimore, MD 21218

Introduction

The fact that ultrasonic waves of sufficient intensity
influence the physical properties of solid materials has
been known for many years. However, it was not until Blaha
and Langenecker (1), in 1955, reported that the
superposition of high-intensity ultrasonic vibrations caused
a marked decrease in load on zinc crystals which were
undergoing tensile elongation, that modern scientific
investigation of the influence of high-intensity ultrasound
on metal deformation was initiated. They constructed an
apparatus which permitted zinc single crystals to be exposed
to high intensity ultrasound during a tensile test. The
zinc crystals, tensile grips, and specimen holding frame
were suspended in a glass tank filled with carbon
tetrachloride. The bottom of the tank was coupled to an
ultrasonic generator operating at 800 kHz with a maximum
power output of 25W (2 W/cm ). The results of these first
experiments are shown in Fig. 1. Curve A shows that
intermittent application of high intensity ultrasound
reduced the tensile stress by about 40% and that upon
termination of the ultrasound the tensile stress returned to
the value it had prior to ultrasound application.

During the following years high-intensity ultrasound
has found practical application in welding, machining,
drawing, forming, grain refinement during solidification,
diffusion enhancement, accelerated fatigue testing, and
stress relieving. However, explanations are still necessary
as to how the proper application of high-intensity
ultrasound causes three major effects on the mechanical
deformation of metals, namely work softening, work
hardening, and reduction of friction between tool and
workpiece. Of particular interest to metal deformation
processes is the phenomenon that metal single crystal and
polycrystalline specimens undergoing tensile deformation
experience a "softening" effect resulting from superimposed
high-intensity ultrasound.
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Literature Survey

In 1975 Green (2) published a review article which
summarized the experimental observations of the ultrasonic
"softening" effect up to that time. The conclusions reached
with respect to the "softening" effect are as follows. The
amount of stress reduction experienced by a specimen
undergoing uniaxial tensile elongation was observed to be
directly proportional to the intensity of the ultrasound and
independent of frequency over the range 15 Hz through 1.5
MHz. More thermal energy than ultrasonic energy is required
to produce the same stress reduction. The effect is
independent of test temperature over the range 30 through
500 deg C. Most investigators agreed that the "softening"
effect is more pronounced after yield in the plastic region
of the stress-strain curve. Upon removal of the ultrasonic
vibrations, the applied tensile stress returns to the value
it would have attained in the absence of ultrasound.
However, the elasticity involved does not always appear to
be linear, since the reduction in tensile stress and return
to the non-vibration value is often not instantaneous and
indicates a time dependence.

A number of mechanisms were set forth to explain the
"softening" effect. The most prevalent explanation among
the various investigators is that of simple superposition of
alternating ultrasonic stresses on the externally applied
static stress. Investigators holding this view have used
mechanical calculations based on 7inear elasticity theory to
account for the magnitude of tne ,ress reduction. These
theoretical calculations show that the ultrasonic stress
amplitude is a function of Young's modulus, which is assumed
to remain constant throughout the course of the experiment.
Some investigators have also assumed that the ultrasonic
vibration amplitude, vibration frequency, and velocity of
sound in the test specimen also remain constant.

However, Langenecker and associates claimed that the
observed effects are due to the creation and movement of
dislocations caused by the additional energy supplied by the
high-intensity ultrasonic field. Although the conventional
mechanisms of resonance, relaxation, and hysteresis by which
dislocations can absorb energy from an ultrasonic wave were
rejected for various reasons, Langenecker suggested that the
actual mechanism was localized heating in regions around
dislocations and other imperfections when the ultrasonic
waves are scattered. Moreover, he stated that acoustic
heating and high-temperature fracture of metals present
strong evidence for drastic changes in Young's modulus
during application of high-intensity ultrasound.
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Theoretical Considerations on High-Intensity
Ultrasound Softening of Metals

In order to determine some possible explanations for
the observed experimental results, Green (2) considered the
relatively simple case of a metal specimen subjected to a
tensile test at a constant rate of elongation. Following
Gilman (3), he regarded this type of test to be such that a
rigid crosshead moves at a fixed speed and one end of a test
specimen is attached to it and pulled. The other end of the
specimen is attached to a load-cell which contains a stiff
spring whose calibrated linear elastic deflection is
measured and used to determine the axial force acting on the
test specimen. An equation describing the behaviour of the
machine-specimen interaction was derived by considering the
various displacements of the system at a given time. The
final equation for the axial stress on the specimen
subjected to the tensile stress is

Al(< + /E

where S = crosshead speed, t = time, Ep= plastic strain,
. = specimen length, A = cross-sectional area of specimen,
K = compliance of load-cell spring and frame of tensile test
machine, E* = effective Young's modulus for specimen.

For a constant displacement tensile test St always
increases with time and K remains constant, while the cross-
sectional area A can only decrease; therefore, in order for
there to be a stress decrease, one or more of the following
must occur:

(a) I increases

(b) E* decreases

(c) r increases

Let us consider the possibility of each of these events in
turn.

Increase in Length:

Since we are considering a constant crosshead
displacement tensile test, the relative motion between the
crosshead and the load cell determines the length of the
specimen. In the event that the superposition of high-
intensity vibrations causes the length to increase, while
the crosshead is moving at a speed too slow to accommodate
this increased length, then the force on the load cell



4

spring would be decreased and a stress drop would be
indicated on the stress-strain curve.

Decrease in Effective Young's Modulus:

Green (4) published a review of the low-intensity
ultrasonic investigation of the mechanical properties of
solid materials, which included a detailed account of both
linear and non-linear elastic wave propagation. In this
publication equations were given for the velocity of
propagation of both low-intensity longitudinal and
transverse ultrasonic waves propagating in a homogeneous,
isotropic solid material in a directing which coincided with
the direction of an externally applied tensile stress.
Using these equations an expression for the effective
Young's modulus of the solid in the stressed state was
derived. This expression showed that, based on non-linear
elastic considerations alone, the effective Young's modulus
varies in a linear fashion with the applied tensile stress.
Moreover, since for all common metals the third-order
elastic moduli are negative and from 3 to 10 times larger
than the second-order moduli, non-linear elastic theory
predicts that the effective Young's modulus should decrease
in a linear fashion with increasing applied tensile stress.

Using typical values of the second- and third-order
elastic moduli for the case of polycrystalline copper, the
numerical value for the effective Young's modulus in the
unstressed state was calculated. A numerical value for the
imposed tensile stress was chosen which was identical in
magnitude to the stress reduction observed by Pohlman and
Lehfeldt (5) during the fourth application of high-intensity
ultrasound in their work. For this case the percentage
decrease in the effective Young's modulus for the specimen
in the stressed state was calculated to be 0.7%.

Another factor which can cause a decrease in the
effective Young's modulus is an increase in temperature of
the test specimen. Consideration of the case of
polycrystalline copper showed that a temperature increase of
20.6 deg K is required to decrease the effective Young's
modulus by 0.7%.

A third factor which can cause a marked decrease in the
effective Young's modulus of a metal is the non-linear
effect associated with the motion of dislocations which can
take place at very low stress levels, even in the
macroscopic elastic region of a conventional stress-strain
curve. It should be pointed out here that the term
macroscopic elastic range is used because, if sensitive
enough detectors are used, it is found that the region of
the tensile stress-strain curve normally considered to be
linear elastic actually contains non-linear elastic and even
plastic contributions. Numerous experimental investigators
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have shown that deformation of a metal specimen either by a
continuously applied stress or by alternating stresses above
a certain threshold amplitude causes a marked decrease in
the experimentally measured effective second-order elastic
moduli, including the effective Young's modulus.

Increase in Plastic Strain;

It has been amply documented in the literature that the
application of stresses of sufficient amplitude will cause
dislocation motion, multiplication, and permanent plastic
deformation. All papers and books published on plastic
deformation of metals since 1930 amply attest to this fact.
The exact mechanism or mechanisms as to how high-intensity
ultrasonic waves interact with dislocations and cause them
to move, multiply, and interact, is unknown. However, there
is no question that ultrasonic waves of sufficient amplitude
to cause permanent plastic deformation can no longer be
regarded as linear elastic waves and theories based purely
on linear elasticity will not satisfactorily explain the
observed experimental results.

Summary of Theoretical Considerations:

Several possible mechanisms have been discussed which
may result in a stress reduction caused by the superposition
of high-intensity ultrasonic vibrations on a metal specimen
subjected to a constant displacement rate uniaxial tensile
test. In some cases the experimental results suggest that
the effects observed are actually elastic in origin and due
simply to stress superposition, that is the ultrasonic
vibrations cause the specimen length to increase lowering
the force measured by the load cell, which in turn,
indicates a dtin in the appld tensile stress.
However, the elasticity involved, even in these cases, does
not always appear to be linear, since the reduction in
tensile stress and return of the tensile stress to the non-
oscillatory value is often not instantaneous and indicates a
time dependence either due to non-linear elastic or plastic
effects.

The effective Young's modulus (the actual modulus of a
real material) of metal is far from actually being a
constant and during mechanical deformation non-linear
elastic effects occur causing elastic moduli to decrease
even in defect free materials. The presence of crystalline
lattice defects, such as diclocations, causes an even
greater non-linear decrease in the elastic moduli and a
decrease (usually linear) may also be caused by a
temperature increase in the test specimen.

Ample experimental evidence exists which shows that
ultrasonic waves of sufficient intensity can interact with,
move, multiply, and cause dislocations to interact. The
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fact that all of these effects occur in certain regions of a
test specimen and not at others is simply a manifestation of
the inhomogeneous nature of plastic deformation of metal
specimens which has been extensively documented in the
literature. This interaction between ultrasonic waves and
dislocations can cause a non-linear change in the elastic
moduli and tensile stress reduction by increasing the amount
of plastic strain.

Experimental Investigation of High-Intensity
Ultrasonic Softening Mechanisms

Mignogna and Green (6-9) developed a multiparameter
system which permitted simultaneous measurement of a number
of quantities to test the proposed mechanisms for the
influence of high-intensity ultrasound on the mechanical
properties of metals. The parameters, which were either
controlled or measured during tensile elongation and/or
high-intensity insonation, were applied tensile load,
specimen elongation, electrical power supplied to high-
intensity ultrasonic (20kHz) horn, contact force between
ultrasonic horn and test specimen, insonation time, specimen
temperature distribution, vibrational amplitude of the test
specimen, low-intensity ultrasonic (8MHz) wave velocity
(directly related to elastic moduli) and attenuation
(directly related to dislocation motion).

A block diagram of the entire multiparameter system is
shown in Fig. 2 and a schematic diagram of the specimen test
configuration is shown in Fig. 3. A steel cage served to
grip the upper end of the test specimen and couple it to the
load cell of a tensile test machine. A second steel cage,
which was bolted to the moving crosshead of the tensile test
machine, gripped the lower end of the test specimen and also
contained the mount for the high-intensity ultrasonic horn
converter assembly. Control and measurement of the applied
tensile load was accomplished with standard instrumentation
incorporated with the tensile test machine.

The high-intensity ultrasonic horn converter assembly
was mounted in the lower steel cage in such a manner that it
had freedom of movement along the tensile axis within the
confines of the cage itself. Postioning of the horn
assembly was accomplished with two steel guide tubes and a
screw, which was threaded into the bottom plate of the lower
grip cage and passed through the tensile test machine
crosshead. The screw was attached to the horn assembly
mount by a shoulder bolt which permitted the screw to turn
freely while moving the mount either up or down. Once the
test specimen was in place in the cage grips, the high-
intensity ultrasonic horn converter assembly was positioned
so that the tip of the catenoidal horn was in contact with
the bottom of the test specimen. On the lower side of the
crosshead a pulley fastened to the horn assembly positioning
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screw, combined with a system of additional pulleys and a
weight pan, permitted a constant torque to be applied to the
screw. The screw, in turn, converted this torque into a
constant contact force between the ultrasonic horn tip and
the bottom of the test specimen.

The insonation period of the high-intensity ultrasonic
unit was controlled by a timing circuit inserted in the
power supply, which permitted the insonation period to be
continuously varied from 0.03 to 6.03 sec. Longer
insonation periods were obtained by switching to manual
control. An x-cut quartz transducer, possessing a resonant
frequency of 8 MHz, was acoustically coupled to the flat
upper end of the test specimen with a light oil and clamped
in place. The clamping fixture maintained constant contact
pressure between the transducer and specimen end face. The
transducer was electrically connected through an impedance
matching network to an ultrasonic pulse-echo system.
Measurements of elastic wave velocity directly yielded
information on the variation of the effective Young's
modulus as a function of tensile elongation and application
of high-intensity ultrasound. The same system permitted
simultaneous measurement of ultrasonic attenuation, which
served as a monitor of dislocation motion.

In the early experiments the temperature of the test
specimens was monitored by attaching thermocouples to the
central region of the specimen gauge length. In later
experiments the temperature distribution over the entire
gauge length was continuously monitored with an infrared
radiometric television system.

Confirmation of Previous Work:

One of the first tests was to essentially reproduce the
type of experiment reported by most previous investigators,
namely to apply high-intensity ultrasound to a metal
specimen which is undergoing tensile elongation. Figure 4
presents load decrease data obtained from an aluminum single
crystal. Each load drop was produced by an 0.03 sec
application of high-intensity ultrasound at constant horn
power. Comparison of the dashed curve drawn through the
minimum loads attained during the high-intensity insonation
and the "conventional" curve obtained during t isile
elongation reveals that they diverge. This divergence shows
that the high-intensity ultrasound caused load drop was not
constant for constant 4ltrasonic horn power and insonation
time, but increased with increasing plastic strain.
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Low-Intensity Ultrasound Measurement of
Effects of High-Intensity Ultrasound:

In order to attempt to separate the combined effects of
tensile loading and application of high-intensity ultrasound
some of the parameters enumerated above were monitored
during application of high-intensity ultrasound to a test
specimen, without simultaneous tensile elongation. As shown
in Fig. 5, an aluminum single crystal subjected to high-
intensity ultrasound for various insonation time periods
exhibited changes in specimen length and low-intensity
ultrasonic velocity and attenuation each time the high-
intensity ultrasound was applied to the test specimen.
However, in the case of some polycrystalline aluminum
alloys, although an apparent softening occurred during
similar tests, a drastic decrease in ductility was observed
and found to be a function of the intensity of the high-
intensity ultrasound, decreasing to as little as one percent
in some cases. Scanning electron microscopy revealed a
significant difference between the fracture surface of
specimens loaded in tension only and those with superimposed
tensile and high-intensity ultrasound loading.

The ultrasonic attenuation results, as shown in the
lower portion of Fig. 5, provide strong evidence for the
ability of sufficiently high-intensity long wavelength
ultrasound to physically interact with and move
dislocations. Figure 6, taken from the work of Sachse and
Green (10), is typical of the results obtained by many
researchers illustrating the extreme sensitivity of low-
intensity ultrasonic attenuation measurements to dislocation
motion. This figure shows the results of an experiment with
an aluminum single crystal, which was loaded to 180 kg, well
into the plastic region of the stress-strain curve, and
unloaded. Then the crystal was reloaded to 60 kg and
maintained at this load for one minute, unloaded to 45 kg
and maintained for one minute, unloaded to 30 kg and
maintained for one minute, unloaded to 15 kg and maintained
for one minute, and finally unloaded completely. Upon
subsequent reloading to 70 kg and unloading, the ultrasonic
attenuation displayed dips at those load values which had
been maintained for the one minute periods during the
previous load-unload cycle. Note that even though the
ultrasonic attenuation "remembered" the discontinuous nature
of the prior load-unload cycle, the load-time curve (or
equivalently the stress-strain curve) gave no indication of
it. The observed results were attributed to the pinning of
dislocation loops by point defects which were preferentially
located at the position they occupied when the load was
maintained constant for the one minute intervals. Upon
reloading, these point defects pinned the dislocation loops
again when the dislocations arrived at the location of the
point defects thus causing the dips in attenuation. These
results show that ultrasonic attenuation measurements are
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extremely sensitive to dislocation motion as well as the
interaction of dislocations with point defects. The
similarity of the first change of ultrasonic attenuation
versus time plot in the lower left portion of Fig. 6 and the
change in ultrasonic attenuation versus time plot in the
lower part of Fig. 5 provides strong indirect evidence that
both results are due to dislocation motion.

Infrared Thermoaraphv:

As shown schematically in Fig. 7, infrared thermography
scans of the test specimens' surfaces revealed extremely
rapid temperature increases at the point of attachment of
thermocouples to the specimens' surfaces, which cast doubt
on most past temperature measurements and which has
undoubtedly led to misunderstanding about the mechanism
causing specimen heating (11).

Half-wavelength single crystal and fine-grained
polycrystalline specimens exhibited pronounced heating at
displacement nodes, while similar specimens of non-resonant
length were observed to heat only at the horn/specimen
interface. High-intensity ultrasonic insonation also
induced localized heating at displacement nodes in brass,
copper, and steel specimens of resonant length. These
observations are in agreement with elasticity theory.
Localized hot regions were also detected at saw-cuts,
drilled holes, fatigue cracks, and grain boundaries (11).

Subsequently, several large-grained zinc specimens
subjected to high-intensity ultrasound were observed to heat
excessively at certain large grains. One specimen bent
plastically into a curved shape as a result of the
interaction of the high-intensity ultrasound with the grain
microstructure (7).

X-ray Diffraction TopoQraphy:

X-ray topography is the name given to several x-ray
diffraction techniques which permit direct observation of
lattice defects both on the surface and in the bulk of
single crystals. Defects ranging in size from dislocations
upward may be imaged over large areas of crystal specimens.
These techniques have been reviewed in several publications
(12-13). One of the primary advantages of x-ray topography
is that not only can crystal surfaces be examined in the
reflection mode, but relatively thick crystal specimens can
be investigated in the transmission mode, particularly with
the use of synchrotron sources. Moreover, x-ray topography
can be used to examine materials which are damaged by the
electron beam in conventional electron microscopy and unlike
electron microscopy the specimens can be examined in air or
other atmospheres.
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Although these techniques are unique in that they
yield information about the defect structure, down to the
size of individual dislocations, throughout the volume of
fairly thick crystals, the exposure times required when
using conventional x-ray generators and techniques often run
to hours or even days for recording a single image.

Synchrotron X-ray Topography:

The Synchrotron Topography Project (STP) was
established in 1979 as a Participating Research Team (PRT),
with the present author serving continuously since that time
on the executive committee. The goal to construct an x-ray
topography station on the 2.5 GeV National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory was attained
on beam-line X-19C (14). This station is the only one at
NSLS fully dedicated to synchrotron topography with general
purpose peripheral equipment suitable for in-situ
experiments. The two principal instruments consist of a
white beam camera and a multiple crystal monochromatic beam
camera. Recent use of this synchrotron source for x-ray
topography has permitted film exposure times to be reduced
to seconds and replacement of film with state-of-the-art
electro-optical detectors has permitted exposure times to be
reduced even further to milliseconds (15-18).

In order to obtain more direct evidence of high-
intensity ultrasound interaction with dislocations, an
aluminum single crystal of resonant length was subjected to
high-intensity ultrasound so that a displacement node, and
hence strong plastic deformation, would be expected to occur
at the mid-section. Subsequently, white beam transmission
x-ray topographic images of the mid-section were obtained at
the National Synchrotron Light Source at Brookhaven National
Laboratory (19). The extreme asterism and inhomogeniety
observed in the resulting x-ray diffraction images clearly
indicated that high-intensity ultrasound caused severe
plastic deformation and lattice bending throughout the
volume of the mid-section (Fig. 8).

Summary of Experimental Results:

Hot zones detected at saw-cuts, drilled holes, fatigue
cracks, and grain boundaries, coupled with the bending of
the large grain polycrystalline zinc specimen, the
ultrasonic attenuation measurements, the scanning electron
microscope observations, and the white beam synchrotron x-
ray topographic images clearly indicate that high-intensity
ultrasound can interact with material inhomogeneities many
orders of magnitude smaller than the ultrasonic wavelength,
e.g. dislocations.
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* Conclusions

Although many practical applications of high-intensity
ultrasound for mechanical deformation and stress relieving
of metals have been reported, no completely satisfactory
theory explaining all details of the experimental
observations has yet appeared. This paper has reviewed some
theoretical considerations, has described some of the
experimental observations, and has shown that ultrasonic
waves of sufficiently high-intensity can definitely interact
with and move dislocations causing plastic deformation of
metals. Moreover, it has been shown that the interaction of
high-intensity ultrasound with the microstructural features
of metals causes localized heating to occur.

Although, some progress has been made, additional
experimental and theoretical research is necessary in order
to fully understand the interaction of high-intensity
ultrasound with metals and as a result optimize practical
applications of high-intensity ultrasound to metal forming,
joining, and stress (strain) relieving operations.
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FIGURE CAPTIONS

Figure 1. Effect of superimposed high-intensity 800 kHz
ultrasound on the tensile deformation of a zinc
crystal.
A-intermittent application of ultrasound
B-continuous application of ultrasound
[after Blaha and Langenecker (1))

Figure 2. Block diagram of multiparameter measurement
system.
[after Mignogna and Green (6)]

Figure 3. Schematic diagram of specimen test configuration
A-moving crosshead, B-bottom grip cage, C-upper
grip cage, D-mount for ultrasonic horn converter
assembly, E-guide tubes, F-horn positioning
screw, G-lower plate of bottom grip cage, H-
pulley, I-converter, J-booster, K-catenoidal
horn, L-specimen, M-split conical clamps, N-LVDT
fixture and positioner, O-8Mhz quartz transducer,
P-transducer holder.
[after Mignogna and Green (6)]

Figure 4. Effect of superimposed 20kHz high-intensity
ultrasound on the tensile deformation of an
a3uminum crystal. The load drops were caused by
a sequence of 0.03 sec insonation periods at the
same ultrasonic power level.
[after Mignogna and Green (7,9)]

Figure 5. Change in specimen length (Al ), % change in low-
intensity ultrasonic velocity (&r/l), and change
in low-intensity ultrasonic attenuation (LoAS) as
a function of time for insonation of an aluminum
single crystal subjected to high-intensity 20kHz
ultrasound for various time periods.
1-0.03 sec, 11-0.63 sec, 111-1.23 sec
IV-l.83 sec, V-2.43 sec, VI-3.63 sec.
[after Mignogna and Green (7-9)]

Figure 6. Load versus time and change of ultrasonic
attenuation versus time plots obtained during a
load-hold-unload-hold sequence (left) followed by
a reload-unload sequence (right) conducted on an
aluminum single crystal.
[after Sachse and Green (10)]

Figure 7. Schematic diagram showing heat generated at a
thermocouple epoxied to the surface of a non-
resonant fine-grained polycrystalline aluminum
specimen caused by high-intensity ultrasound.
[after Mignogna et al. (11)]
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Figure 8. Optically enlarged image of a synchrotron white
beam x-ray diffraction spot showing evidence of
plastic deformation in an aluminum single crystal
caused by high-intensity ultrasound.
[after Green (19)]
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B-continuous application of ultrasound
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Figure 3. Schematic diagram of specimen test configuration
A-moving crosshead, B-bottom grip cage, C-upper
grip cage, D-mount for ultrasonic horn converter
assembly, E-guide tubes, F-horn positioning
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P-transducer holder.
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Figure 8. Optically enlarged image of a synchrotron white
beam x-ray diffraction spot showing evidence of
plastic deformation in an aluminum single crystal
caused by high-intensity ultrasound.
[after Green (19)]



Workshop on "High Intensity Electromagnetic and Ultrasonic Effects on Inorganic

Materials Behavior and Processing"

PLASTOELECTRIC EFFECT IN CRYSTALS

J.C.M. Li

Department of Mechanical Engineering
University of Rochester, Rochester, NY 14627

1. The electroplastic effect:

It is known that dislocations carry electric charges in ionic crystals. As a
consequence, an externally applied electric field can move dislocations and hence
produce plasticity. This is called the electroplastic effect.

Measurementz of electric charges on dislocations by direct observation of etch
pit movements in a d.c. field have been attempted in the past, but all seem to have
involved some uncertainties. For example, Zagoruiko, Savenko and Bekkauer I
measured the lengths of rays (bands of etch pits) of dislocation rosettes produced by a
micro-indentation on a (001) surface of a NaC1 single crystal, both with and without
the presence of an electric field along [100]. While the lengths of screw bands were
about the same (30 and 29 rim) with or without a d.c. field of 2.6 M V rn I indicating
that the screw dislocations are probably not charged, the lengths of edge bands were
about 20% longer (81 and 67, and 79 and 66 im) towards the cathode and about 2%

* longer (68 and 67, and 67 and 66 tim) towards the anode. By using the external stress
needed to produce the same elongation of the bands, they estimated for the edge
dislocations either a positive charge of 2 8 x 10-11 C m-1 or a negative charge of 10%
of that magnitude. It is seen that the difficulty involved in extending the bands only
slightly is that the effect of dislocation interactions within the indentation rosette
may modify or distort the effect of the electric field.

To avoid this difficulty 2 we made an indentation first on the (001) surface of a
KCl crystal containing nominally 88 ppm Ca- +. Then a d.c. field of up to 15 .vnvYm
along (100] was applied. Only edge dislocation bands appeared, extending from the
indentation towards the anode and forming an asymmetric rosette pattern. From the
minimum field needed to produce such edge bands and the yield stress of the crystal,
a charge of-7 x 10-11 C m-1 was obtained for the edge dislocations. Since no screw
dislocation bands appeared, the charge on screw dislocations in KCI was probably
zero.

2. The plastoelectric effect:

If the dislocations in ionic crystals carry electric charges, plastic deformation
which produces a net dislocation flux in one direction will result in an electric
potential difference in that direction. This is called the plastoelectric effect.

Measurement of such potential difference could determine the charges on
dislocations 3.4. To do this a KCI single crystal was compressed in the !0 101 direction
between tilted plates. The disloca.ion charge was found negative in Ca - - doped KCI

* and its magnitude increased with Ca - - conceatration as well as temoerature. For
comparison, the disloca~ions produced at the surface scratch were m, ,ed by the sole
action of an electric field larger than a certain value. The dislocation charges were



obtained from such critical field and from the critical resolved she-.- stress at yield.
The results agreed well with those obtained by the plastoelectric effect. A sweep-up
mechanism for the edge dislocations to collect K + vacancies with thermally activated
adsorption and desorption processes was proposed and found consistent with
experimental observations.

3. The density of mobile dislocations:

In 1934, Orowan 5 proposed his famous equation

t = pbv (1)

between the macroscopic strain rate t and the microscopic parameters of dislocations,
namely, their Burgers vector b, the density p, and the average velocity v. The
geometric factor resolves the shear strain produced by the dislocation motion onto
the measuring direction. If there are several systems operating, the macroscopic
strain r te is the sum of the contributions of all the operating systems. In the half
centur, following his proposal. many progresses have been made. These include the
measurement of individual dislocation velocities as a function of stress 6 and
temperature 7; the measurement of dislocation density as a function of tensile strain
and the relationship between such density and the flow stress 8. Also in this period,
direct observations of dislocation arrangements have advanced from optical
to electron microscopy 9 and dislocation tangling and cell formation were frequent
findings during deformation. Such findings suggested that some dislocations may
not be mobile and that the Orowan equation (1) should be applied only to the mobile
dislocations. As a result, attempts have been made to deal with the problem of how. to identify the mobile ones from the immobile ones, but none was very successful.
The main difficulty seems to be the lack of a. experimental technique to I.ifferentiate
between the mobile and immobile dislocations.

The usual way of avoiding this problem is to do interrupted tests with the hope
that, by suddenly changing one test variable, the microstructural state of the
material including the density of mobile dislocations may be the same before and
after the change. These include the following:

Temperature change tests to obtain the activation enthalpies for

dislocation motion. 10

Pressure change tests to obtain the activation volumes for dislocation motion. Li

Stress change tests to obtain the stress-velocity exponents or the -- tivation
strain volumes. 12

However, all these tests involve the assumption that the density of mobile
dislocations remain the same so that the variation of strain rate reflects only :ae
variation of the dislocation velocity. In some cases, such as the temperature and
pressure change tests, the validity of the assumption is generally accepted beca use
there is a strong correlation between :he a'-tivation parameters obtained and those
for self diffusion. In :he other two cases the validity is still questionable.

It is seen that the state of affairs is not very satisfactory. Without a good
measurement of the density of mobile dislocations. it is difficult to employ :he

* Orowan equation to the various deformation conditions so as to predict the material



* processing behaviors. The lack of such measurement can be considered a major
roadblock in the advance of dislocation plasticity. To see what can be done, it is
reviewed here a recent attempt in measuring directly the density of mobile
dislocations in ionic crystals by taking advantage of the fact that the edge
dislocations carry electric charges in these crystals.

By using the plastoelectric effect and by knowing the electric charges on the
dislocations, it was possible to determine the density of mobile dislocations during
deformation 14,15. This method has the advantage over direct observations which
could not differentiate between mobile and immobile dislocations.

By using this method it was found that the density of mobile dislocations
increases during constant strain rate compression, remains the same during the
strain rate cycling, and decreases to a steady value during stress relaxation. Such
information could not be obtained before.

By using t,-e same method 16, the density of mobile dislocations in gamma-
irradiated LiF was determined by measuring the potential difference developed
between the side surfaces of a specimen while compressing it between tilted plates.
It was found that the density of mobile dislocations in the latent deformation was
about one half of that in the primary deformation and the density in the soft
deformation was about twice that in the latent deformation. Stss-relaxation tests
were performed on unirradiated as well as irradiated LiF singl[ crystals during
primary, latent, and soft deformations. It was found that 90% of latenL hardening
was due to an increase in effective stresses. Similarly, when the slip directions were
reversed, softening was mainly due to the lower internal stresses.
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DISCUSSION OF J. C. M. LI'S PAPER

D. Kuhimann-Wilsdort

Do the dislocations drag their vacancy atmospheres? If so, they transport

charge and are subject to an electric force, but in that case the experiments do not

pertain to ordinary dislocation glide.

J. C. M. Li:

Instead of forming a vacancy atmosphere, we think the vacancies are

condensed onto the dislocation core and form jogs. These jogs can be glissile so

that no diffusion is involved for dislocation motion at low temperatures.

IL Conrad:

Your results are for purely ionic crystals. Would you expect similar effects if

you have crystals of mixed ionic and covalent bonding, or for metallic bonding?

J. C. M. Li:

I expect similar results if the dislocations are charged or effectively charged

and can carry the charges during motion. Crystals with mixed ionic and

covalent bonds may have charged vacancies which can be absorbed by

dislocations. Vacancies in metals may have effective charges because their

motion is affected by a dc current. As a result, dislocations in metals may be

charged also.



THE INFLUENCE OF CHARGE CARRIERS ON DISLOCATION MOTION
IN METALS AND SEMICONDUCTORS

J.M. Galligan, C.S. Kim and T.J. Garosshen
Department of Metallurgy and Institute of Materials Science

University of Connecticut
97 North Eagleville Road, Storrs, CT 06269-3139

Plasticity is at the heart of a multitude of production processes and usages of materials. This
extends from the successful production of high temperature superconductors to light related failures
of electrooptic devices. In the following we present experiments which delineate the role that charge
carriers - electrons or holes - play in the plasticity of materials. We focus on three basic problems of
plasticity of materials:
1. The influence of magnetic fields on dislocation motion. As we shall see this allows us to

establish instantaneous dislocation velocities, a major, and previously unfilled goal.
2. A method of establishing the influence of viscosity on thermally activated processes.

Experimental evidence on the nature of the influence of damping on the surmounting of a barrier
is supplied in the case where dislocations are underdamped. These experiments fill a gap in
treating thermal activation.

3dqe influence of excess charge carriers on the plasticity in semiconducting crystals. In this case
provide evidence for charged dislocations in specific crystals.

Consider a mobile dislocation at low temperatures, where the electrons determine its viscous
drag(l). As a dislocation moves it emits phonons and these phonons are scattered by electrons. The
more the phonons are scattered the slower the dislocations move, since more phonons must be
emitted for continued motion. An interesting and instructive way to demonstrate this is by rotating a
magnetic field through the plane in which dislocations move.

A magnetic field restricts the motion of electrons to helical paths, changing the energy states of
the electrons. By aligning a magnetic field such that it is parallel to a mobile dislocation we alter
the scattering process. This alignment is carried out by rotating the field, at constant magnitude.
through the plane containing the moving dislocations. The arrangement is illustrated in Fig. 1. The
geometry of this problem has been treated by Grishin, Kaner and Fel'dman(2) who show that twc
dislocation velocity regimes are possible ,Fig. 2. For slowly moving dislocations a change in stress,
_c, occurs due to the interaction of the dislocation with the electrons in a helical path. For slowly
moving dislocations this change in stress takes the form of a single peak in stress versus the angle. ,
that the magnetic field makes with respect to the slip plane. If the dislocations move rapidly then
_a exhibits two peaks equidistant from 0 = 00.

In order to observe two peaks, displaced from 0 = 00, the following conditions must prevail, Fig.
1. When a dislocation moves with velocity V it emits phonons which travel through a distance X
V.2 where Q is the cyclotron resonance frequency (given by eH/mc where e is the electronic charge,* mass, H the magnetic field and c the speed of light). If at the same time an electron moving
* helical path scatters the dislocation phonons then this electron will have moved a distance
(V./Qi)0cos6 in the direction of dislocation motion, where V, is the Fermi velocity of the electron. A
large amount of scattering occurs when (V,/Q)0cos8 = V/Q or 0 = V/Vcos5. We know V, to better

I



than 1% and we can measure 0 to better than 1%, so that we can readily measure V, the dislocation
velocity. Fig. 3 presents the observed change in stress versus angle 0. Quite clearly the data
demonstrate that there are a number of maxima showing that more than one velocity is involved in
the plastic deformation process. The measured velocities range from 1 x 103 r/sec to 3 x 10' m/sec.
T r observed peaks are only observed under the following conditions:
lrst the dislocations must be moving, i.e. no peaks are observed in the elastic region.
2. The phonon drag must be small relative to the electron drag; to achieve this the experiments are

carried out at low temperatures.
3. The field must be rotated through an ang, including the slip plane.
These experiments prove that we are measuring dislocation velocities. Further these measurements
are instantaneous values, values which are appropriate to the plastic deformation process.

Another aspect of electrons interacting with mobile dislocations concerns the influence of
viscosity on thermal activation(3). Standard treatments of thermal activation consider a particle, in
free flight, going over a barrier whose energy is consistent with a Boltzmann distribution of thermal
energies. What is neglected in this process is the coupling of the activated particle to the heat bath,
and this coupling affects the particle surmounting the barrier. If there is no coupling of the particle
to the heat bath, then the particle does not get over. If the coupling is extremely strong the particle
is too heavily damped to surmount the barrier without an extensive outside force. We demonstrate
below the influence of viscosity on dislocations surmounting barriers; in thi-, experiment a single
variable is changed, the viscosity, while all other state variables are held constant.

The experiment which demonstrates the influence of viscosity on the:mal activation concerns the
stress relaxation of a plastically deformed crystal. This relaxation process, at low temperatures, occurs
as single particle process and involves two modes, Fig. 4. The first mode is found to be independent
of the dislocation pinning point concentration, Fig. 5. Furthermore, this first mode is affected by the
drag a dislocation experiences. This is shown by performing two relaxation experiments, Fig. 6. As
* n in Fig. 6, when a crystal relaxes in the superconducting state the first mode of relaxation is
i ent than when the same crystal relaxes in the normal state. The only difference in these two

tests is the state of the electrons which only affects the drag on a dislocation.

The third area of research concerns the influence of charge on the motion of dislocations in
semiconductors. In these experiments we inject electrons and holes into a plastically deforming
crystal and observe the change in flow stress, the so-called photoplastic effect(4). We have carried
out experiments for two types of semiconductors, wide band gap materials, such as CdS and narrow
band gap materials such as (Hg, Cd)Te.

In the case of CdS we have measured the temperature dependence of the decay of the
photoplastic effect after irradiation with laser light, which is incidentally of energy less than the band
gap energy. This experiment is carried out such that we pulse the light for 10 seconds or so and
measure two time constants. In Fig. 7 we show the temperature dependence of the time delay. The
first time constant involves the increase in stress, Aa,(T) as a function of temperature. T, while the
second involves the decrease in stress, A (T) as a function of temperature. The activation energies
for these processes are about the same and -surprisingly low, about 0.07 ev.

We have also measured the charge associated with dislocation motion for edge dislocation moving
in the basal plane and in the prismatic plane. In the case of dislocations moving in the basal plane
there is first a measurable charge associated with dislocation motion. Further when irradiated with
light the dislocation charge goes to a very small value if not zero. Irradiating with light substantially
reduces motion of the dislocation. In contrast for edge dislocations moving on the prismatic plane
tM is very little dislocation charge observed. This is in agreement with the idea that charge
cAWrs, introduced by light, interact with charged dislocations. Furthermore, there is an extremely
small photoplastic effect, consistent with this effect being related to dislocation charge.

2



In the case of (Hg, Cd)Te, a narrow band gap semiconductor, we also observe a photoplastic
effect, but this effect has a temperature dependent time delay, t(T). Fig. 8 shows a typical example
while Fig. 9 shows the temperature dependence of this time delay. A simple diffusive model(5)
su-aests that the activation energy associated with this time delay is about 0.4 ev for mercury
cium telluride.

In summary we have illustrated how charge carriers affect the basic aspects of plasticity in metals
and in semiconductors. These experiments provide information on the motion of dislocations in a
variety of materials and provide a method of checking on the basic aspects of thermal activation in
materials. The research on dislocation velocities and drag processes has been supported by the
National Science Foundation, Division of Materials Research.
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' 1. Geometry used in experiment involving the rotation of a magnetic field.
2. The expected change in force acting on a moving dislocation for two dislocation velocity

regimes. a) for slowly moving dislocations, b) for rapidly moving dislocations
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FIG. 3. The observed change in stress as a function of the angle 0 (0 is defined in the text).
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FIG. 5. In this figure we show the presence of two relaxation modes for crystals of different
composition. Note that for short times - for both alloys - the first mode of relaxation is the. same. Experiments carried out at 4.2K.

16. The first mode of relaxation is affected by the drag it experiences, as shown in this figure.
Temperature during experiments 4.2K. SS: Superconducting state, NS: Normal state.
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EFFECTS OF ELECTRIC CURRENT AND EXTERNAL ELECTRIC FIELD ON
THE MECHANICAL PROPERTIES OF METALS-ELECTROPLASTICITY

H. Conrad, A. F. Sprecher, W. D. Cao and XK P. Lu
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Absbmct

The paper reviews the available information on the effects of electric current

and an external electric field on the mechanical properties of metals, including

recent unpublished results by the authors.

The experimental results on the effects of an electric current on dislocation

mobility and mechanical properties at low homologous temperatures (T < 0.5 Tm)

reveal a polarity effect and yield the following expression for the effect of current

Odensity j on the plastic strain rate i
•• n

t/ t = 0/jc)

where j is the strain rate with the current and that without, n = 3 and Jc a

critical current density, which increases with electron concentration ne

according to

J -"C nq
C ae

where q = 2/3 at 300 K and 2/5 at 77 K. The experimental results were evaluated in

terms of thermally-activated motion of dislocations, which gives

I~A-* bj - "GAG A

In IeIn (t 0,o KT) + kTbJ + Jog {2 cosh ~~~~

where o is the pre-exponential, AG* the Helmholtz free energy, A* the activation

area, 'r the effective shear stress and Few the electron wind force per unit length

* of dislocation. The subscript j refers to the value with current. The magnitudes of



the derived values of Few were in reasonable agreement with theoretical

* predictions. However, they decreased with decrease in temperature, which is not

predicted. The observed effects of j on the remaining parameters of the above

listed equation need explanation. Limited data at high homologous temperatures

suggest that the influence of j increases appreciably with increase in temperature

above 0.5 Tm.

An external d.c. electric field has been reported to influence the creep rate of

unalloyed metals at high homologous temperatures and during the superplastic

deformation of the 7475 Al alloy such a field has been found to: (a) decrease the

flow stress, (b) reduce strain hardening, (c) in.rease strain rate hardening and

(d) reduce grain boundary cavitation. The effects of the field were influenced by

polarity and extended to the center of 1-2 mm thick specimens. Work by the

present authors revealed that no significant effect of the field on the flow stress

occurred at low homologous temperatures. This suggests that the field influences

atomic mobility through vacancy generation and/or migration. The occurrence of

an uneven electron density at the interfaces between phases and at grain

boundaries has been proposed, but this idea is questionable.



O EFFECTS OF ELECTRIC CURRENT AND EXTERNAL ELECTRIC FIELD ON
THE MECHANICAL PROPERTIES OF METALS-ELECTROPLASTICITY

i. Introduction

The effects of electric fields and currents on atomic mobility in metals are

rather well known. However, less is known regarding the influence of such fields

and currents on dislocation mobility, which has been termed electroplasticity.

The present paper reviews some of the pertinent aspects of the subject of

electroplasticity, including recent work by the present authors. A more detailed

reviev of the effects of an electric current is given in [1].

2. Electric Current Effects

2.1 Low Homologous Temperatures

2.1.1 Soviet Work

0 Troitskii and Likhtman [2] in 1963 were the first to propose that directed

electrons could influence dislocation mobility. Upon irradiating Zn crystals with

1-3 MeV electrons while being deformed in uniaxial tension at low temperatures

they found that when the electron beam was parallel to the slip plane the flow

stress was less than when it was perpendicular to the plane. Based on these

results they concluded that the mobility of dislocations might also be enhanced by

the directed (drift) electrons associated with the passage of an electric current. To

evaluate this, Troitskii and other Soviet workers [3-33] carried out an extensive

number of studies into the effects of high density (103 - 107 A/cm 2) electric current

pulses (- 100 gs duration) on the flow stress and other mechanical properties of

metals and alloys. High current densities j were employed to enhance the effect of

the electrons, short pulse times tp to keep Joule heating to a minimum.



An example of the effect of current pulses on the load-elongation behavior of a

1 mm dia. Zn crystal deformed in uniaxial tension at 78 K is given in Fig. 1. A

sudden drop in load occurred at each application of a current pulse, the

magnitude of the load-drop increasing with increase in voltage (current density).

A significant load drop only resulted when the crystal was being plastically

deformed (Region A); none occurred in the initial elastic loading of the crystal,

nor following appreciable stress relaxation (Region B).

Strong support that a major influence of the current resulted from the

interaction of drift electrons with dislocations is provided by the experiments

shown in Figs. 2 and 3, illustrating polarity effects. In Fig. 2a single crystal

spheres (- 2 x 10-2 cm radius) of Cu, Au and W were first compressed slightly

between parallel plates establishing a contact radius of ~ 5 x 10- 4 cm. They were

then subjected to a single current pulse of 5 to 30 A (j 107 A/cm 2 ) and 10-2 s. duration, which produced a difference in the contact areas at the two electrodes.

The influence of the magnitude of the current I on the difference is presented in

Fig. 2b. For the n-type conductors Au and Cu, the contact area at the positive pole

was larger than that at the negative pole, whereas the reverse was the case for the

p-type conductor W.

Fig. 3 shows the effect of current polarity (j = 7.3 x 103 A/cm 2, tP = 200 4ts) on

{1122) <1123> dislocation velocity (determined by etch pits) in Zn crystals as a

function of applied mechanical stress. The current pitlse produced an increase in

dislocation velocity for both the parallel and antiparallel directions; however, the

increase is larger for the parallel direction, again indicating a vectorial effect of

the current, i.e. an electron wind effect. The fact that an increase in velocity over

that for j = 0 occurred when the current was antiparallel to the dislocation velocity

suggests a scalar effect of the current in addition to an electron wind. The
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scalar effect cannot be attributed to macroscopic Joule heating, since the

temperature rise resulting from the current pulse was only of the order of 0.5 K.

2.1.2 Authors' Work

Theoretical estimates of the electron wind force exerted by drift electrons

on dislocations are of two types: (a) those based on consideration of the specific

dislocation resistivity [34-36a] and (b) kinetic or quantum mechanics

considerations of the interaction between conduction electrons and dislocations

[37-39]. The former yield for the electron wind force per unit length of dislocation

Few = PDenej/ND (1)

and the latter give

Few = abpF (/e - neVD) (2)

where PD/ND is the specific dislocation resistivity, e the electron charge, ne the

electron density, j the current density, a a constant ranging between 0.25 and 1.0

* depending on the details of the Fermi surface and the calculations, b the Burgers

vector, PF the Fermi momentum and vD the dislocation velocity. Knowing the

electron wind force one can obtain the electron wind push constant Kew = Few/J

and the electron wind push coefficient Bew= Kewene [1].

Eq. 1 yields Bew = 10- 4 dyn-s/cm 2 , whereas Eq. 2 gives Bew = 5 x 10- 5 dyn-

s/cm 2 for the FCC metals Cu, Ag and Au with a = 0.25. Employing the free

electron theory and isotropic continuum elasticity, Brailsford (this volume)

3btains Bew of the order of 10- 5 dyn-s/cm 2 for a free electron metal similar to Cu.

Monotonic Stressing: A major objective of our work was to perform careful

experimental tests whereby the electron wind force (and other direct effects of the

drift electrons) could be separated from the usual side effects of the current such

as Joule heating, pinch, magnetostrictive and skin effects. Details regarding the

* experimental procedure are given in [40]. The experiments were similar to those

of Troitskii in Fig. 1, whereby the effects of a single, high density (- 105 A/cm 2 )
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* (~ 105 A/cm 2 ) current pulse (- 100 4s) on the flow stress of metals was determined.

The metals considered (Ag, Al, Cu, Ni, Nb, Fe, W and Ti) varied in purity from

99.9 - 99.999 wt.%,were polycrystalline in form and represented a range of crystal

structures, stacking fault energies and electronic properties.

Examples of the effect of current density j at 300 K on the ratio j/j = o, where

j is the strain rate with the current pulse and j=o is that prior to the pulse, are

given in Fig. 4. Included are results by Troitskii on Zn single crystals at 77 K for a

single pulse on the flow stress and for multipulses (vp = 100 Hz) on creep and

stress relaxation rates. The results of Fig. 4 give

t = U/Jc) q  (3)

where Jc is the critical current density (103 - 104 A/cm 2 ) and q is an exponent ef -

3. For the various metals jc was found to increase with electron density ne, giving

a = Anp

where p = 2/3 at 300 K and 2/5 at 77 K; see Fig. 5.

Since the train rates produced by a current pulse were <1s-1, the

electroplastic results were analyzed employing the approach of thermally

activated overcoming of obstacles to dislocation motion shown in Fig. 6. This gives

the following expression for the resolved shear rate 'f [11
(AG -AG' ,,/(A IA')br'.

In =In (fo/y 0 )- kT .) kT )+In 2cosh kT)f (4)

where yo is the pre-exponential factor, AG* the Helmholtz free energy, A* the

activation area, t* the resolved effective stress and kT has the usual significance.

The subscript j indicates the value with the current; omission of this subscript

indicates the value prior to the application of the current.

The magnitudes of the parameters of Eq. 4 derived from experimental data

* for the FCC metals Al, Ag and Cu and for BCC Nb are presented in Table 1.
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Evident is that the greatest contribution is through the effect of j on Y0, the effects

on the other parameters being much less. Since j'o = ND,mbsv*, where ND,m is the

mobile dislocation density, b the Burgers vector, s the average distance the

dislocation segment 1* has moved per successful thermal fluctuation and v* the

frequency of vibration of the dislocation segment, the current is considered to have

influenced one or more of these components of o. Since ND,m is generally of the

order of 0.1 the total dislocations density ND,t, it is expected that the increase in To

from the effect of j on ND,m is at most of the order of 10. Moreover, the observed

effect of j on the velocity of dislocations in Zn crystals by the etch pit technique

provides additional support that the effect of j on To is not entirely through its effect

on ND,m. This then leads to the conclusion that a significant effect of j is on either

s or v, or both. Additional work is needed to ascertain the extent to which each of

these parameters may be affected by the current.

A comparison of the value of Bew for Cu determined experimentally as a

function of temperature with that predicted from Eqs. 1 and 2 is presented in Fig.

7. There is reasonable agreement in the magnitude of the experimental value

with the predicted one at 77K. However, the experimental Bew increases with

increase in temperature, whereas no clear temperature dependence is included

in the theory. Results similar to those in Fig. 7 were obtained for the other FCC

metals Ag and Al. In the case of BCC Nb, the experimental values of Bew were

about an order of magnitude larger than those predicted. The difference may lie

in the accuracy of the experimental electronic parameters employed to calculate

Few from Eqs. 1 and 2.

Fig. 8 shows that Bew decreases with increase in stacking fault energy Ysf for

the FCC metals Ag, Cu and Al, the effect being slightly larger at 300 K compared

to 77 K. Considered in terms of the separation distance d" of the partial
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* dislocations, Bew increases with d*, again the effect being slightly larger at the

higher temperature.

Cyclic Stressing: Concurrent application of high density electric current

pulses (- 104 A/cm 2 for 100 is and 2 Hz) during rotating bending tests on

polycrystalline Cu produced a 2-3 fold increase in fatigue life; see Fig. 9.

Although the magnitude of the effect of electropulsing does not appear to be large,

it should be pointed out that the current was "on" only 2 x 10- 4 fraction of the total

time. Associated with the increase in fatigue life was an increase in the linear

density of persistent slip bands (PSBs) and a decrease in this width, Fig. 10. TEM

observations suggested that the dislocations in the walls and cells were also

somewhat less dense. In addition to increasing fatigue life, the electropulsing

reduced the amount of intergranular compared transgranular cracking.

The experimental results indicated that the increased fatigue life from

* electropulsing is due to both an increase in the number of cycles for microcrack

initiation and a decrease in macrocrack growth rate. The retardation in

microcrack initiation and the reduction in grain boundary cracking were

attributed to the increased slip homogenization produced by the electropulsing.

The decrease in fatigue crack growth rate was concluded to result from the effect

on crack closure of an observed increase in oxidation of the crack surface.

2.2 High Homologous Tameratures

Only few studies have been carried out on the effects of an electric current on

the mechanical behavior of metals at high homologous temperatures, i.e. at TITm

> 0.5. The investigations [41-44] known to the present authors employed a

continuous current, rather than current pulses. Fig. 11 shows the influence of a

small continuous d.c. current of 1.6 x 102 A/cm 2 on the stress relaxation of

polycrystalline Cu, the effect of the current becoming appreciable as the

* temperature approaches 0.5 Tm [41,42]. Similii behavior was noted for Al. An
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increase in stress relaxation rate also occurred for an a.c. current of the same

magnitude, but the effect was smaller than for the d.c. current. Further, it was

found that the d.c. current altered the dislocation arrangement in the Cu

specimens; i.e. there occurred a partial destruction of the cell structure [43].

A continuous d.c. current of 2.5 x 103 A/cm 2 was found to increase the creep

rate of the intermetallic compound V3 Si compared to indirect heating [44]; see

Fig. 12. Moreover, heating with d.c. current gave a higher creep rate than with

a.c.

No theoretical analyses have been published to-date on the mechanisms by

which the current influences the deformation of metals at high homologous

temperatures. It is expected that atomic mobility plays a role in the behavior.

3. R nl Electric Field

O 3.1 Soviet Work

As a follow-up on the work by Troitskii on the effects of electric current pulses

on mechanical properties of metals, Kishkin and Klypin [45] in 1973 presented

results on the influence of an external electrostatic d.c. field on the creep rate of

Cu and and Co. They reported that the application of an electric field E = 100

V/cm during the creep of these metals at high homologous temperatures

produced an order of magnitude increase in the creep rate. They suggested that

the increase in creep rate at the instant the electric field was applied was possibly

associated with electrostriction, while the continuation of the effect with time was

related to the effect of the field on dislocation motion. In a subsequent paper,

Klyp-n [46] reported that small changes in creep rate occurred in Cu at voltages as

low as 0.01 V at 400'C and in Al at 201C for voltages of 2 to 6 V. He concluded that

these results reflected the existence of a charged surface layer and its interaction. with crystal defects.
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3.2 Authors' Work

It was found that an external field of 2 kV/cm had no significant effect on the

stress-strain curve of - 1 mm thick high purity Al or a 7475 Al alloy at room

temperature, i.e. at low homologous temperatures. However, significant effects

occurred for the 7475 Al alloy at - 5201C, i.e. at high homologous temperatures.

To investigate these effects, two lots of 7475 Al alloy were employed Ally T wa-

a commercial alloy of nominal composition, whereas Alloy II had Fe and Si

contents well below the nominal specification of 0.08 wt.%. The general effects of

the field were similar for the two lots.

Figs. 13-15 show that the application of an external d.c. electric field E

during the superplastic deformation of the 7475 Al alloy produced the following

effects [47]: (a) decreased the flow stress a at all strain e levels, (b) reduced the

rate of strain hardening e = do/de and (c) increased the strain rate hardening

* exponent m = d In a/d In . Moreover, as shown in Fig. 16, the concurrent

application of the field during superplastic deformation significantly reduced the

amount of grain boundary cavitation produced by the deformation. The degree of

reduction was found to increase with E. Noter, othy is that the effects of the

electric field extended to the center of the 1.2 mn ,.ck specimens. Also, it was

found that polarity had an influence on the effect of the field. In the case of the

flow stress, connecting the specimen to the positive terminal of the power supply

gave a decrease in the flow stress, the magnitude of which increased with E,

whereas connecting the specimen to the negative terminal gave an increase in the

flow stress. The electric current flowing in the electrostatic circuit was of the

order of 1 mA.

These effects of an external electric field on the mechanical behavior of the

7475A1 alloy are not clear. Since they only occurred at high homologous

* temperatures, it is concluded that diffusion plays a controlling role and that the
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effects of the electric field are on the diffusion process, notably the generation

and/or migration of vacancies. If we assume that the effects of the electric field

result entirely from a charged surface layer, then one must account for the fact

that these effects extended to the center of 1.2 mm thick specimens. Starting with

the relation

x r(5)

where x is the diffusion distance, D = Doexp (-AH/kT) the diffusion coefficient and

t the time of the test and taking the values x = 6 x 10-2 cm and D = 0.2 exp -

11,500/RT (vacancy diffusion in Al [48,49], one obtains t = 25s. Considering the

strain rates employed, this time is short enough that any changes in vacancy

concentration at the surface could diffuse into the interior and thereby influence

mechancial behavior. An alternative explanation for the fact that the electric

field extends to the center of relatively thick specimen was proposed by Klypin [501.. He suggested the possibility of an uneven electron density at the interfaces

between phases and at grain boundaries. The reduction in cavities produced by

the field might be a reflection of this, since the cavitation occurred mainly along

the grain boundaries.

The observed effect of polarity of the field on the flow stress suggests that a

deficiency of electrons in the specimen reduces the flow stress, whereas an excess

of electrons increases it.
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Fig. 1. Load vs extension diagram for a Zn crystal in uniaxial tension at 78 K
and strain rate of 1.1 x 10-4 s- 1 showing load drops resulting from the
application of dc pulses produced by discharging capacitors with the
voltages V indicated (1OOV - 1.5 x 105 A/cm2). Regions A correspond
to constant extension rate, regions B to stress relaxation, i.e. the test
machine was shut off. From Troitskii [3].
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Fig. 2. Electroplastic studies by Boiko et al (16,17]: (a) Schematic of procedure

employed. (b) Effect of electric current on the difference in contact area
at the two electrodes for Au, Cu and W single crystal spheres
compressed between two parallel plates.
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THE USE OF HIGH-POWER ULTRASOUND TO STUDY

.MECHANICAL PROPERTIES - A REVIEW

Kamel Salama

Mechanical Engineering Departnent
University of Houston
Houston, Texas 77004

The application of high-power ultrasound has been found to affect mechanical proper.ies
which are characteristic of plastic deformation such as yielding, ductility, fatigue and wear 1-3

During the application of.ultrasound, the static shear stress necessary for deformation is
significantly reduced and the ductility is considerably increased. These softening effects are
interpreted to be caused by the activation of dislocations which can be set mobile during the
superposition of the ui'asound. The effect of ultrasonic energy is to reduce the strcss required for
dislocation movement by supplying energy to dislocation sites. When thcsc dislocations rec;ve
sufficient additional energy :o surmount the potential barriers bereen their equilibrium positions.
they break free from their solute atmosphere and cause the reduction of the flow stress and the
increase of deformation. The movements of these dislocations by slip will yield microcracking
which lead to fatigue and wear processes. In this review, we will present three examples where
high-power ultrasound have proven to be a powerful technique to study mechanical behavior of

* solids and mechanisms responsible for this behavior.

1. Hydrogen Embrittlement

In this work, :he high-power ultrasound was used to study the role of hsloc, ior.s in the
embrittlement of group VA metals with hydrogen. The effects of 20 kHz high-poWCr ul 'asound Of
strain amplitude 10" superimposed on static loading, on the yielding and the ductility of
hydrogenated niobium, have been studied in the temperature range between 373 and "8K. A
special holder is designed to allow for the direct application of the ultrasonic vibrations to the
specimen while it is subjected to the static loading. In order to ensure that only a negligible amount
of ultrasonic power is dissipated in the Instron Machine after the specimen is attached, the
displacement amplitude at both ends of the specimen are measured before and after the application
of static stress. For tensile tests performed with ultrasound, both the crosshead and the ultrasonic
generator are staed in motion simultaneously, and the load-elongation relationship is plotted on
the recording system.Desired sub-ambient temperatures were obtained by means of controlled
evaporation of liquid nitrogen throughout a copper coil immersed in an isopentane liquid. Abo. e
room temperature, the desired temperature was obtained by heating water by means of ane
immersion heater equipped with a temperature control system.

The results obtained in this study show that in pure niobium, the application of L:rasound
has no effect at temperatures above 150K, and has small reducing effect below this tempcraturc.
When hydrogen is dissolved, however, the yield stress is considerably reduced at all temperatures
by the application of ultrasound. The reduction in stress is larger at lower temperatures when the
hydride phase is expected to be present. The reduction in the yield stress varies bct'vwccn 30 MPa at
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300K, and 270 MPa at 78K. The precipitation of hydride is found to result in the formation of

dislocations punched out into the matrix of the alloy4 , and yields more reduction in the yield stress.

At higher hydrogen concentration (170 ppm wt), the effect of ultrasound on the yield stress is less
pronounced, and about half that exhibited when the niobium specimens contain 70 ppm wt H. The
number of dislocations which can be set free from hydrogen barriers when ultrasound is applied, is
expected to be larger at lower hydrogen concentrations.

On the other hand, the effect of ultrasound on the temperature dependence of ductility.
indicates that the ductility in the presence of hydrogen is considerably lowercd at all temperatures
used in the tests. This decrease in the ductility is also manifested by an increase of approximately
50K in the ductile-brittle transition temperature. This embritiement effect of ultrasound is contrary
to what would be expected when dislocations are set free to move and cause an increase in the
ductility 5,6. The loss of ductility in the presence of hydrogen when ultrasound is applied, may
then be interpreted as due to the rapid transport of hydrogen to the highly stressed area of the crack
tip 7-9 . In this case, dislocations set mobile by ultrasound, will drag the clouds of hydrogen
atmosphere around them, and result in deeper penetration of the hydroger, than that allowed by
random walk diffusion. The rapid dislocation transport of hydrogen will provide the necessary
hydrogen enrichment at the crack tip for the continuation of the crack growth process.

2. Ultrasonic Fatigue

Fatigue failure at low or high frequency originates from dislocation sources 10 and their
interactions when subjected to stress cycles. Point defects also play an important part in the early
stages of deformation. 11, 12 The character of these mechanisms may be studied by the observation
of slip ine structures on the surface of electropolished specimens when they are subjected to
stress. Observations of surface slip lines or bands have proven to be a powerful technique to study
mechanisms which affect mechanical properties, especially those occurringl 3 before fracture. Slip
zone for microcracks are also fonned before fracture occurs and found to be sensitive to both
frequency and strain amplitude.14 The present work was undertaken to determine the
charac:eristics of slip line s~ructures of face-ccntered cubic materials when subjected to high strain
amplitudes at ultrasonic stress cycles. 15 Ductile ,metals, coppper and aluminum, were chosen for
this study because the mechanisms of fatigue in these metals are not well understood. The results
obtained were used to test theories developed to describe crack growth in conventional fatigue.

Fundamentally, the initiation of cracks in ductile fatigue occurs at the slip bands created
during the cyclic loading. These bands can lead to the localization of plastic strain by the creation of
discontinuities on a previously featureless suface. Regions beneath these fatigue bands are softer
than the adjacent mac.ix'16 and within them, further dislocation motion is easier. Cross slip and
climb are suggested to be involved in this process,1 6 where their presence indicate favorable
conditions for nucleation. Once the crack is initiated at a slip band on the surface, it will continue to
advance along the primary slip planes involved in the creation of this band. This is usually referred
to as Stage I growth. In polycrystalline metals, Stage I crack growth usually terminates when the
slip band crack encounters a grain boundary. As the specimen is subjected to longer intervals of
insonation, the crack growth enters into Stage II, which is characterized by advances of finite
increment in each loading cycle. 17 Stage II is also characterized by the apperance of striations or
the fracture surface, which provide a record of the passage of the fatigue crack front. Both effects
are involved in establishing a balance between the applivt1 stress and the amount of plastic
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deformation at the crack tip, Stage II continues until the remaining cross section arca can no longer
support the applied load.

There is no simple relationship between the rate of crack growth defined as (dc/dN), and
the stress intensity factor K = cri c where 2c is the length of the crack. In Stage I, however, the
following relationship has been found to hold in conventional fatigue for a large variety of
materials, 18

d oc 4
( )

but with a wide variation in the resistance to fatigue growth. The analysis of crack growth based on
continuum dislocation model of plastic yielding at a notch 19 resulted in expressing equation (I ) as

dc : (2)

where 8 is the surface deformation energy, G is the shear modulus and (Yv is the yield stress.
Equation [2) has been further modified to incorporate the effects of strain hardening,20 as

where Ou and eu are respectively the stress and the strain at necking.
In order to test the application of equation [3] to ultrasonic fatigue, the quantity [(Cy + oCu) /

2) E cueu is computed using the rcsults of tensile tests undertaken on specimens similar to those
used in the ultrasonc fatigue experiments. The yalues of [(o, . cu)/ 2) E aueu computed for
copper and aluminum are repsectively 24.6 * 1010, and 0.05 * TON , which suggest that the rae: of
crack growth in aluminum is much larger than that in copper. In the present study, failure in the
aluminum specimen occurred after less than 17 minutes of insonation, while the copper specimen
did not fracture even after 30 minutes of insonation. This result shows the importance of strain-
hardening in ultrasonic fatigue as a mechanism affecting crack propagation in Stage If.

3. Fretting Wear

Fretting wear is defined as oscillating low amplitude sliding surface contact between two
solid bodies. Wear caused by fretting is a severe materials process, In order to explore the
possibility of utilizing ultrasonic techniques in fretting wear tests, the wear characteristics of one
ferritic2 l,22 and one stainless steel23 have been studied using high-power ultrasound of frequcncy
20 kHz. In these tests, wear rates were measured as functions of applied load, displacement
amplitude, and number of cycles. The test program was designed to explore the influence of
number of cycles, slip amplitude and load load on fretting wear with like metals in contac:. The
magnitude of the wear damage was estimated for each ipecimen by measuring the minor diameter
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of the wear scar and calculating the volume of material removed. The results of tests with varied
*normal load and slip amplitude at a constant duration axe summarized by three-dimensional graphs.

From these tests, one can see that for low loads and amplitudes, low wear rates are
recorded. In addition, it is also found that wear is little affected by changing only one parameter.
On the other hand, if either a high load or a high amplitude is applied, the wear race is strongly
affected by a change in any of these two parameters. This means that a mild and a severe wear
regime seem to be present in the fretting of these materials, and the boundary line is a function of
the combination of load and amplitude. The occurrence of an inner and an outer contact zone in the
wear scars was confirmed by metallographic studies.

Since the contact area increases due to plastic deformation, the contact conditions will
gradually change during each test, with a concomitant reduction in contact pressure. Eventually,
the real area of contact may approach the nominal area. This corresponds to seizure, and precludes
interracial sliding. Then, if a tangential force is applied, the relative motion of the vibrating
specimen will be accomplished by shearing of the material in a zone adjacent to the initial contact
area. This condition of total surface contact, with shear stresses exceeding the shear yield stress
will most likely result in the formation of a friction weld at the contact area.

The high cyclic tensile-compressive stresses, generated along the edge of the contact area,
will cause the formation of transverse microcracks, which are observed experimentally after 104
cycles. This will only partly reduce the high stresses, and therefore the cracks will continue to
propagate. Finally, several cracks will run together, resulting in the transfer and loss of material. A
loose particle however, cannot be removed as a whole since it is entrapped between the mating
specimens. Instead, it is gradually worn away, probably by oxidation and subsequent crushing of
the brittle oxide. The formation of a loose particle in the central region will also result in a reduced
contact pressure. Consequently, the total area of contact must increase by plastic deformation
outside the original contact area. In principle, the same process can now be repeated, i.e. crack
formation, oxidation of cracks and crushing and removal of oxide!. At this point, however, the
individual points of contact are smaller, and thus the stress generated at the edge of the weld region
is reduced. The resulting cracks will no longer propagate to the same depth as earlier, and the pits
will become shallower.

It is still interesting to note, however, that the wear mechanisms found at low frcquencies
correspond we.l with those found in ultrasonic fretting. The observed wear mechanisms also
exhibit many features which agree with some of the most accepted models for fretting in the
literature. 24,25 The main differences between ultrasonic fretting and low frequency fretting seems
to lie in the increased severity of the initial adhesive stage at ultrasonic frequencies. In general, it
seems that ultrasonic testing appears to be a promising technique for accelerated fretting wear
testing, although more experimental work is required to further evaluate the method.
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ABSTRACT

This paper reviews recent investigations into the influence of an electric current

and an external electric field on the annealing response of cold worked Al, Cu, a-Ti

and Ni3AI. A low density (-103 A/cm 2) continuous dc current has been reported to

decrease the recrystallized grain size of Cu and a-Ti. High density (-105 A/cm2 )

current pulses enhanced the rates of recovery and recrystallization and decreased the

recrystallized grain size of Al, Cu and Ni3AI. The effects of both levels of current on

recrystallization appear to be on the nucleation rate. Regarding grain growth,

S electropulsing significantly decreased the rate of grain growth immediately following

recrystallization at low temperatures. Experimental evidence indicates that this

reduced grain growth rate results from a decreased residual dislocation density in the

electropulsed specimens. The effects of current on grain growth at higher annealing

temperatures is not clear, a low level continuous dc current produced a smaller grain

size in Cu, but a larger grain size in a-Ti.

An external dc electric field retarded the rates of recovery and recrystallization in

Al and Cu, but enhanced them in Ni3AI. The polarity of the field was important in Cu,

but not in Ni3AI. The influence of the field on the annealing response extended to the

center of specimens up to 0.8 mm thick. The mechanism by which this occurs is not

clear.



EFFECTS OF AN ELECTRIC CURRENT AND EXTERNAL ELECTRIC
FIELD ON THE ANNEALING OF METALS

1. INTRODUCTION

It is well recognized that electric fields and currents affect point defect mobility

(1,2), which is known as electromigration. Moreover, it has been found that line

defect (dislocation) mobility can also be affected by high density electric currents

(3-6), which is termed electroplasticity. Since the phenomena of recovery,

recrystallization an, _ grain growth are governed by point and line defect interactions, it

is expected that electric fields and currents may in turn affect these processes. This

paper reviews the work to date on the effects of electric current and electric field on the

annealing of metals. Specifically, the effects of simultaneously passing an electric

current or applying an external dc electric field during annealing (electroannealing)

of cold worked Al, Cu, Ti, and the intermetallic compound Ni3AI will be presented.

* Since most of the work on the subject has been by the present authors and their

coworkers, the paper will mainly cover our studies.

2. EXPERIMENTAL

The experimental arrangement used by the authors for annealing with an electric

current is shown in Fig. 1 a. Wire specimens (- 1 mm diameter) were generally

employed to minimize Joule heating. Thermocouples were attached to the specimens

and temperatures were kept to ± 20C. In the annealing with current, the resulting Joule

heating was used in part to heat the sample. Under these circumstances, the set

temperature of the furnace was adjusted to compensate for this heating so that the

specimen temperature was maintained at the desired level. With the arrangement

shown in Fig. la, Joule heating resulted in a steady state temperature increase of only

* 10 to 20C for the Al and Cu specimens (7-9). The larger copper electrical contucts



* acted as isothermal blocks, thereby allowing both specimens with and without current

to be annealed simultaneously at nearly the same temperature. Temperature rises

were somewhat higher for Ti (7) and Ni3AI (10) so that the arrangement of Fig. la

could not be employed for these materials. Therefore separate tests with, and without

current were performed.

Joule heating was not a concern when the effects of an external dc electric field

were investigated. The experimental arrangement for these studies is shown in Fig.

1b. Two specimens were annealed side by side; one was connected to the positive

terminal of a high voltage power supply and the other to the negative terminal.

Electrically, the samples formed a parallel wire capacitor. For comparative purposes,

separate tests were performed using the same arrangement but without applying a

field.

* 3. RESULTS

3.1 Continuous Low Density Current

No effect of a low density, continuous dc current (up to 31 A/mm 2) was found by

the present authors [7] on the isochronal (15 min) annealing response (hardness vs

temperature) of 99.99 Cu wire which had been cold drawn either 22% or 76%.

However, other investigators [11] reported that the recrystallized grain size of

commercial purity Cu cold worked - 40% and annealed for 1 h at 4000C decreased

continually from 29 to 22 gm as the current density (continuous dc) was increased from

0 to 15.5 A/mm 2. A refinement in the recrystallized grain size of ca-Ti cold worked 64%

was also found for a low density dc (or ac) current of 10 A/mm 2 when the annealing

(1 hr) temperature was held below 5500C [12]. At 6000C however a coarsening of

the grain size occurred for the dc current; see Fig. 2. The reason for the difference in

behavior at the two temperatures was not completely clear. It was suggested that the

O more rapid rise to the test temperature produced by the concurrent application of the
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dc or ac current could possibly account for the grain refinement at the lower

temperature and that at the higher temperature the dc current may have influenced

grain boundary mobility through its effect on impurity migration rate.

3.2 High Density Pulsed dc Current

High density electric current pulses (j 103 A/mm 2 , pulse duration time tp - 100

;,.s and frequency of pulse application Vp 2Hz) were found to have a significant effect

on the annealing response of cold worked Cu [8], Al [9] and the intermetallic

compound Ni3AI [10]; see Fig. 3. For all three materials current pulsing reduced the

recovery and recrystallization temperatures, i.e., enhanced the rates of these

processes. In the case of Cu and Ai the magnitude of the reduction in recrystallization

temperature (120-250C for Cu and 180-35°C for Al) was not sensitively dependent on

the purity level, but declined with increase in amount of prior cold work.

Isothermal annealing studies (Fig. 4) into the effect of electropulsing on the

*kinetics of the recrystallization process in Cu revealed that the current pulsing mainly

influenced the pre-exponential Ax of the rate equation

t-1 = Ax exp (-Q,/kT) (1)

where t50 is the time at which the hardness decreases by 50% and Qx is the apparent

activation energy. The electropulsing produced a two-fold increase in Ax .

Considering that the current was "on" only - 10- 4 fraction of the total annealing time,

this increase in Ax is indeed significant. Along with the enhanced rate of

recrystallization produced by the electropulsing there occurred a decrease in the

recrystallization grain size, a reduction in annealing twin frequency and a sharpening

of the recryEallization texture [8].

In contrast to enhancing the rates of recovery and recrystallization, electropulsing

retarded grain growth (Fig. 5) in the temperature or time regime immediately following

completion of recrystallization. This retarding influence on grain growth increased with

the frequency of pulsing Vp (number of pulses per second), but was relatively
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independent of the pulse duration time tp in the range of 50 to 200 gs (9]; see Fig. 6.

Plots of the rate of grain growth dD/dt vs the grain size D (Fig. 7) reveal that the

influence of the electropulsing on grain growth rate diminished with increase in

impurity content.

3.3 External Electric Field

The influence of an externally applied electric field on the annealing response of

Cu and Al wire is shown in Fig. 8. The effects of the field are just opposite those for

electropulsing in that the field increased the recovery and recrystallization

temperatures (i.e. retarded their rates), and the magnitude of the increase became

larger with increasing amounts of prior cold work. Neither the dielectric environment

(vacuum, air, silicone oil) nor the field strength (2.4-8.0 kV/cm) made any substantial

difference. However, polarity was most important in that an effect of the field only

occurred in the Cu when the specimen was connected to the positive terminal of the

S power supply. Similar to what was observed for electropuising, the field had no

significant effect on the hardness following complete recrystallization. Noteworthy is

that the hardness values shown in Fig. 8 were taken near the center of the - 1 mm dia.

specimens, i.e. the effects of the field did not just occur near the surface of the

specimens, but extended to their center.

The annealing response of NI3AI sheet specimens (0.8 x 3 x 40 mm) with an

electric field is presented in Fig. 9. The effect of the field on the recovery and

recrystallization temperatures of this intermetallic compound is just opposite to that for

Al and Cu in Fig. 8, being more like that for electropulsing. Moreover, no polarity effect

occurred for the Ni3Ai. Again, no significant effect of the field on hardness is noted

once recrystallization was complete. Also, the effects of the field extended to the

center of the 0.8 mm thick specimens.

0
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4. DISCUSSION

4.1 Continuous Low Density Current

The limited results obtained to-date on the effect of a continuous, low density

current on the annealing behavior of metals permit only tentative speculations. It

appears that if the annealing temperature (or time) is sufficiently low the current may

reduce the recrystallized grain size. One possibility for this is that increased rate of

heating produced by the current leads to an increase in the rate of nucleation of new

grains, as proposed by Xu, Lai and Chen [12]. At higher temperatures (or longer

times) significant grain growth could mask the earlier effect of the current on the

nucleation rate. The increased rate of grain growth observed at higher temperatures

could result from an influence of the current on the migration rate of the impurities

residing at the grain boundary [12].

4.2 High Density Pulsed dc Current

4.2.1 Recovery and recrystailization: As shown above, electropulsing

enhanced the rates of recovery and recrystallization of cold worked metals. The

enhancement in the rate of recovery can be attributed to an increase in the

annihilation rate of dislocations through cross slip and climb. The exact mechanisms

by which the current may influence cross slip and climb are however not known and

need investigation. In considering the effect of electropulsing on the recrystallization

rate, the nucleation of new grains and their subsequent growth must be taken into

account. The fact that the effect of the current pulsing diminishes with increasing

amounts of prior cold work suggests that a major influence of the current may be on

the nucleation rate. This conclusion is based on the idea that the number of

nucleation sites is governed both by the amount of cold work and by the current

pulsing, the relative effect of the cold work becoming greater as the degree of

deformation is increased. Additional support that current pulsing nfluences the rate of

* nucleation is provided by the fact that it mainly affected the pre-exponential factor Ax in
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the recrystallization kinetics equation. In studies by Michalak and Hibbard [161 it was

found that the effects of prior cold rolling procedure on the recrystallization kinetics of

OFHC Cu were mainly on Ax , with little effect on Qx- The variation of Ax with rolling

procedure was established in this case to be associated with the nucleation period

prior to the start of recrystallization.

The above considerations thus suggest that the major effect of the current on the

recrystallization rate is through its influence on the nucleation rate. A plausible

mechanism for the nucleation of new grains is the sequence of subgrain formation and

coalescence shown in Fig. 10 (17-20]. Considering the possible effects of an electric

current on the parameters involved in this process [18-19], a likely influence is on the

vacancy concentration or flux at dislocation jogs.

4.2.2 Grain Growth: Considering the effect of electropulsing on the rate of grain

growth, TEM micrographs (8] and hardness measurements on individual grains [9]

* indicated a lower residual dislocation density in the pulsed specimens. This suggests

that the major driving force for the grain growth in the low temperature regime

considered is the stored energy of the residual dislocations in the recrystallization

grains rather than the grain boundary energy. For the case where the driving force

decreases with time t due to the annihilation of dislocations, U [19] has determined the

rate of grain growth dD/dt to be given by

dt = k G AF0 + k Rt) (2)

where kG is the grain boundary mobility constant, kR a second-order kinetics

dislocation annihilation constant and AFo the driving force at t = 0. Fig. 11 shows that

the grain growth kinetics for Cu are in reasonable agreement with Eq. 2 and that the

current pulsing mainly influences the slope kR/kG. Subsequent studies revealed that

the ratio kR/kG was relatively independent of pulse duration and frequency (14], but

S decreased with impurity content [9]. These data suggest that the decreased rate of

6



grain growth caused by electropulsing results to a large extent from the lowered

driving force due to the increased rate of annihilation of the residual dislocations. The

effects of impurity content appeared to be mainly on the grain boundary mobility. What

effect the concurrent sharpened texture produced by the electropulsing had on the rate

of grain growth is not known.

4.2.3 Twining and Texture: When the twining frequency was considered in

terms of the grain size [21,22], no significant effect of electropulsing on twining

occurred; see Fig. 12. Also, there was no effect of pulse duration and frequency, nor of

purity level on the twining frequency when considered in terms of the grain size [10].

The sharper [112] texture produced by the current pulsing reflects either an

influence on the orientation of the newly recrystallized grains or on their subsequent

growth. or perhaps both. The mechanisms by which this might occur are not clear.

4.3 External Electric Field

Since vacancies are involved in the recovery and recrystallization of metals, a

possible effect of an external electric field on these processes is through its influence

on either the concentration of vacancies or their diffusion rate. According to classical

electron theory of solids an electric field cannot exist within a metal. Therefore any

effect of an external electric field which is observed at the center of a metal specimen

should have occurred at the surface and then diffused to the center. An estimate of the

time required for such diffusion to take place can be obtained from the relation [23]

x =1-" (3)

where x is the diffusing distance, D = DoV exp - AHmV/kT the appropriate diffusion

coefficient and t the time. The times derived using Eq. 3 for the diffusion of vacancies

from the surface of the test specimen to its center at temperatures where a significant

change in hardness first occurred are presented in Table 1. Included in the table are

the values for the diffusion constants which were employed. It is seen from Table 1

. that in all cases the calculated diffusion time for any changes in concentration of

7



* vacancies at the surface to reach the center is longer than the time of the anneal.

Although the diffusion time for Ni3AI is only 2.5 times the test time, the calculated times

for Al and Cu are orders of magnitude longer than the annealing time. Thus, for these

two metals either larger values of Do and/or smaller values for the activation enthalpy

for vacancy migration rHmv must apply, or some other mechanism is responsible for

the retarding influence of the electric field.

8
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Specimen with J

Current J

Contact Screw Specimen without Copper Block

(a)

Contact Screw Insulating Spacer Metar Block

(b)

Fig. 1. Specimen arrangement for: (a) annealing with electric current, (b)
annealing with an electric field.
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PHOTOMECHANICAL AND ULTRASONIC RADIATION
EFFECTS IN MATERIALS

Robert F. Hochman
School of Materials Engineering
Georgia Institute of Technology

Atlanta, GA

INTRODUCTION

About three decades ago I was involved in two interesting

areas of research on effect of radiation on materials. The first

was work performed at Notre Dame in the 50's with Dr. G.C.

Kuczynski and Dr. C.W. Allen. This work involved the effect of

visible light of varying wave lengths on the hardness and

mechanical properties of the surfaces of semiconductors, salts,

ceramics and metals. Of these, the semiconductors were the only

group of materials which showed major effects. The first section. of this paper will be devoted to short review of what we termed the

"Photomechanical Effect" (1,2,3).

The second area involved some studies in the early 1960's at

Georgia Tech. Considering specific heat and the thermal vibration

of atoms, the potential interaction of high frequency mechanical

vibration or certain harmonics of high frequency vibration

interaction with atomic defect structure might actually lead to

local energies high enough to effect diffusion related phenomena.

The second part of this paper will deal with both diffusion and

sintering effects which were found in relation in ultrasonic

vibration research with Dr. S.W. Freiman and R.M. Gray (4,5).
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THE "PHOTOMECHANICAL EFFECT"

Background

A great deal of theoretical and experimental work has been

conducted on the physical properties of semiconductors. Studies

relating to dislocations in these materials have been performed

particularly since investigations of this type are facilitated by

the ability to easily observe dislocations as etch pits. Cognizant

of these facts and the theoretical aspects of the photoelectric

properties of semiconductors we considered the possibility of an

effect of light radiation on the mechanical properties of

semiconductors. Such an effect, which may be called a

"photomechanical effect," was found by studying the microhardness

of dark and illuminated semiconductor crystals. The main portion

of the work was concerned with this type of experiment and the

refinement of experimental procedures to more accurately measure

this photomechanical effect. However, other experiments such as

use of a rotating lens and a simple three point beam technique were

also used to verify the existence of this effect.

Experimental

A definite softening effect was found on the surfaces of

germanium crystals subjected to white light and ultra-violet

illumination. Even when large errors were considered, as shown in

Figure 17 the experimental results show large differences in dark

and illuminated hardness. It was determined that a surface

carefully polished and freshly etched with CP4 gave the largest

effect and the most reproducible results. Oxidized surfaces
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greatly reduced the effect. The softening or "photomechanical

effect" was found to be a function of the depth of penetration of

the indentor. The magnitude and depth of this effect was dependent

on the carrier concentration or purity of the crystal being tested.

However, both types of germanium crystals, n and p, gave similar

results so that the effect appears to be independent of the type

of carriers present. A complete experimental check of the

available range of n-type germanium crystals of carrier

concentration of 2 x 1013 (84 ohm-cm. resistivity) to 7 x 101 (.0024

ohm-cm. resistivity) was made. Figure 2 of the experimental

results, a composite of the hardness results at constant depth,

indicates an illuminated hardness and an increase of

photomechanical effect with increasing carrier concentration.

The effect of light intensity was studied by placing the light

source at various distances from the specimen. Within the limit

of experimental error, AH the fractional difference between the
H d

dark and illuminated hardness, was found to be proportional to

1 This verifies that indeed the effect AH is proportional to
x- Hd

the light intensity.

Using solid and liquid filters indicates two bands of light

wave length are responsible for the effect. One band is

approximately 0.2 to 0.4 microns, or in the near ultraviolet, and

the other is in the infrared at 3.0 to 4.0 microns. Heating of the

crystal due to radiation from the light sources was found to

exercise little effect since softening was found when the samples. were cooled in liquid air and liquid nitrogen. In addition, normal
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photomechanical softening was shown for crystals covered with films

of filter coolants such as alcohol and acetone. In these

experiments the surface temperature of the sample was barely above

room temperature.

Crystal orientation and differences in dislocation density

seemed to have little effect on dark and illuminated hardness.

Germanium is considered nearly isotropic, and therefore, the

results of crystal orientation tests were important. The lack of

hardness difference in different dislocation density materials is

difficult to understand unless it is assumed that the nucleation

of dislocations by the microhardness indentor and the movement of

these newly created dislocations is more important than the

movement of those already present in the crystal. Further evidence

of this consideration may be gained by examination of various

surface photomicrographs for example, Figure 3. A definite

increase in dislocation density between the hardness imprinted

disturbed and undisturbed portions of the crystal is found in these

photomicrographs. A mathematical evaluation of what takes place

beneath the indentor is impossible at present due to the complexity

of the reaction. However, with the experimental facts in mind the

previously stated assumption appears quite reasonable.

Another significant indication of the effect of light on

surface dislocations is shown in Figure 4. The macrograph is of

the fracture surface of a germanium crystal bar subjected to 3

point loading. The fracture occurred on the high tension side. which was illuminated. Note the significant increase in
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dislocations in this area of the surface.

The photomechanical effect was also found in several other

semiconductors: silicon, InSb and InAs. Two other semiconductor

materials did not show an effect. Selenium and Bi2To3 were found

to exhibit the same hardness regardless if the surface was

illuminated or in darkness. However, the hardness of these two

materials is inherently very low, and the depth of penetration of

the hardness indentc2. for the :,iallest loads is 5 to 6 times

greater than for the other semiconductor materials tested.

Therefore, since the photomechanical effect appears to be

restricted to a very thin layer of the semiconductor surface, the

penetration of the indentor in these soft materials is apparently

* too deep to show a reaction.

Tests on aluminum and tungsten crystals showed no measurable

effect. Negative photomeci.-nical results were also found for

fluorescent glass and aluminum oxide. Considering these results,

it appears that the photomechanical effect is restricted mainly to

semiconductors. However, unique effects were observed in some of

the alkali salts tested.

KCI showed no effect, and if we consider the importance of

available electrons to allow dislocation formation and movement,

then the crystal being an insulator behaves as would be expected.

In view of this, NaCI and LiF should act similarly, but not only

do these materials act differently than KCl but show completely

opposite photomechanical effects. NaCl softens under white and

ultraviolet radiation and LiF hardens for ultraviolet but shows no
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effect with white light. The softening in NaCi is also different

from other photomechanical effects observed in that it appears

independent of depth. This may be due to the transmission of light

waves to all depths of the crystal and thereby not limiting the

photomechanical effect to the surface. Since water and other

coolants could not be used the possibility of some heating must be

considered.

The hardening of LiF by ultraviolet light is most probably

due to the creation of short lifetime color centers within the

crystal. Seitz (6) has shown hardening of alkali holides due to

the production of color centers by x-rays. The fact that LiF

showed no effect with white light indicates that it reacts like KCl. when subjected to wave lengths in the visible and infrared

spectrum.

In view of the foregoing remarks, it is possible to consider

that the natural reaction of salts under illumination would be to

show no photomechanical effect. This is exemplified by KC1.

However, other effects in NaCi and LiF come into play and tend to

mask or change their reaction to light. If this is correct, then

the true photomechanical softening effect is restricted principally

to the semiconductors.

Discussion

Since this effect appears to be found primarily in

semiconductors, it is very likely due to the electronic nature of

these materials. Read (7) has shown that the energy of a

dislocation in a semiconductor depends strongly upon the electron
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distribution within the dislocation. The influence of light may

produce a redistribution of electrons at a semiconductor surface,

and subsequently a change found in mechanical properties should be

expected. Detailed theory of how the redistribution of electrons

was not developed but several models, all of which have some merit,

were developed in my PhD thesis in 1959 (8).

DIFFUSION AND SINTERING EFFECTS

Introduction

Early work on the metallurgical applications of ultrasonics

was well summarized by Kapustin (8) and Nosdreva (9) of the Soviet

Union.

The first studies in the U.S. on the effects of ultrasonics

on the deformation qualities of materials were performed by

Langenecker (10,11,12) and his associates at the U.S. Naval

Ordnance Test Station. This work was a continuation of his studies

initiated at the University of Vienna and Blaha (13,14).

Diffusion Studies

The referenced studies have indicated the effect of

ultrasonics on diffusion related phenomena. Because of the

importance of mercury diffusion in amalgam reactions, this system

was chosen for studies of relative rates of diffusion with and

without ultrasonics.

The materials used in this study consisted of annealed and

machined Ag3 Sn bars and spectrographically pure mercury.

Specimens cut from the Ag3 Sn bar were polished on one side, while

the other side and edges were covered with micromask to insure that
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diffusion occurred in only one direction.

The reaction system for this work consisted of a glass tube,

wrapped with heating tape connected to a thermistor type

temperature controller. The diffusion reaction was initiated by

placing the specimen, polished side down, atop the mercury which

had been brought to the required temperature. Temperatures of 40,

60, 80, and 1100C were employed and reaction times at temperature

ranged from 40 minutes to 6 hours. When ultrasonic energy was

applied, the glass tube containing the mercury and Ag3 Sn specimen

was placed at the focal point of a concave transducer utilizing

water coupling. Because of the water couplant the maximum

temperature used for ultrasonic studies was 800C. The frequency

of the ultrasonic energy was adjusted so that resonance occurred

at approximately 400 kcps. The total energy of the ultrasound

reaching the specimen could not be accurately determined, but was

something less than 250 watts. Curves of mercury concentration

versus depth of penetration were prepared for all samples and used

in calculating the diffusivities of mercury in Ag3 Sn at the

different temperatures, both with and without the influence of

ultrasonic energy. It is readily seen that the concentration and

depth of mercury diffusion is greater under the influence of

ultrasonic activation. The data for the diffusivites as a function

of temperature were fitted to the Arhennius equation and Figure 5

is the result of this analysis. The lines were drawn from a least

squares fit of the data. The activation energy for nonultrasonic

* diffusion of mercury in Ag3 Sn was found to be 5, 150 cal/mole and
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the activation energy for ultrasonically reacted samples was found

to be 7,580 cal/mole. Do was found to be 4.22 x 10"7 cm2/sec for

nonultrasonic diffusion and 4.36 x 10'4 cm2/sec for ultrasonically

activated diffusion. In analyzing this diffusion data it must be

realized that this system is much more complex than a normal binary

diffusion couple and several factors must be considered. When the

reaction of mercury with Ag3 Sn has proceeded for some time, the

formation of a surface layer of Ag2Hg3 and Sn8 Hg occurs.

Furthermore, tin from the Ag3 Sn may diffuse more readily towards

the higher mercury concentration at the surface, which after some

time results in a lower mercury concentration at the surface.

Discussion

* Speculation based on ultrasound attenuation studies can be

made. Attenuation of the ultrasound is usually caused by crystal

imperfections (mainly grain boundaries, vacancies and dislocations)

which produce an anharmonic restorative force in their immediate

vicinity. Thus, an atom in the vicinity of a vacancy when

displaced from its equilibrium position under the influence of a

sonic stress wave may be subject to a much smaller restoring force

in the direction of the vacancy. Thus, it may absorb energy from

the sound wave and move into the imperfection, resulting in a

diffusion jump.

SINTERING STUDIES

The application of ultrasonic energy to the sintering of

powdered metals was initially demonstrated by Rakovski (15) by

superimposing ultrasonic vibrations on conventional time-
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temperature sintering conditions. However, the effect of

ultrasonics on powder compacts of low melting point metals and the

possibility of sintering and densifying these materials at room

temperature was not explored until this work.

Lead, magnesium, zinc, tin and aluminum powders were thermally

and ultrasonically sintered. After ultrasonic sintering, lead,

magnesium and zinc compacts were evaluated for density and

compressive strength. Additional lead compacts were sintered in

the same manner, extruded into wire of 0.072" diameter, and

subjected to tensile testing. It was found that all compacts,

except tin, sintered by the ultrasonic treatment had higher

densities, greater or equal compressive strength, and lead, when

Oextruded into wire, had a significantly greater tensile strength
than comparable material prepared by thermal sintering The

treatments and results in terms of density and strength are shown

in Table 1.

Discussion

Nearly all the data indicates increased densification, and

where measured, increased mechanical properties when the compact

was subjected to ultrasonic sintering. Only for tin was the

pattern broken and this may well have been a result of the very

large particle size used in the experiment.

Our success was in part due to working with low melting metals

and it was, therefore, possible to magnify the mechanisms of

densification. We also used a high compacting pressure rather than

the loose or loosely sintered powders. Its range was as high as



50,000 PSI in some instances. In addition, compacts were

maintained under pressure during ultrasonic activation which would

aid in maintaining particle to particle contact. It was,

therefore, possible to enhance diffusion and/or plastic flow at

these contact points which resulted in the improved densification.
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Figure 1. A plot of dark and illuminated hardness values
versus depth for a 5 to 7 ohm-cm resistivity germanium. crystal. The range of hardness is plotted for each set of
test results.
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in addition to the information tak~en from the previous graphs.
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Table 1. The Effect of Ultrasonic Sintering on Density and Strength

With Ultrasonics Without Ultrasonics

Material Particle Temp Time Density Breaking Temp Time Density Breaking
Size 4C Min g/cc Strength 0C Min g/cc Strength

Kg/mm 2  
Kg, rnn "

Lead -400 25 20 10. 97 8. 4 (corn- 250 60 10.34 6. 4 (coln,-mesh pressive) pressive)
Lead -400 25 20 7.1 250 60 4. 5(extruded Original (tensile) (tensle)
wire)
Magnes- -200 25 10 1.70 15.8 (cum- 460 60 1.30 11. 9 (con-ium mesh pressive) pressive)
Zinc -325 25 1 6. 41 9. 8 (con)- 288 60 5.75 9. 8 (co'ni-

mesh pressive) p1rebsive)
Tin -30 25 10 4.69 150 60 5.96

mesh*
Alumi- -325 25 10 2. 50 460 60 2. 00
num mesh

*Very large particle size.
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The Izfluenc of High aneiec Fields on the
Mechanical Proprties of S trctural Alloys

1. W. Moris, Jr.
Center for Advanced Materials, Lawrence Berkeley Laboratory, and
Departnent of Materials Science, University of California, Berkeley

While there is only limited data on the influence of high magnetic fields on the mechanical
properes of stucrural alloys, the available data suggests that significant effects occur only
in metastable austeniic steels where the magnetic field influences the extent of the deforma-
tion-induced mantensiic transformation. The tensile properties of metastable austenitic
fields have been studied in fields up to 18T. The results show small, but meazaable ef-
fects on tensile properties. In general, the work hardening rate at finite strain is increased
and the tensile elongation is decreased. This behavior and the most obvious exceptions zo it
can be explained on the basis of the increased rce of production of deformation-induced
martensite in the high magnetic field. The fracture toughness of metastabie 304-ype stain-
les3 stels has been measured in fields up to 8T at temperatures to 4K. Contradictory re-
sults were obtained by different investigators. Research at LBL measured an increase in
Kic by a factor as large as 30% in an 8T field; reseach at Toshiba reported that Kjc de-
creases by an equivalent amount. Theoretical analyses suggest that the fracture toughness
should increase in the field by an amount that is difficult to predict. The only reported
work on fatigue crack growth rates in metastable austenitic steels in high magnetic fields
suggests that the crack growth rate is only slightly affected.



EFFECTS OF FIELD ON STRUCTURE OF ELECTRONIC MATERIALS

Robert Rosenberg
IBM Research Division

T. J. Watson Research Center
P.O. Box 218

Yorktown Heights, New York 10598

Crystal transformations, morphological changes and properties of thin layers
subjected to electric and magnetic fields have been described over the years as
being either necessary for property control or disastrous for component reliability.
Response to fields can be considered to be in at least two regimes, electronic or
non-diffusional transitions and diffusion related transitions. The former refers to
such effects as changes in magnetic phase transitions produced in a magnetic
field, ferroelectric transitions or superconductor field sensitivities, For example,
which are important and pervasive across many technology applications. This
discussion, however, will be devoted primarily to the latter, diffusional transi-
tions, which are more closely associated with VLSI and related technologies, and
to electric field effects which have produced much of the industry folklore.

Most work in this area relates to effects of either high current density or
internal field gradients on structural changes, the former being associated mainly
with metallic and the latter with semiconductor or dielectric components of device
structures. The phenomenon of electromigration in metal films has become in-
creasingly more important as the cell size and wiring line widths are being re-
duced to the point where present technology is projected to be inadequate to carry
the currents necessary for circuit operation. Wiring area will dominate the abiiity
to achieve competitive integration levels. The metallurgy of interest will remain
Al-Cu alloy as conductor in conjunction with metallic under and overlayers. This
is a very complicated system with respect to electromigration lifetimes, as electron
flow causes change in formation and distribution of precipitates and in turn ac-
cumulation of grain boundary voids and final failure.' It is observed that failure
of conductors may be associated with local depletion of copper, which would
create a high Al electromigration flux divergence. It is also noted that the
electron current has a large effect on 0 CuAI 2 precipitation in quenched AI-4Cu
films.2 A significant retardation of grain boundary or surface precipitation is
found with current densities of about 106 A cm -2 , although 0' bulk formation is
unaffected. The retardation is evidenced by a slower reduction in resistivity
during aging under field; i.e. lattice saturation seems to be maintained. Acti-

is vation energies measured for electromigration failure of Al-Cu conductors vary
greatly and seem to depend on whether the rate of dissolution of precipitate can
compensate boundary depiction.



Electric field both externally applied and internally generated has been used
to enhance crystallization and grain growth in -emiconductors. For example, it
has been observed that the transformation from amorphous to crystalline Si can
be initiated under a field with crystallites mapping the field lines. Recently, it has
been observed that the formation of TiSi 2 on polysilicon leads to large differences
in the grain size of the underlying polysilicon, depending on the doping level.3

Clearly, when the polysilicon contains dopant the grain size becomes greatly in-
creased during TiSi 2 formation over normal grain boundary migration effects en-
countered with intrinsic Si. The mechanism is associated with DIGM (diffusion
induced grain boundary migration) where solute becomes depleted by diffusing
along a moving grain boundary. In the present case, the TiSi2 behaves as a sink
for the dopant which sets up a dopant, or Fermi level, gradient across the
boundary. This results in a local electric field which places a significant force on
the boundary, accelerating migration and grain growth. Use can be made of this
phenomenon to control grain size at reasonably low temperature. Many
dielectrics, notably transition metal oxides, show bistability in resistance of orders
of magnitude under Field, where switching can be controlled from one stable state
to the other. The switching mechanism can be explained by alternate filament
formation and solution across a narrow gap.

Many variations of the above observations, including, for example, control of
the grain size of deposited films by field gradients on a substrate, grain growth
under electromigration forces and dislocation migration in doped semiconductors,
have been or will be observed as materials and processing become more and more
sophisticated. The difficulty will be to recognize when field and current effects
must be considered.
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DISCUSSION OF R. ROSENBERG'S PAPER

a5 Corad:

Do you expect internal fields to occur in metal systems and of what

magnitude?



EFFECTS OF ELECTRIC FIELDS AND CURRENTS ON PHASE
TRANSFORMATIONS IN BULK ALLOYS

H. Conrad, A. F. Sprecher, W. D. Cao and X. P. Lu
Materials Science and Engineering Department

North Carolina State University
Raleigh, NC 27695-7907

Abstrct

Since electric fields and currents can influence atomic and dislocation

mobility, it is expected that they can affect phase transformations in which these

defects play a role. Thus, the concurrent application of a continuous dc. electric

current has been reported to enhance the rate of precipitation or aging in Al and

Fe alloys. Also, high-density electric current pulses were found to significantly

* reduce the crystallization temperature of rapidly-quenched, iron-base amorphous

alloys. In contrast, a continuous a.c. current of the proper frequency has been

found to retard the aging process, and in some cases stop it completely. The

mechanisms by which the electric current affects these solid state

transformations are not yet well understood.

Continuous electric currents applied during solidification have been found to

increase the growth rate of GaAs single crystals and to reduce the grain size in a

cast Pb-Sb-Sn alloy. The effect of electric current on the growth rate of the GaAs

crystals is in accord with theoretical predictions based on Peltier cooling at the

substrate and electromigration.

Soviet workers first reported in the late 1970's that an externally applied d.c.

electric field can influence the heat treatment response of commercial Al alloys

and a medium-carbon steel, leading to an increase in their respective hardness.

* More recently, the present authors found that the concurrent application of a d.c.



* electric field of the order of kV/cm retarded quench aging in iron and increased

the hardenability of steel. The effects of the field extended to the center of 1.0 to 3

mm thick specimens. Further, it was found that the application of an electric

field during the superplastic deformation of 7475 Al alloy sheet (1.6-1.8 mm thick)

produced the following changes in microstructure throughout the specimen: (a)

significantly reduced grain boundary cavitation, (b) reduced the size of the

dispersoids within the grains, but increased it at the grain boundaries, (c)

reduced the grain size and (d) changed the composition of the dispersoid-free zone

along the grain boundaries. The mechanism by which an external electric field

affects phase transformations at the center of 2-3 mm thick specimens is not at

all clear.



EFFECTS OF ELECTRIC FIELDS AND CURRENTS ON PHASE

TRANSFORMATIONS IN BULK ALLOYS

L Introduction

Since electric fields and currents influence atomic and dislocation mobility

[1,2] it is expected that they will have an effect on those phase transformations in

which these defects play a role. The present paper reviews available information

on such effects, including recent work by the authors.

2. Effects of Current

2.1 Solid State Transformations

The first published results on the effects of an electric current on solid state

phase transformations were by Erdmann-Jesnitser et al [3] in 1959, who reported

* that a continuous d.c. current of - 103 A/cm 2 enhanced the rates of quench aging

and strain aging in Armco iron at 80'C; see for example Fig. 1. In contrast, a

continuous a.c. current of 50 Hz and of the same magnitude as the d.c. retarded

the aging process, so that no aging occurred in 50 hours. Subsequently,

Koppenaal and Simcoe [4] studied the influence of a continuous d.c. current of

~ 103 A/cm 2 on the aging of an A1-4 wt.% Cu alloy at 751C and found that the

current also enhanced the aging rate in this alloy, Fig. 2. A reversal of polarity

following aging under current decreased the aging rate and an a.c. current (25

Hz) significantly retarded it.

In subsequent work on the aging of Al-4 wt.%Cu at 50'-100'C, Onodera and

Hirano [5] found that a constant or slightly increasing resistance of the alloy

occurred for a current density < 2 x 103 A/cm 2 (continuous dc), whereas for a

current density higher than some critical value, the resistance decreased; see for

* example Fig. 3. They interpreted their results to indicate that, except for an



* increased rate due to the temperature rise from Joule heating, the current

retarded the precipitation reaction. The retarding effect of the current was

considered to result from a sweeping of quenched-in vacancies into the grain

boundaries by electromigration. They reached a similar conclusion in their

studies on the effects of a d.c. current on the aging of an A1-12.5 wt.% Zn alloy [6].

Shine and Herd [7] also concluded that a d.c. current retarded the precipitation of

0 A12Cu in their studies on quenched Al-4 wt.% Cu thin films.

In subsequent studies on the influence of the frequency v of an a.c. current on

the formation of GP zones at 301C in the Al-12.5 wt.% Zn alloy, Onodera and

Hirano [8] observed a retarding effect for v = 0.25 and 100 Hz, but no appreciable

effect at 200 and 3000 Hz. These results could not be explained quantitatively in

terms of their earlier model of current-assisted vacancy annihilation at grain

.boundaries.
In studies on the influence of high density (- 105 A/cm 2) electric current

pulses (pulse duration tp - 100 jis and 4-9 pulses per second) on the stability of

Fe 75 Si1 0 B1 5 and Fe 79 Si 7B 14 amorphous alloys, Lai et al [9] found that

crystallization in the electropulsed specimens occurred at a temperature ~ 1500C

lower than by normal heating, indicating an enhancement of the rate of

crystallization by the electropulsing.

2.2 Soldificatio

Misra [10] reported that the application of 30-40 mA/cm 2 at 3d V (a.c. or d.c.)

during the solidification of a Pb-Sb-Sn alloy produced a significant refinement of

the microstructure in the casting. In subsequent work on the Cd-Sn eutectic

system, Gupta et al (11]. concluded that there exists a potential source inside the

solidifying system itself. The origins of the potential were attributed to lie either

2



* in the generation of a micro thermo emf caused by a small but finite temperature

gradient, or the presence of a potential at the solid-liquid interface.

Brystkiewicz et al [12] investigated the growth of bulk epitaxial crystals of

GaAs from the melt by passing an electric current (2-10 A/cm 2) through the

liquid solution and substrate. The effect of current density on the interface growth

rate is illustrated in Fig. 4. Two main mechanisms were proposed [13] as being

responsible for the crystal growth: (a) Peltier cooling at the substrate-solution

interface leads to a change in interface temperature ATP, which supercools the

solution next to the substrate and (b) electromigration of solute toward the

substrate, resulting in a steady-state solute flux to sustain growth. Reasonable

agreement between the experimental results and theory is indicated in Fig. 4.

The resulting crystals possessed both a low point defect concentration and low

* dislocation density, and had good electronic properties.

3. Effcts of External Electric Field

3.1 Soviet Work

Klypin and coworkers [14,15] first reported in the late 1970's that an external,

electrostatic field E of the order of 10 to 100 V/cm increased the hardness resulting

from the heat treatment of Al alloys and a medium-carbon steel; see Figs. 5-7.

The influence of the field on Al alloys was found to depend on polarity (Fig. 8), the

effect being larger when the specimen was connected to the positive terminal, i.e.

when the specimen was the anode. Further, the effect of the field on hardness

increased linearly with the logarithm of E; see Fig. 9. In the heat treatment of the

steel, the major effect of the field occurred during the quench; very little change

was noted when the field was only applied during the austenitization.

3



As an explanation for the effect of an electric field on phase transformations,

Klypin [15] proposed that a galvanic potential exists between the phases, the

magnitude of the potential being determined by: (a) the chemical potential of each

phase, (b) jumps in the potential at the boundary of the solid phase and the

gaseous atmosphere and (c) the difference in the work function of the electrons of

each phase, i.e. the difference in Fermi levels. With application of an electric field

the surface potentials will change, i.e. the external field changes the values of the

galvanic potentials. These changes in potential are then compensated by changes

in the chemical composition due to diffusion, including redistribution uf solutes

near the phase boundaries.

2.2 Authors' Work

2.2.1 Iron and Steels: Exploratory studies of the effect of an external d.c.

* electric field of 10 kV/cm on the quench aging of an iron indicated that the field

retarded the aging process when the specimen was the anode, but had no effect

when the specimen was the cathode; see Fig. 10. In other work it was found that

an external field of 1 kV/cm produced a significant increase in the hardenability

of a 0.9 C tool steel quenched in silicone oil; see Fig. 11. Hardness measurements

and optical microscopy revealed that the influence of the field extended to the

center of the 1.6-3.0 mm dia. specimens employed.

Fig. 12 shows that the influence of the field on the hardenability of 02 steel

depended on the quench medium, i.e. on the cooling rate (measured by us) during

the quench. The field had little, if any, effect at the two extremes in quench rate

(mineral oil and still air), but had a significant effect at the intermediate cooling

raL produced by the silicone oil. These results indicate that the major effect of the

field was during the quench rather than during the austenitizing. This

* conclusion was confirmed in separate studies whereby the field was applied only

4



* during austenitizing or only during quenching and is in accord with the results

obtained by Klypin [15] for the effect of an electric field on the hardness of a

medium-carbon steel quenched in water.

The major constituents of the microstructure observed by optical microscopy

(100OX magnification) in the specimens quenched in the three media are

presented in Table 1. The listed microconstituents for a given quench are in

accord with the measured hardness values for this steel, considering data in

[18,19]. Further, at the magnification of 100OX the appearance or morphology of a

given constituent did not appear altered by application of the electric field during

austenitizing and quenching.

Considering that the effect of the electric field depends on the cooling rate

during the quench and that the resulting hardness is in accord with the observed

microstructure, it is concluded that the primary influence of the field on

O hardenability is to shift the cooling transformation (CT) curve to longer times. An

estimate of the shift based on the measured cooling rates, hardness,

microstructure and data in [8,9] is presented in Fig. 13. Considering these

results, it appears that the field produced a shift in the time to reach the nose

from -5s to -50s. The cooling rate with the mineral oil quench is sufficiently high

that it falls outside the nose of the CT curve both with, and without the field,

giving martensite for both conditions. That for still air is so slow it falls well

inside the nose for both conditions, giving mostly pearlite. The cooling rate of the

silicone oil is intermediate and falls outside the nose with the field (giving

martensite) and inside the nose without the field (giving pearlite plus bainite).

A shift in the CT curves to longer times requires that the electric field retards

the diffusion-controlled pearlite and bainite transformations. Moreover, as

mentioned above, the effect of the field extends to the center of 1.6-3.0 mm dia.

specimens. To explain these effects of the field in Lerms of changes at the

5



* specimen surface, which then diffuse to the center, would require an excessively

large diffusion coefficient. The alternative explanation by Klypin [15] that

changes in potential at the surface lead directly to rapid changes in the chemical

potential of the phases in the interior is also open to question, since according to

classical electron theory a field cannot exist within a metal. Thus, the

mechanism by which the field shifts the CT curve to longer times is unclear at

this time.

An exploratory study into the effect of an external field on the tempering of

the 02 tool steel quenched ir mineral oil revealed that the field increased the

temperature required to attain a given reduction in hardness by about 10'-20'C in

the range of 150-350'C (time of tempering, 30 min); see Fig. 14. This again

indicates that an electric field retards a diffusion-controlled phase

* transformation.

2.2.2 7475 Al Alloy: Optical and TEM observations on superplastically

deformed 7475 Al alloy sheet revealed that the application of an external electric

field E during the deformation had an influence on the microstructure in addition

to reducing the amount of cavitation, which is discussed by the present authors in

the paper on electroplasticity in these proceedings. Fig. 15 shows the influence of

the field on the dispersoid structure following a plastic strain e = 0.7. To dissolve

the precipitates which had developed during the air cooling from the deformation

temperature, the specimen in Fig. 15 was reheated to 480'C for 1-2 min and then

water quenched prior to examination by TEM. To be noted in Fig. 15 is that the

dispersoids are smaller within the grains, but larger at the grain

boundaries when the field was applied. Also, the dislocation density within the

dispersoid-free zone is lower with the field. Further, as shown in Fig. 16, the

@0



S composition of the dispersoid-free zone is different with the field compared to

without; notably the Cu/Zn ratio is lower for deformation with E.

The effects of the field on the microstructure developed during the

superplastic deformation of the 7475 Al alloy extended to the center of the 1.2-1.8

mm thick sheet specimens. Assuming that the changes in microstructure at the

center resulted from an influence of electric field on the vacancy concentration at

the specimen surface, which then diffused into the interior, one can obtain an

estimate of the time t required to reach the center from the relation [20]

t = x2/D (1)

where x = one-half the specimen thickness and D = Do v exp (-AHmv/kT) the

diffusion coefficient for vacancy migration. Taking Dov = 0.2 cm 2 /s, AHmV = 0.6eV

[20-22] and T = 516'C (test temperature), one obtains t = 4.3 min. In comparison,

the test time required to reach the strain indicated in Figs. 15 and 16 was 15.2

* min. Thus, the changes ia microstructure at the center of the suierplastically

deformed specimens which occurred upon application of the electric field could

conceivably have resulted from a significant change in vacancy concentration at

the specimen surface. Again, the alternate explanation by Klypin [15] that the

galvanic potential at the specimen surface leads directly to changes in chemical

potential of the phases in the specimen interior is open to question based on

classical electron theory.
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* TABLE 1. Effect of electric field on the major constituents of the microstructure in
02 steel following quenching in several media.

Quench Relative Microstructure tt
Medium Cooling Ratet E =0 E = lkV/cmttt

Mineral oil 1.0 M M

Silicone oil 0.2 (P+B)+M M

Still air 0.05 P P

Measured average cooling rate between 8000 and 500C referred to that for

mineral oil.

t ,Optical microscopy at 100OX.

t t Electric field applied during both austenitizing and quenching.
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Fig. 1. Effect of continuous electric current on the quench aging of Armco iron:
(a) resistivity change vs aging time as a function of d.c. current and (b)
specific resistivity vs aging time as a function of d.c. current and 50 Hza.c. current. From Erdmann-Jesnitzer et al [ 3 ].
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Fig. 2 Change in resistivity vs aging time at 75 0 C for aging an Al-4 wt.% Cu
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Fig. 3 Fractional change in resistance vs current density upon aging an A1-4
wt.% Cu alloy for 10 min at 500 C. From Onodera and Hirano [5].
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2024 Al alloy. From Klypin [I5]
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Fig.6 Vickers hardness vs aging time at 750 of Ali-Cu-Mg alloy for the
following conditions:() quench + aging with no field, (2) quench +
only aging with electric field and (3) both quench and aging with
electric field. From Klypin [15].
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Fig. 7 Effect of an electric field on the hardness (distribution) of a medium-
carbon steel quenched in water: (1) without an electric field, (2) with an
electric field (50 V). From Klypin [15].
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Fig. 11 Effect of a a continuous d.c. electric field applied during austenizing and
quenching on the hardenability determined in a simulated Jominy quench of
an 02 tool steel quenched in silicone oil. From Conrad et al [17].
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Al (1): (a) E-=0, (b) E=2kV/cm. From Conrad et al (17].
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I. SUMARY

This paper is composed of two major sections. The first is

a summary of several decades of research, principally in the USSR,

on the effect of magnetic fields on material properties and

processing. The second section will deal with our ongoing research

in this area. The research is principally an evaluation and. modeling of changes in defect structure and residual stress as a

function of pulsed magnetic field treatment.

The review section on the USSR work will deal mainly with a

number of books and major articles which can be then referred to

in more detail regarding specific references. Because of the

volume of the Russian work it will be presented in the summary

form, listing the broad scope and ideas developed in both their

basic and applied research. A short section will also provide the

principal studies outside the USSR on the magnetic field effects

on material properties.

In the research secticn, nickel ard copper were chosen as the

materials for the basic characterization and modeling of changes

Oin residual stress in cold worked, or locally deformed areas

(potential fatigue damage). Stress relief in the heat affected
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zone of welds was studied in 304 stainless steel and a 1018 plain

carbon steel. Positron annihilation to evaluate changes in the

characteristics of defect structure plus x-ray strain analysis was

used to examine the effects of pulsed magnetization on cold worked

and welded materials. A marked effect was found for magnetically

induced defect recovery in both cold worked nickel and OFHC copper.

The use of PAS and x-ray diffraction techniques indicated a

substantial amount of recovery during the first few cycles of a

pulsed, 1,000 oersted, magnetic field. It was also found that "R

parametar" calculations for positron annihilation showed a change

in the dominant defect structure during magnetically induced

recovery. Magnetic processing also indicated the potential for.changing the surface microhardness in the weld stress relief

studies. Because of the complexity of weld zones in general,

positron annihilation spectroscopy was the only clear cut method

showing a change in the actual defect structure following magnetic

stress relief.

II. BACKGROUND

The objective of this part of the paper is to present

experimental and theoretical background which has been published

in the USSR. This review will cover the basic studies as well as

their work in utilization of property changes of materials affected

by magnetic fields. A short section at the end of this portion of

the paper will be devoted to a review of non-USSR studies in this

* area.
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Simehe first Soviet work on the subject was published in

1937 by A.V. Alekseev (1) (who reported an increase of hardness on

MI S steel by magnetic treatment). Since then, principally in the

last 30 years, hundreds of articles and several monographs have

been published in the USSR. In a monograph by V.M. Finkel (2),

treatment of materials in magnetic and electrical fields is

considered as a part of a complex approach to physical-mechanical

methods of failure and crack retardation. A series of ideas,

methods and equipment related to crack retardation in metals and

monocrystals is presented in this monograph. The publisher of the

monograph suggested this book for study by scientists whose

specialties are strength and failure analysis and who are involved

O in the metallurgical, machine manufacturing and ship building

industries. The monograph contains 449 bibliographical references,

6 tables and 143 figures.

Another more recent monograph by Y.M. Baron (3) is devoted to

one of the most practical applications of magnetic field

processing; treatment of cutting tools. The monograph (3) contains

information about equipment design and the technology of magnetic

and abrasive-magnetic treatments. Different theories and working

hypothesis of magnetic treatment effects are discussed in this

work. The monograph contains 110 bibliographical references.

A third book by B.V. Malygin (4' has been announced for

publication in the fourth quarter of 1989. This will be devoted

to the strengthening of tools and machine parts by magnetic

treatment.
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In the monograph by Baron (3) various schemes for magnetic

treatment are presented depending upon the application and the

magnetic field parameters. For example, for cutting tool

production the following procedures can include:

- magnetic treatment of the tool in the process of cutting,

- magnetic treatment after sharpening of the tool,

- magnetic treatment during the thermal treatment of the

cutting tool.

According to monographs (2,3) the results of magnetic

treatment are determined by combinations of several effects:

- A magnetic field can produce irreversible changes in

structure and properties for ferromagnetic materials as well

as for those materials which do not have spontaneous

magnetization.

- Orientation of the magnetic moment of a simple defect or a

defect complex by applying an external magnetic field is

equivalent to applying additional outside stress.

- Even if the energy, provided by the magnetic field, is

significantly lower than required to develop new

substructural defects this energy is enough to initiate some

processes which are driven by the inner energy of the

distorted crystallographic lattice.

There are numerous works devoted to study of the effect of the

combination of thermal and magnetic treatments. Among these works

is a monograph by M.L. Bernshtain and V.N. Pustovoit (5), and

several major reference articles (6-9).
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The effect of magnetic treatment on nonferromagnetic

materials was studied in works (10,11). Significant changes in

performance of treated materials were reported in these studies.

In works (2-11) and in many of the references included in these

works, the authors report magnetic field effects on:

- Physical-mechanical properties of treated materials,

- Diffusion and transformation processes,

- Residual stress and stress relief,

- Wear resistance,

- Fatigue lifa.

Some of these results are presented in summary form in the

following sections.

Physical-Mechanical Properties

Most of the results have been reported when specimens were

magnetically treated at room temperature, for example:

- During electron transitions in a magnetic field,

considerable changes have been found in magnetic, thermal,

optical and mechanical properties of the materials treated

(2,11).

- Increases in hardness after magnetic treatment have been

shown as a change in the hardness as a function of the depth

into the specimen (Figure 1) (5).

- As a result of exposure of ferromagnetic materials to a

pulsed magnetic field microscopic deformation occurs in

the material, causing changes in the structure termed:

"Magnetostriction Substructural Strengthening of



*6

Ferromagnetic Materials (3)."

- Multiple remagnetization was produced in Cr-W-Mo steel

specimens (58-62 HRC) in a relatively weak constant field

of 0.4-0.6 kA/m (5-7.5 Oe) by rotating the specimens between

different poles of an electromagnet of constant current (up

to 4,000 cycles of remagnetization). This resulted in up

to 30% increase in hardness of the treated specimens (3).

- For paramagnetic Niobium and Molybdenum specimens a constant
0

magnetic field (1,500-2,00Oe; 120-160 kA/m) brought about

a change of temperature dependence of the yield point

(Figure 2), an increase in the plasticity and stress

relaxation at constant strain within a given temperature

range (Figure 3), a decrease of the Peierls activation

energy (Figure 4) and an increased mobility of screw

dislocations.

Diffusion and Transformation Processes

Some of the metallurgical changes reported when materials are

magnetically treated at room temperature were:

- A decrease in the lattice parameter of martensite as a

result of magnetically induced precipitation.

- Precipitation of a fine-dispersion strengthening phase,

particularly, carbides in steels (3).

- Changes in ordered defect mechanisms which control the

increase of free defects in electroconducting materials.

Defects change at the surface of crystals as a result of

electron bursts arising from a pulsed magnetic field (3).
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- The local absorption of energy at structural

inhomogeneities. In steels this leads to the rearrangement

of these inhomogeneities. Further rearrangement of the

structure takes place after t41A =mltion of pul-t-d

magnetic treatment. On the whole, strengthening by pulsed

magnetic treatment is postulated following a mixed

dislocation - diffusion mechanism (2,3).

- Sections of dislocation loops may move when interacting with

moving domain walls resulting in a small increase of the

total length of the dislocation loop. After removal of a

magnetic field there is incomplete relaxation of the

dislocation deformation. This is offered as an explanation

for observed increases of microhardness (2,3).

- Relaxation of intra-crystalline stresses can be related to

the decay of metastable defect complexes which brings

increased mobility of structural defects and increases in

the rate of diffusion. On the other hand, after relieving

defects, the possibility arises of developing a more stable

association of defects of higher energy (3,10).

The following effects have been observed and studied when

thermal treatment and magnetic treatment have been combined (5-9):

- Thermodynamic and kinetic properties of phase

transformations in steel are markedly changed under selected

conditions of applied magnetic fields.

- The effect of a magnetic field on diffusion and

recrystallization processes has been shown.



* 8

- The effect of a magnetic field on transformations of

subcooled austenite.

- The effect of a magnetic field on the physical and

mechanical properties of solids and liquids.

- The effect of a magnetic field on the martensitic phase

transformation.

- The effect of a magnetic field on the annealing of steel.

Residual Stress Relif

An increase in the compressive residual stresses in surface

layers of 0.1% carbon steels has been reported in (3) (see Figure

5). In addition, changes in the stress distribution of heat

treated materials in a magnetic field has also been shown (5) (see

. Figures 6 and 7).

The Effect on Wear Resistance and Cutting Tool Life

The following results relating to cutting tools have been

reported and discussed in the Russian literature.

- An increase of wear resistance (up to 2.5 times) of 18%W

steel and 6%W-5%Mo steel following magnetic treatment (3).

- The wear interrelationships between the magnetic condition

of the steel and carbide cutting drills and tools (3). For

example, tool life can be increased or decreased depending

on polarity of the magnetic field in the cutting tool and

direction of the feed (for lathe bits).

- An increase of HSS to.,-l life of 1.5 to 3x, if multiples of

an undirectional pulsed magnetic field of 500-1000 kA/m (6.3

12.6 kOe) amplitude is applied. However, higher field
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strengths can result in embrittlement and destruction of

the cutting edge.

- Multiple remagnetization of a cutting tool in a

relatively weak field (up to 0.4-0.6 kA/m (5-7.5 Ce)),

performed by rotating the tool between different poles of

an electromagnet at a constant current results in an

increase in tool life.

- The heat effect in HHS inserts of the right geometry placed

in a magnetic field of 240 kA/m (3.0 kOe), is large enough

to change the temperature balance in the cutting area.

- A change in hardness of the chip surface next to the cutter

and a decrease of shrinkage of the chip has been suggested

* as the reasons for the changes in the coefficient of

friction between a magnetically treated cutter and the work

piece being machined.

Fatique Life

The effect of magnetic treatment on fatigue life has been

mentioned in several works (2,3), but only in the monograph by

Malygin and Varulenro (7) (combination of magnetic and thermal

treatments) have conclusive results been reported (see Figure 8).

It is stated in monographs 2 and 3 that superimposing a

sufficiently strong magnetic field makes it possible to alter the

principle mechanical and thermodynamic constants of materials in

a desired way. This is of tremendous interest from the point of. view of controlling the fatigue strength and failure of solids.

:t is obvious that Soviet research has provided a large
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reservoir of data confirming material property changes produced by

the selected application of magnetic fields of varying intensity.

These changes are of a fundamental nature and are significant

enough to be utilized in industry.

Other Research

Several non-Russian studies have also shown the possibility

of modifying the properties of metals by utilizing a magnetic

field. These investigations have demonstrated that fatigue

properties, stress relief, wear resistance, and surface composition

can be altered by the application of a pulsed magnetic field (12-

13).

Cullity et al. demonstrated the stress relaxation in a nickel

O specimen loaded in compression (14). The stress was observed to

decrease dramatically with the application of a magnetic field.

The study of magnetically induced recovery of magnetic

susceptibility in diamagnetic metals, such as copper, was

documented as early as 1946 (15,16), but only recently has

mechanical recovery been reported in an article by Hochman et al

(17).

The first theoretical study of the interaction of dislocations

with magnetic fields was published by Vicena in 1954 (18). Since

that time several additional papers have been published on this

topic (19-22).

In addition, it has been shown that very low concentrations

of impurities such as Fe, Cr, and Mn in commercial materials can

provide localized magnetic moments (23-26) resulting in unique
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changes of properties when subjected to a magnetic field. These

defect magnetic moments may afford some of the energy necessary to

assist in rearrangement and annihilation of vacancies and

dislocation structures in diamagnetic materials.

III. CURRENT RESEARCH

Positron Annihilation Spectroscopv (PAS)

Positron annihilation spectroscopy (PAS) is a noncontact and

nondestructive technique which can be used to characterize the

atomic defect structure of materials. Using currently available

instrumentation it is possible to investigate: i) defect types,

distributions and densities, ii) the atomic structure of defect

such as interstitial/vacancy complexes, iii) the size of vacancy. cluster, iv) the electron density in the vicinity of a vacancy, and

v) extended defects such as dislocations and grain boundaries.

In a typical experiment, positrons are injected from a

radioactive source and quickly reach thermal velocities. When the

annihilation event occurs, the nonzero net momentum of the

positron/electron pair modifies the characteristics of the

annihilation radiation. The two 7-rays will have their energies

altered from 511 KeV and will no longer be emitted in exactly

opposite directions.

The technique used in present work is Doppler broadening PAS

which measures the deviations from 511 KeV. Such neasurements can

be used to characterize (and under certain conditions identify) the

location of positron "traps" within the crystal lattice. Since

positrons can be preferentially attracted to, and become localized
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within, open volume, and/or negatively charged defect sites,

changes in the relative concentrations of such sites will influence

the observed annihilation energy lineshapes.

These Doppler PAS energy distributions are usually interpreted

using a characteristic lineshape parameter (S) defined as the sum

of the counts in a central region of the peak divided by the total

number of counts in the annihilation energy spectrum. In general,

for open volume defects like vacancies, grain boundaries, etc., the

electron momentum distribution in the defect region will be

narrower than in the (nondefective) bulk (i.e., S (defects)

S(bulk)). Thus, an increase in S (usually) corresponds to an

increase in the defect concentration in the specimen.

While the S-parameter gives an indication of total defect

density, it can not be used to determine the types of defects

present. To overcome this difficulty the R-parameter was

introduced which is concentration independent, but characteristic

of the type of trapping site from which the positron is

annihilated.

X-ray Diffraction Experiments

The x-ray diffraction strain experiments were performed using

a Philips model PW1800 computerized diffractometer.

In order to obtain a completed separation of K alpha 1 and K

alpha 2 peaks, a high angle radiation was chosen for thes2

experiments. This is based on the differentiation and

rearrangement of Bragg's law into the form:

AO = (-Ad/d) tan a



* 13

where 6 is the nominal Bragg angle, &a is the peak shift, and ad

is the change in d-spacing as compared with the unstrained

specimen. since tan a increases with an increase in a, higher

values of a result in an enhanced separation of the alpha 1 and

alpha 2 peaks.

Mean strain values were calculated using the Warren-Averbach

method with the (200)/(400) or (111)/(222) pair reflections.

Experimental Results

Oxygen free copper (99.99% with 10ppm oxygen) and

commercially pure nickel, obtained from Material Research

Corporation, were selected as the materials for the basic

investigations. Each as-received material was treated using the. procedure listed below in order to minimize the influence of

previous processing and to obtain a uniform grain size.

Step 1. Cold work to 80% reduction of area (RA)

Step 2. Heat treatment at 2/3 Tm (4 hours in argon)

Step 3. Furnace cool

Step 4. Cold work to desired percentage RA by rolling

A sample size of 10 mm x 10 mm x 2 mm was cut and polished

from the previous cold-worked samples.

After the initial PAS experiments the samples were treated in

a pulsed magnetic field of 80 oersted for various number of cycles.

Throughout this paper we will employ Duratech's definition of a

fluxatron cycle. A single fluxatron cycle is actually composed of

O approximately 315 reversals of magnetic field. The period of each

complete reversal is 0.133 s giving a total cycle time of 42 s.
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For the purpose of limiting the temperature rise during

magnetic treatment, however, any single pulsed magnetic field

treatment (PMF) was limited to a maximum of 10 cycles. PAS

measurements were performed immediately after each selected number

of PMF cycles.

Table I lists the values of the four PAS lineshape parameter,

S, R, IV, and IC, for the experiments on commercially pure nickel

as a function of percent reduction in area (%RA). Figure 9 is a

plot of the S and R parameters for these same samples. Typical

error bars (± 1 sigma) are shown. The S data exhibit the well

known behavior of a gradual approach to a saturation value. As

expected, the behavior of IV is similar to that of S while IC shows

the inverse trend. The R-parameter is constant to within

experimental error for all levels of % RA.

The pair of nickel specimens cold worked to 50% RA were

subjected to PMF treatment. The changes in the PAS S- and R-

parameters for these samples, as a function of number of PMF

cycles, are shown in Figure 10. In general, the S-parameter

decreases with an increase in the number of PMF cycles. The

R-parameter shows a gradual change from =0.5 to =0.425.

In order to investigate the dependence of magnetically induced

recovery on the amount of prior deformation, the experiments

described above were repeated for a sample with 80% RA. The

S-parameters for these samples are shown as case 1 in Figure 11.

A similar set of experiments was performed for OFHC copper.

The general trends in the changes in PAS parameters with %RA were
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similar to those for Ni. That is, S and I. increase to a constant

value while Ic decreases to an asymptotic value. The changes in

the S- and R-parameters for the 80% RA samples, as a function of

number of PMF cycles, are shown in Figures 12 and 13. The S-

parameter initially decreases, reaches a minimum value after

approximately 50 cycles and then increases again. The R-parameter

changes abruptly at approximately 40 cycles from a value of =0.45

to a value of =0.42-0.43. This step-like change in R indicates a

change in the dominant defect structure occurring between 35 an&45

PMF cycles. Note that the minimum in S occurs at the same number

of PMF cycles at which the dominant defect type changes. Also

shown in Figure 13 is the change in mean strain, as measured by x-. ray diffraction, as a function of the number of PMF cycles. The

mean strain decrease from 0 to 10 cycles and then remains

essentially constant.

In order to understand the influence of PMF on point defects

a pair of OFHC copper samples were heated to 900°C and quenched in

water. The R-parameter for these samples, as a function of number

of PMF cycles, is shown in Figure 14. Note the sharp drop in R

after only a single PMF cycle.
la

The data shown in Figure 14 strongly indicates magnetically

induced defect recovery in samples initially deformed to 80% RA.

The decrease in the S-parameter reflects a decrease in the density

of positron traps as the number of PMF cycles increases. Most of

the recovery occurs during the first 40 cycles. It is interesting

to note that during the first few cycles of PMF treatment there is
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an increase in the S-parameter. In addition to a gradual decrease

in the S-parameter, the R-parameter changes significantly after

approximately 15 cycles of PMF. This result reflects a change in

the dominant positron trapping state and suggests a change in the

relative concentration of defect states. In order to identify the

types of defect present one must obtain reference R values from

carefully prepared samples with a known dominant defect type. Such

experiments are underway.

The data in Figure 14 also shows the results of an experiment

designed to establish the effect of PMF on quenched in vacancies

in OFHC copper. Note that the R-parameter changes significantly

after only a single cycle of PMF indicating a strong interaction

Obetween the magnetic field and the as-quenched defect structure.
Stress Relief of Welds of 304 Stainless Steel and 1018 Plain Carbon

Steel

A series of butt welds of 304 stainless steel and 1018 plain

carbon steel were prepared utilizing one pass to fill a modified

"V" crevice. Samples were then cut from the larger welded pieces

and areas near, and in, the heat affected zones were subjected to

metallography and PAS.

Significant changes in defect concentration "S" in the heat

affected zone (HAZ) were noted. Pulsed magnetic field treatment

in the HAZ significantly changed the "as welded" "S" parameter as

a function of treatment time. Figures 15 and 16 show the marked

effect of a 1000 oersted, pulsed magnetic field on the HAZ.

Preliminary x-ray stain measurements indicate the "S" parameter
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changes may be related to a lowering of the local residual stress

in the HAZ as a result of magnetic field treatment.

Conclusions

This study has demonstrated both the viability of magnetically

induced defect recovery and the utility of PAS for investigating

this phenomenon. The PAS S- and R-lineshape parameters have been

used to investigate changes in defect structures as a function of

amount of prior cold work and number of pulsed magnetic field

cycles. These results have been correlated with x-ray measurements

of mean strain and texture.

IV. GENERAL CONCLUSIONS

The extensive literature, in excess of 500 citations.(principally in the USSR literature), leads one to the conclusion

that the use of magnetic fields, particularly pulsed magnetic

fields, can provide unique changes in the structure and properties

of metals and alloys. The potential of being able to put energy

into material and have it interact with vacancies and dislocations

provides the possibility of altering both transformation kinetics

and mechanical properties of these materials.

A summary of the effects of high magnetic fields is presented

in Table II. This summary points out the unique potential for high

magnetic fields. With very high fields the bond energy of most

solids can be exceeded. However, working with much lower fields

will induce significant interaction with the solid defect structure

which can produce beneficial changes in fabrication, failure. prevention, stress relief, diffusion promotion or control, fatigue
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control, etc., of not only metallic materials, but other solids and

liquids as well.

The authors feel that the development of the understanding of

the basic function of the interaction magnetic fields with the

defect structure of solids will provide useful techniques to deal

with a broad range of structure-property problems. Once the basic

understanding of these phenomena has developed, a whole new high

technology utilizing this information will evolve.
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Table I. The Influence of Percent Reduction of Area (%RA) on the
PAS Parameters (S, R, I., and I) for Commercially Pure
Nickel.

RA(%) S R

6 0.474816 0.4998 0.1583 0.1940

11 0.481750 0.4785 0.1611 0.1863

25 0.487051 0.4969 0.1633 0.1839

37 0.495713 0.4887 0.1662 0.1776

50 0.497696 0.5032 0.1674 0.1760

70 0.503207 0.4968 0.1690 0.1724

80 0.505907 0.4727 0.1702 0.1681
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Table II. The General Effect of Magnetic Field Strength on the
Metals.

Magnetic Field
Stren ht Phenomenon

400 KOe Exceeds the yield limit of
most metals.

800 KOe Surface begins to melt.. 1.2 MOe Part of metal melting.

1.5 MOe Evaporation commences at
the surface.

5-10 MOe Density of magnetic field
energy exceeds the bonding
energy of most solids.
(i.e., they cease to exist
as solid bodies.)



* 23

900900

800

I I I I I I I I

50 100 150 200 h,XN N0 100 150 200 AJIVM

Figure 1. The change of microhardness as a function of 
depth in

steel specimens of R6M5 (a) and R18 (b). 1 - before

magnetic treatment and 2 - after magnetic treatment.

From: "Thermal Treatment of Steel Parts in Magnetic

Fields," by M.L. Bernshtain and V.N. Pustovoit, Moscow,

Machinostroenie, 1987.
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Figure A. The temperature dependence of the value a for niobium

strained with the 1500 Oe magnetic field on (e) and off

(0). Strain rate 7 x 10.3 S".

From: Same reference as in Figure 2.
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Figure 3. The temperature dependence of: a) the plasticity 6 and
b) the stress relaxation at a constant strain am/a0 for
niobium strained with the 1500 Oe magnetic field on (e)
and off (0).

From: Same reference as in Figure 2.
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Figure f. The activation energy vs. stresses in molybdenum under
tensile deformation in a 2500 Oe magnetic field on (a)
and off (0).

From: "The Effect of Constant Magnetic Field on
Mechanical Properties and Dislocation Structure of
Niobium and Molybdenum," Phys. Stat. Sol. (a) 57, 449,
1980, by V.A. Pavlov, I.A. Percturina and N.L.
Pecherkina.
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Figure 5. Residual stresses after remagnetization of U10 HRC 65 -
68 steel: a) B = 1.4T, Time = 0.6 seconds, varying

number of cycles and b) B = 1.4T, N = 2500 cycles,
varying time.

From: "Magnetic-Abrasive and Magnetic Treatment of Parts
and Cutting Tools," Moscow, Machinostroenie, 1987, by
Y.M. Baron.
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Figure 6. Distribution of stresses across the cross-section after
quenching (in nonagitated water) from 1000 0C of: a)
steel 45 and b) cast ferritic iron. 1 - without field
and 2 in magnetic field of 1.4 MA/m.

From: "Thermal Treatment of Steel Parts in Magnetic
Fields," Moscow, Machinostroenie, 1987, by M.L.
Bernshtain and V.N. Pustovoit.
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Figure 7. Distribution of stress after quenching from 10000C (in
spray-water cooling, 8 = 2m/sec) of: a) steel 45 and b)
cast ferritic iron. . - without field and 2 in magnetic
field of 768 kA/m.

From: Same reference as in Figure 6.
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Figure 8. Fatigue cures of steel 45 after quenching from 8800 C and

annealing at 250°C(a) and steel 14X2GM after

normalization at 940°C and annealing at 6600C. 1 -

cooling in a magnetic field of 1.68 MA/m from the

temperature of austenlization and 2 - cooling without

field.

From: Same reference as in Figure 6.

N20



* 31

0.52

0.51

0.50

°
0O.49 •

, 0.48
a..

0,47

0.46

0.0 25.0 50.0 75.0 100.0

% REDUCTION OF AREA
0.52

0.51

0.50
w: 0

w 0.49

0.47

0.46

0.45'
0.0 25.0 50.0 75.0 100.0

% REDUCTION OF AREA
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Figure 11. The changes in the PAS S- and R-parameters for two sets
of 80% RA nickel samples as a function of number of PMF
cycles. The primary difference between the two paris
of samples was found to be their texture.
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Figure 12. The change in S-parameter for 80% RA OFHC copper
samples as a function of PMF cycles.
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Figure 13. The changes in the mean strain as measured by x-rays
and the R-parameter from the 80% RA OFHC copper samples
as a function of number of PMF cycles.
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Figure 15. The change in S-parameter (defect concentration) in theheat affected zone (HAZ) of welded 304 stainless steel.
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steel.
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ABSTRACT

A review of the soviet work empl ying the electroplastic effect (EPE) to metal

working operations is presented. It includes the application of current to wire

drawing and to the room temperature rolling of thin sheets of W, Cu, stainless

steel, and iron-cobalt alloys. D.C. current densities of -105 A/cm 2 were applied

continuously or in the form of pulses -10-100 pts in duration with a repetition

frequency ranging from 102 - 104 Hz. Applying high density electric current to

* the deformation zone of a metal during a working operation generally improved

the effectiveness of the process. Reduced forming loads, changes in texture,

changes in relative -amounts of phases present, and improved subsequent

mechanical properties resulted. The vectorial nature of the EP effect was clearly

shown in wire drawing experiments. By employing the EPE in rolling operations,

a high quality product resulted that was unattainable under conventional

conditions.
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1. INTRODUCTION

About ten years after the discovery by Troitskii and Likhtman (1) that moving

electrons in a metal can enhance its plasticity, work was reported using the

electroplastic effect (EPE) in wire drawing and rolling operations (2,3). The EPE

was believed to result from an electron push on the dislocations during plastic

flow. It was reasoned therefore that it should either improve the metal working

* process or the quality of the subsequent product. By applying high density electric

current (104 to 106 A/cm 2 ) continuously, or in the form of short pulses (10 to 100

4s), both of these benefits are realized. This paper presents a review of the Soviet

work utilizing the EPE in wire drawing as well as rolling operations.

2. EXPERIMENTAL

2.1 Wire Drawing

The experimental arrangement for applying electric current during the wire

drawing experiments is presented in Fig. 1. Copper (Cu), stainless steel (SS), and

tungsten (W) wires with original diameters of 50 to 100 pLm were generally used.

However, one set of experiments (4) used wire with a somewhat larger diameter of

150 to 300 pLm. Small diameters were employed to more easily provide a uniform,

high density current in which heating effects could be minimized. Current was



* supplied by sliding or rolling contacts and a triethalomine/oleic acid cooling

emulsion was provided to remove some of the Joule heat.

The diamond draw dies (2a = 160) employed provided electrical ground

isolation. The effects of drawing speed ranging from 5 to 300 m/min were often

studied. In addition, deformation amounts (reduction in area) per pass from 4 to

20% were investigated. The various current conditions employed are

summarized as follows:

Current density J= 104 to 3 x 105 A/cm 2

Pulse duration tp =3 to 100 gs

Pulse frequency Vp= 100 to 30,000 Hz

On-Off ratio (duty cycle) Q =2 to 20

Continuous and pulsed DC; also AC (to simulate heating)

The vectorial nature of the EPE could be observed by simply reversing the current

polarity relative to the drawing direction, thereby changing the direction of the

electron force.

2.2 Rolling

The rolling experiments (12,13) employed DC (rectified 60 cycle AC)

continuous current, which was supplied through the rollers of the flattening mill

(Figs. 2 and 3). This scheme provided current perpendicular to the rolling

direction with densities of 104 to 106 A/cm2 . Wires of tungsten (W), W-27% Re,

and iron-cobalt (Do - 0.1 to 0.5 mm) were thus flattened into micron thick ribbons.

Sample cooling was provided by compressed air.

3. RESULTS AND DISCUSSION

3.1 Wire Drawing

* Upon application of current to the drawing process, a drop in the drawing

force occurred. This drop is illustrated in Fig. 4 (a,b) for the drawing of Cu wire

2



and is a consequence of the combined effects of the current, that is, Joule heating,

pinch, and EPE. The vectorial nature of the EPE can be seen in Fig. 4, when the

current is reversed, i.e. changing from the case of negative downstream of the die

and positive upstream to just the opposite connections. In the latter case, Joule

heating and pinch effects reduce the drawing force, while the EPE tends to

increase it. Also to be noted by comparing Figs. 4a and 4b is that pulsed DC

current has a greater effect than the continuous current. One explanation for

this observation is that it resulted from the ultrasonic vibrations induced by the

pinch effect (5). The load reduction was found to saturate at about 20 kHz, the

point where the deformation zone (material in the die) receives at least one

current pulse.

The effects of current density, pulse width and Q- 1 (on-off ratio) on the

* relative reduction in drawing force is presented in Fig. 5. These parameters are

linear with current density and consequently support the interpretation of an

electron push mechanism. The linear behavior with pulse width and Q- 1 reflect

the total power input to the deformation zone. It was also observed that the effect

was reduced as the drawing speed increased. At about 60 m/min and greater, the

load reduction reaches its lowest value. It was suggested (6) that this speed

approximately coincides with the electron drift velocity, so that the net push on the

dislocation is at a minimum.

In addition to reducing the drawing force during the actual process, changes

in the deformation texture have been noted (7,8) and an improvement in

subsequent properties (4,9,10). In stainless steel (SS), electrical resistivity was

reduced and the percentage of a-phase formed in the operation was lowered,

while the aging process (precipitation of finely dispersed phases of carbides and

* intermetallics) was accelerated. All of these phenomena influenced the magnetic

3



properties. Fig. 6 shows how the magnetic energy, HcxBr, (where H c is the

coercive force and Br is the remnant induction) is enhanced by the electric current

(9). This was attributed to the additional formation of domain structure due to the

presence of more y--phase and by increasing the aging process.

Subsequent mechanical properties were also improved (4-6). The yield

strength of Cu increased 5 to 8%, while the ductility increased by 6 to 10% (5). In

SS the ultimate tensile strength (UTS) was reduced when current was used,

although the ductility was still improved.

3.2 Rolling

Good quality W, W-Re and Fe-Co ribbon material was produced by employing

high density electric current (3, 12-16). Application of electric current simplified

the rolling process, since these materials normally require high temperature,

* vacuum rolling conditions. In addition, products with superior mechanical

properties resulted. Klimov et al (3) rolled 0.1 mm W and W-Re wire over 90%

(reduction in area) using current densities of -105 to 106 A/cm 2. The product was

free of surface or edge cracks and its UTS increased from about 530 to 610

kg/mm 2 . It was estimated that the temperature of the deformation zone was in

the range of 200 to 300'C.

Troitskii and co-workers (8,13) had similar results with W. By utilizing

current in the rolling operation, 0.4 mm diameter wire was flattened to 0.1 x 0.15

mm ribbon with good tensile strength and ductility. When it was rolled without

current, the material laminated and fractured.

Another hard to roll material (Fe-Co alloys) was also found to benefit from

the concurrent use of electric current. Klimov (15) produced micron thick ribbons

from a 2 mm diameter rod of Fe-Co-2%V alloy without the intermittent annealing

* or quenching that is normally required. Fig. 7 illustrates the quality of the

4



* product obtained. The upper ribbon was produced without the aid of electric

current, while the lower ribbon utilized current in the process. As can be seen,

the current eliminates the edge cracking. An estimate of the temperature in the

deformation zone was 300 to 350'C. Effects on the dislocation structure were

observed. Specimens rolled without current contained high dislocation densities

without signs of a pronounced cellular structure. With current, the samples had

much lower dislocation densities. This was believed to result from easier

transverse slip.

Klimov put forth a model for the electron push associated with the EPE effect

(14). He based it on a classical approach of an electron gas in a metal. The

vectorial nature of the effect was shown in that the force on the dislocation was

proportional to the difference between the dislocation velocity and the drift electron

velocity. This vectorial behavior, as well as the linear dependence of the force on. current density, has been suggested by others as well (17,18) and seems to be

supported in the wire drawing experiments. However, some years later Klimov

(16) put forth another theory of the EPE based on an internal temperature and

vacancy concentration gradier . model. These effects depend on the current

density squared and are therefore nonvectorial. Given that some Joule heating is

inevitable in these metal working experiments, it is difficult to separate out the j 2

effects that may be associated with the EPE from that due to the heating.

4. CONCLUSIONS

It has been demonstrated by the Soviets that a drawing or rolling operation is

in general improved by the simultaneous application of high density electric

current to the deformation zone of a material. Drawing forces were reduced, and

* brittle materials were rolled without high temperature or vacuum systems. In

addition to the operational improvements, the materials' subsequent properties

5



were generally better than those obtained using the normal procedures. The YS

UTS and ductility were improved, magnetic properties enhanced, and a

redistribution of the drawing texture observed. Also, phase transformations were

affected.
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FIG. 1. Block diagram of the set-up for investigating the
electroplastic drawing of metal. A-pulse amplifier power supply;
B- pulse generator; C- oscillograph; D- pulse amplifier; E- strain
gauge bridge power supply; F- direct current amplifier; G-
recorder; 1-unwinder; 2-contacts; 3-diamond die; 4-guide rollers;
5-small beam with strain gauge bridge; 6-receiving reel. From [6]
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FIG. 2. Experimental strip flattening millc 1) uncoiler; 2) dc motor;
3) tension transducer; 4) tensometer station; 5) ultrasonic
generator', 6) transducer-, 7) condenser-, 8) reflector; 9) two-high
rolling mill; 10) source of electric current; 11) cooling and packing

O unit. From [13]

FIG. 3. Schematic diagram of electric current placement through
the deformation zone in electroplastic rolling. From [12]
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FIG. 4. Typical diagrams of the drawing force reduction of copper
wire 60 .m in diameter with and without the application of an
electric current to the deformation zone: mean effective current
density J mean, effn 3.5 x 105 Ncm 2; wire movement rate = 0.45 m/s;
reduction ratio - 16.1%: (a) pulsed current with a frequency of
10kHz and a pulse duration of 60 ±Ls: (b) direct current with
fluctuation not exceeding 10 %. From [6]
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FIG. 5. Dependence of the absolute load drop, AP, and the relative
load drop, 8 -(P/P)100% versus current density (J), pulse duration
(T), and on-off ratio (Q). From [6)
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FIG. 6. Magnetic energy as a function of the total deformation of
wire after drawing. 1,2) electroplastic drawing with direct current;
3) electroplastic drawing with alternating current; 4) ordinary
drawing. From [9]
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FIG. 7. Flats (ribbons) produced from Alloy 49k (Iron-Cobalt) a)
without passing electric current; b) with passing electric current.
From [15]
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This paper describes an unconventional P/M processing, "electro-
discharge compaction" (EDC) for consolidation of rapidly solidified powder
materials. EDC applies a high voltage, high density current pulse (for
example, up to 30 kV, 10 kA/mm2 for 150 - 300 us) to powders under pressure.

The conventional P/M processings are to compact powder materials first
by vacuu-i-hot-press or Hipping and then to mechanically densify to 100% by
extrusion, forging or rolling at elevated temperatures. All of these
processes involve extended heating of powder materials; the larger the mass
is, the longer time is required to achieve a homogeneous temperature. In
case of rapid solidified or mechanically alloyed powders, this inevitably
leads to degradation of unique features associated with RSP or MA. They are
undesirable precipitation of solute atoms which are otherwise in solution,
excessive ripening of orignally fine precipitates and even grain growth, all
of these occur due to the extendend exposure to heat. Another problem

* inherently associated with P/M of RSP or MA Al alloy powders is the
existence and persistence of oxide films on the prior particle boundaries
even after severe hot-working of the preform, the remaining oxide film on
the particles' interface becoming the sites for crack initiation upon
applying stresses to result in poor mechanical properties.

The advantages of this EDC under the applied pressure in microseconds
are the capability of removing oxide films on the powder surface to greatly
enhance the bonding of powder particles together, the preservation of the
unique microstructure characteristic of RSP, the densification and the
ability to compact reactive materials even in an ambient atmosphere.

Background of EDC

A review of EDC may be found elsewhere [1]. Briefly, Taylor [2] made
the first attempt to compact cemented cirbide by applying an electric
current in 1933. Cremer [3] showed in 1944 that nonferrous powders of Cu,
brass, bronze and Al could be compacted. Cremer also indicated that the
variables were current density of 62 kA/cm 2 , sintering times of 1 to 2
cycles of a 60 cycles current and pressure of 69 to 138 MPa. Lenel [4] in
1955 attempted the compaction of metal powders by passing a low voltage (10
- 40 V), high current (15 - 25 kA) through powders and simultaneous

sintering under pressure. The significant differences between this
discharge compaction process and the conventional hot-pressing are as
follows: The sintering times are very short (of the order of a few seconds).
The powder and die are initially cold. Heat is generated within the powder.
The pressure for the discharge sintering is high. And the subsequent
cooling after the sintering is quite fast and amounts to self-quenching.



On the contrary, Saito et al [5] used a high voltage discharge using a
capacitor as the source of energy. They named it "flush electric discharge
sintering". Aluminum powders of about 15 4m size were pressed with an
isostatic pressure of 59 MPa and electric energy from a 60 pF capacitor
charged up to 15 kV was dumped accross the powder specimen. They claim that
the sintered density by discharge of 3 kJ under a pressure of 59 MPa,
followed by sintering at 803 K for 3.6 ks in vacuum, is increased by 12%
compared to that without a discharge. A very low resistance of the resultant
compact was interpreted that the oxide film had almost completely been
disrupted. They were the first to observe that EDC results in the densi-
fication and removal of the oxide film.

Al-Hassani and coworkers [6,7] carried out EDC of metal powders by
dischargeing a bank of 15 capacitors of 5.32 pF each, which stored a maximum
energy of 16 kJ at a charging voltage of 20 kV. Their primary concern was
however to obtain the P/M bar of a density high enough to withstand sub-
sequent mechanical fabrication such as rotary swaging. The highest density
obtained for iron powders is about 60%. They [7], from the voltage and
current curves versus discharge time, postulated that EDC occurs in three
stages, while the present author [1] conducted the EDC experiments for
deliberately oxidized nickel powders to conclude that the EDC process is
actually composed of the four btages, instead; stage I, electronic breakdown
of oxide films and heat accumulation at the metal-oxide interface; stage !I,
explosive breakdown of oxide film owing to sublimation of the metal layer
beneath the oxide film; stage III, neck formation; stage IV, neck growth and
dissipation of energy through the conductive mass.

Characterization of EDC compacts

The most important features of EDC are the removal of oxide films on
prior particle surface, preservation of RSP microstructure, densification
and improved mechanical properties. First, Davis and AI-Hassani 77]
speculated the oxide film removal is due to high heat generation at the
contact of particles that separates the metal and oxide film due to their
different thermal expansion coefficients. Secondly, they considered that
the densification occurs due to the electro-magnetic forces produced by a
sudden flow of a high voltage, high density current for a very short time
that deforms powder particles (so-called pinch effect). If the oxide
disruption occurs by the mechanism they proposed, the pieces of disrupted
oxide film or oxide particles will remain at the interface between welded
particles. In order to verify this oxide disruption, the present author [1]
carried out the EDC experiments with deliverately oxidized nickel powders
(0.3 um thick oxide film on 150 pm nickel particles). The detailed
examinations by TEM of the particle interface after EDC provided a con-
clusive evidence that nickel oxide films have been explosively disrupted and
dispersed as oxygen atoms into the nickel matrix without leaving any oxide
particles of detectable sizes within the interface by a sudden and enourmous
increase in heat at the contact point of particles which transforms the
substrate nickel from solid into gaseous nickel.

The present author [8] specifically focused the aforementioned first
two features of EDC, i.e. the removal of oxide films and the preservation of
RSP microstructure of an RSP Al alloy (melt-span Al-IlFe-2V, ground to -60
mesh powders of mostly "A" structure [9]). Under the EDC conditions (dis-



charges of a 480 IF capacitor charged at 2 to 5 kV to produce the input
energies of 1 to 6 kJ to 2 grams powder), no oxide particles of detectable
sizes were observed in the powder particle-particle interface which is
produced by welding of two particles. Also TEM micrographs clearly
indicated that both the areas across the interface exhibit microstructures
almost identical to that seen in the rapidly solidified state. A typical
TEM micrograph showing such an interface region is presented in figure 1.

Figure I A TEM micrograph of an
Ni a;; EDC compact of RSPAl-lIFe-2V

powders, showing the interface
region which is free from any

U oxide particle of detectable

One-pulse discharges were made in the input energy range of up to 12 kJ
from a capacitor bank of 720 UF charged up to 5.8 kV to the atomized AI-8Cr-
2Ti powder specimens of 20, 30 and 50 mi under 45, 70 and 103 MPa pressures.
Depicted in figure 2 is the relation of the achieved density, Pa' versus the
input energy, Ei as a function of the specimen resistance, R,, It should be
noted that the achieved density can reac,, up to 96% of the theoretical for a
20 m specimen discharged at 12 kJ. As expected, the increase in density is

100 1125 1
N2 -stosdzed Mitrogse-ntowitd
AlI-SCr-2T 20 A I-Cr-2T1

= 0 0V (30i alce size)25 |

05 - 20

10put 20 Mii 10 S .- 0Specimen resistance ar Q00
ao1 20 etil01m 3 0 ailliaow

A 30 ailiahme 505 110

0 0 SMiiliola

0 510 15 00 E 2 3 I.

Ifl~*tl~gy (J)Normalized inout energy (ku8g)

Figure 2 The achieved density vs. Figure 3 Densification by EDC vs.
input energy as a function of specimen normalized input energy for Al-
resistance for Al-8Cr-2T1 powders 8Cr-2Ti atomized powders

of parabolic with increasing the input energy and the curves for three
different specimen resistances are parallel. This implies that the densi-



fication during EDC simply depends on the input energy, but not the initial

packing density; the applied pressure has a minor effect on sintering. To
clearly depict this input energy dependence, the data are replotted in Fig.3
in a relation between the net densification by EDC and the normalized input

energy, En (kJ/g). It is seen that the maximum densification amounts to 22%
at a 4 kJ/g. This 22% is much greater than that (12%) previously reported
[5]. It is then concluded that the parameter predominantly affecting the
densification by EDC is the normalized input energy.

The EDC conditions were examined
to achieve the highest density without
altering the microstructure inherent 160

in RSP. The structural change is pri- .

marily due to the excessinve heat, Ali K ReinIRagloig II

that is related to the specimen resis- 40 la.. (1irot

tance, Ri, discharge current, I and altdire)d)

the discharge time, t by 
AH-I2 R-t.

Since the input energy, Ei is directly 20 0 0 0
1a Rlon I

related to CV /2, the product of E i  (microst. preservd0

and R. is constant (AAHt/2C). Figure 4 _ _ _ _ I_ _I __l

depicts the relation of E vs. R 0 L 2 3 4
i i No rmidixo in-ut energy (ki/8)

where the boundary curves clearly se-
parate the region I in which the micro-
structure is not altered at all, the Figure 4 Ri vs. En to
region II in which the interface region identify three regions
has been modified and the region III in
which the matrix microstructure has been changed to significantly increase
the size of )riginally fine precipitates. The condition for the region III
is undesirable.

From the curve to thread the data points of the interface modified in
region II, one can obtain a value of 0.094 for A. Once A is given for a
given condition of EDC (Ri, C) the input energy Ei can be uniquely chosen to
specifically avoid the undesirable microstructural change. A typical
example of the microstructure in region I is illustrate for a 20mO specimen
discharged at 12 kJ. It is in Fig. 5 that first the interface produced by
welding two powder particles is very narrow and free from any oxide particle
of detectable sizes and secondly the microstructures on the both sides
sandwiching the interface exhibit the same structure as that of the as-
atomized powder. On the other hand, once the specimen resistance is
increased (the applied pressure is reduced), the amount of heat generated by
the same input energy is increased according to the Ohmic law. Depicted in
figure 6 is an example of the microstructure produced in region II for a 30
mO specimen discharged at 12 kJ. The width of the interface is increased
but the matrix microstructure is not altered. Further, the interface
morphology is quite unique. Namely, the interface has somewhat recry-
stallized structure that is completely free from precipitate phases. It is
then considered that the heat generated under this condition not only
disperses the oxide film on the prior powder particle boundary but also
melts a fairly significant amount of the particle surface layer which was
otherwise accompanied with precipitates. This molten layer, however, is
quenched very quickly, leaving the re-solutioned solute atoms in solid
solution. Also the recrystallization might have proceeded while the heat is
dissipated into the matrix but in a manner not to extend its recrystalli-



zation beyond this interface region. Accordingly it can be said that the
microstructure in the interface region has been modified due to a very high

quenching rate. Once in while, even an amorphous structure was produced in

the interface region [8].

Since this atomized powder has been exposed to air, it is believed that

powder particles have oxide films of at least a few hundreds angstroms.
When a pulse of high current density is sujected, the oxide film would be
explosively dispersed into the matrix [1]. So far TEM observations of as-EDC
compacts revealed that neither oxide film nor oxide particle of detectable
sizes exist at and in the neighborhood of the interface. The resurgence of
oxide particles from the matrix was examined by heating the EDC compact at
873 K for 86.4 ks. The- oxide films disrupted by a discharge, then mixed into
the matrix in a form of forced solid solution, must come out as oxide
precipitates upon heating either in the interface or in the matrix since
oxygen atoms have only a very limited solubility in aluminum (less than 50
ppm). TEM observations of heat-treated compacts also revealed no oxide
particles of detectable sizes exist both at the interface and in the matrix,
while the precipitate phases have been significantly grown.

___ ___ _ 1 I'm

Figure 5 A TEM micrograph of a compact Figure 6 A TEM micrograph of
discharged in region I, the micro- a compact in region II, the
structure being preserved, interface region being modified.

Since it was not possible to produce a 100% density by a single pulse
discharge, microhardness tests, in stead of tensile tests, were carried out
to check out the improvement of mechanical properties. The results of
hardness measurements are presented in figure 7, where the data points are
plotted against the achieved density. The room temperature tensile strength
here is converted from the hardness using an equation of O=Hv/3. It is seen
in this figure that the extimated strength increases with increasing the
achieved density and extrapolates to 620 MPa at 100% density. This value is
compared with that of the bulk material produced by CIPping and hot-
extrusion (412 MPa for 0.2% proof stength, 452 MPa for UTS, 14% elon-gation,
93 GPa for Young's modulus and 448 MPa for Hv/3), clearly indicating that
not only the estimated strength values (520 - 600 MPa) at densities of 90 -
95% exceed the bulk strength (452 MPa) but also the extrapolated value of



620 MPa at a 100% density is outstanding. This suggests that improved
strength is one of the advantages of EDC for consolidation of rapidly
solidified powder materials.

I I I I

2100 - N 2-atomized kl-8Cr-t 700

(30 mic:ons particle size)
.Ufttrapld.60

=,1800 60fA"
U0

IU 100 0500 c
00- 00aioFigure 7 The estimated

1200 ficrostructure 030 aillio 400 strength versus achieved

20aered £20 h density for nitrogen-
01l lliZZohua atomizedal-8Cr-2Ti powders

900 300 consolidated by EDC.

80 85 90 95 100
Achieved density (2)

* Conclusion

Electro-discharge compaction of nitrogen atomized Al-8Cr-2Ti powder was

carried out in air under the applied pressure of up to 103 MPa. Fcur charac-
teristics of EDC, namely the preservation of the unique microstructure

inherent in rapid solidification, the capability of removing oxide films on
powder particle surface, the densification and the improvement of mechanical
properties were examined in detail by microstructural observations, density
measurements and microhardneos measurement6 of EDC compacts. It is concluded
that the above mentioned four characteristics of EDC are fully demonstrated
and EDC is a promising compaction technique for rapidly solidified
materials.
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Effects Other Than Heating by High-Intensity,
High-Frequency Microwaves in Materials Processing*

H. D. Klmrey and M. A. Janney
Oak Ridge National Laboratory

Oak Ridge. TN 37831-8071

Microwave sintering possesses unique attributes and has the potential to be
developed as a new technique for controlling microstructure to improve the
properties of advanced ceramics. Because microwave radiation penetrates
most ceramics, uniform volumetric heating is possible. Thermal gradients.
which are produced during conventional sintering by conductive and
radiatve heat transier to and within the part, can be minimized. By
eliminating temperature gradients, it is possible to reduce internal stresses.
which contribute to cracking of parts during heat-up and sintering. and to
create a more uniform microstructure, which may lead to improved
mechanical properties and reLiability. Recent investigations comparing
microwave and conventional sintering have identified additional benefits to
microwave sintering. Using 28-GHz radiation, it has been demonstrated that
alumina can be densifled at temperatures 300 to 4000C below those
temperatures used in conventional processing and that a uniform,
fine-grained microstructure can be obtalned. Microstructural analysis has
revealed no difference in the variation of surface area with density for the
two sets of samples. However, the evolution of pore size with densification
differs considerably for conventionally sintered alumina and for
microwave-sintered alumina. Furthermore, comparing pore-size distribution
curves at similar densities (e.g., microwave at 77.2% and conventional at
78.5%) shows that not only is the median pore size different, in addition to
microstructural analysis, but the shape of the pore-size distribution curves is
different as well. The sintering data have been refined to calculIAe an
apparent activation energy for sintering. For conventional sintering. the
apparent activation energy was -575 kJ/mol [typical for alumina, Wu et al..
Adv.,Cera.. 10, 574-582, (1983],whcreas the value for microwave sintering
was only -170 kJ/mol. These data suggest that the microwave firing enhances
the diffusion of aluminum and oxygen ions during sintering. Several
approaches are being used to identify the primary mechanism(s) responsible
for influencing microstructural development during densification. One is to
study grain growth in dense, hot-pressed alumina, where the kinetic process
is much simpler than in sintering; only movement of the grain boundaries is
involved, which id controlled by either grain boundary or volume diffusion.
Another approach is to study the sintering process using dilatometry. The
latest results will be reported.

*Research sponsored by the Office of Energy Utilization Research. Energy
Conversion and Utilization Technologies (ECUT) Program. U.S. Department of
Energy. under contract DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc.
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RAW DATA FROM THE MICROWAVE
DILATOMETER FOR AN

ALUMINA SINTERING RUN
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LASER PROCESSING OF MATERIALS*

J. Narayan
Materials Science and Engineering

North Carolina State University
Raleigh, NC 27695-7916

ABSTRACT

Lasers Provide a controlled source of atomic and electronic excitations

which can be used for a variety of materials processing applications.' -6 Photons

interact with electrons as atoms are too heavy to respond. The laser-solid

interactions are related directly to macroscopic properties such as absorption

and reflectivity. As a function of laser parameters (wavelength, pulse duration,

and energy density), the materials processing methods can be classified

* broadly into three regimes: (a) high-energy regime-surface cleaning, etching,

thin film deposition, shock deformation, etc.; (b) medium energy-melting and

solidification, near surface alloying, semiconductor looping, zone refining, etc.;

and (c) low energy-electronic and vibrational energy transfer producing

nonthermal, photolytic effects.

In the high energy evaporation regime, the laser physical vapor

deposition can be used to achieve deposition of high-Tc superconductors,

diamond and diamondlike thin films. Using nanosecond (pulse duration 20-

40ns, energy density -2Jcm- 2) lasers, the stoichiometry of a multicomponent

target can be reproduced into the laser evaporated film. As an example, the

stoichiometry of the four (YBaCuO) and five (BiSrCaCuO) component high-

temperature superconductors have been shown to be preserved in the form of

thin films. Using this method, excellent quality films of YBa 2Cu 3 0 7 ,

* Bi2Sr2CalCU20 6, TiN, TiC, WC, BaTiO 3, stainless, MgO, ZrO2, diamond and



. diamondlike ... have been obtained. Selective etching and patterning with a

high-degree of spatial selectivity are expected to lead to maskless lithography

in the near future. Shock deformation of near surface regions can lead to

enhanced hardness as well as toughness for certain materials. Formation of

deformed layers in the near surface regions of extra hard materials with low

toughness provides sources of dislocations, thus enhancing toughness and

ductility.

In the medium energy range, the lasers can be used as a controlled

source of heat with a high degree of spatial selectivity. In this regime of laser

energy, rapid melting and solidification can lead to formation of novel materials

with unique microstructure and with chemical compositions much higher than

solubility limits. The microstructure, ranging from amorphous to single crystal of

laser modified regions can be controlled by changing laser parameters and

substrate properties. In this regime or slightly below, the lasers can be used to

atomically clean the surfaces and remove any absorbates.

Finally, lasers can be used to break chemical bonds by exciting the

electrons to antibonding states or by coupling the energy to vibrational modes.

The electronic antibonding absorption in SiH 4 starts at 167nm (60,000 cm -1) via

single photonic process, whereas, C02 laser (10.6p.m with very low photon

energy -100 meV) can be used to break bonds via coupling to vibrational

modes. Since the energy remains into the electronic system or a small amount

into the vibrational modes, thin film deposition of silicon is possible at very low

temperatures (as low as 100 to 200 0C). This is expected to revolutionize the

formation of advanced integrated circuit devices. Similar examples can be

drawn for TiN, Al and GaAs thin film formation, as shown below:

0C



hv
SiH 4(g) -4 Si + H2  (1)
Si2F6  T

4P 0.. _ h-... . *

TiX4(g) + 2SiH 4 - TiSi2 +4HCI + 2H2 (2)
(x = CI,Br, 1) T

hv
TiX4 (g) + NH3 -- TiN + HCI + H2  (3)
(x = CI,Br, I) T

hv
Al2(CH 3)6 -> Al (4)
A12 (C2H5)6 T

hv
Ga 2(CH3)6 + AsH 3 -4 GaAs (5)
Ga 2(C2H5) 6  T

In semiconductors, lasers or photon beams can produce a high density of

electron-hole (e- and h+) pairs. These electrons and holes can influence

materials processing in a variety of ways: (a) Charge states of defects

(vacancies, interstitials and dislocations) can be changed, enhancing their

mobilities. This has been shown to lead to enhanced multiplication of

dislocations. A rapid glide and climb behavior has been observed in

semiconductor heterostructures such as GaAs/GaAIAs and I nP/InGaAsP;

(b) The high concentration of electrons and holes can influence surface

reactions, by migrating to the surface, and deposition kinetics of thin films.

These carriers can also break the bond of any absorbates on the surface and

provide surface cleaning.
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July 20, 1989

Professor Hans Conrad
Department of Materials Science and Engineering
North Carolina State University
Raleigh, North Carolina 27695-7907

Dear Hans,

I would like to thank you for inviting me to participate in the ARO Workshop. Exposure to
the various research efforts involved with the effects of fields on processing of materials was
mainly unknown to me and seems quite remarkable, although many questions remain unan-
swered. Of special inLerest were the effects of electropulsing, electric field and magnetic field
on dislocation flow, recovery, fatigue, grain growth, hardness, etc. Although the phenomena
seemed real and reproducible, it is difficult to understand the fundamental mechanisms in-
volved. The same is true for microwave sintering and ultrasonic forming or sintering.

It is clear that the research effort should begin to focus on the more fundamental aspects of
field effects, with controlled samples and in situ measurement techniques to help analy7e
structural chan-!s in real time. If transient effects are important, and they appear to b to
me, then after-the-fact analysis will not be helpful to elucidate the mechanistics of the inter-
actions taking place. Perhaps it would be useful to have a meeting specifically for the purpose
of identifying appropriate analytical methods that could be utilized. Only by understanding
how fields actually cause the observed effects can more generic use of the technique be made;
for example, in processes or properties associated with microelectronics. Also, it may be of
interest to understand the role of external fields on interface interactions and reactions within
layered structures which are of considerable interest to those involved with processing of
microelectronic or optoelectronic components. Perhaps IBM people can be of some help in
these areas.

As you requested, I edited the write-up I gave you to include a few key references. A copy is
enclosed

Sincerely,

, *. l -

Robert Rosenberg
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THOUGHTS ON POSSIBLE EXPLANATIONS FOR THE VARIOUS
OBSERVATIONS PRESENTED AT THE WORKSHOP

D. Kuhlmann-Wilsdorft and H. Conradtt
tUniversity of Virginia

ttNorth Carolina State University

INTRODUCTION

Conveniently, one may separate the basic considerations regarding effects of

electromagnetic fields and currents on mechanical properties into three

categories, as follows. First, known observations made on electrical contact

resistances, especially of electrical "brushes", which place limits on the range of

possible explanations. Second, unintended and typically unrecognized side effects

of current passage and/or the application of strong electric or magnetic fields.

Third, the framework in terms of dislocation theory into which all possible.explanations must fit. The relevant considerations will be presented in turn.

OBSERVATIONS ON ELECTRICAL BRUSHES

The performance of sliding electrical contacts, i.e. what conventionally is

called electrical "brushes", derives from the mechanical behavior of the surface

zones of the contacting materials while subject to very high current densities.and

electrical field strengths. Namely, under applied normal force P across the

sliding interface of macroscopic area A, real mechanical contact takes place only

at a restricted number of contact spots whose total area is, in first approximation,

Ac = P/H (1)

where H is the impression (Meyer) hardness of the softer of the two sides. The

ratio of the macroscopic current density J-= I/A of a sliding electrical contact to

the actual current density at the contact spots Jact is therefore



jicA = A/Ar = H/(P/A) = H/p (2)

where p = P/A is the macroscopic mechanical pressure between the two sides.

With p typically fairly small in order to contain friction and wear, Jact therefore

tends to be very high in quite ordinary sliding contacts, e.g. Jact = 50,000 Amp/cm 2

at I = 0.4 Amp passed through some gold-plated copper fiber brushes sliding on a

gold-plated copper substrate which are currently under study. And meanwhile

the local electrical field is also very large, namely in the present example about

20,000 V/cm across the interfacial film which is only about 5 A thick. In actual

use such brushes could carry at the least 40 Amps of current, and at fixed total

contact spot area the local current density and fields would correspondingly

become 5 TMA/cm 2 and 2 MV/cm, respectively.

Since, as seen, the local hardness H at the contact spots controls A=, and

since moreover the macroscopic brush resistance, R, is in first approximation

* inversely proportional to A., it is R - C/Ac = const H/P. Correspondingly,

measurements of R as a function of current I are a potentially extremely powerful

method to look for mechanical effects due to electric currents and fields, especially

when only "tunneling films" are on the surface whose film resistivity (OF) is

independent of current density and almost independent of local temperature.

Specifically, softening through high current densities and/or electrical fields

should cause R(I) to be concave.

In fact, a decrease of R with I is seen quite commonly since many surface

films show a strong negative temperature dependence of OF . However, for

constant OF, R appears to decrease with I only under conditions in which contact

spot heating becomes strong, and in that case the R(I) dependence can be

satisfactorily explained through the decrease of hardness H with rising

temperature. Without contact spot heating and while OF is constant, all

measurements made by or known to these writers yield R independent of I. Such
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* measurements include metal fiber brushes made of various pure metals and a

few alloys, as well as metal-graphite brushes. Most interestingly, in the latter

case, specifically silver-graphite brushes, a series of investigations has recently

shown no differences in contact spot behavior when contact spot temperatures

were changed between room temperature and about 220'C either via heating in an

oven without current flow, or via the passage of high current densities through

brushes running at ambient temperature.

Not as clear-cut but yet suggestive are recent very careful measurements on

the already mentioned fiber brushes made of 50 pm thick gold-plated copper wire

and sliding on gold-plated copper. In these, the coefficient of friction was

determined as a function of current flow. No difference was discovered anywhe-e

between -0.4 Amp and + 0.4 Amp, i.e. local electrical current and field changes

between zero and plus/minus 5 MA/m 2 and 2 MV/m, respectively.

* The above considerations show that explanations of effects of currents and

electrical fields on mechanical behavior should be compatible with established

data on the electrical contact resistance between materials as a function of applied

normal force and current. Moreover, careful measurements of contact

resistances should become part of the arsenal of accepted methods for the study of

current and field effects on mechanical behavior.

The electrical interfacial resistance is generally strongly affected by changes

of aF, the film resistivity of the ubiquitous surface film. Indeed, for the case of

fiber brushes, R is proportional to aF, meaning that not only current and field

effects on the metal itself can be studied, but also those of interfacial film

material. The already cited lack of any noticeable effects of current changes in the

fiber brush clearly indicates that in this case neither the metal nor the surface

film was affected. In this connection it may be remembered that the so-called

* Rehbinder effects, which aroused much interest about thirty to forty years ago,
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* have aspects strongly reminiscent of some of the effects due to current and field

applications reported in this workshop, and that Rehbinder effects are probably

due to very thin surface films. Since there were only monomolecular layers

present on the gold-plated brushes and substrate, the above negative result still

leaves scope for explanations based on surface films, especially since at least 20 A
surface films are always present on non-noble metals in the atmosphere.

EASILY OVERLOOKED SIDE EFFECTS

The Electro-Mechanical Effect

Side effects which are prone to be overlooked include very importantly the

magneto-mechanical" effect. The latter was repeatedly mentioned during the

workshop. It is due to the fact that magnetic fields, and thus also changes of

magnetic fields, do not penetrate conductors instantly but "diffuse" into them.

* Therefore metals which are suddenly exposed to a magnetic field of strength B,

are in the first one hundredths second or so subjected to the mechanical pressure
2

Pmag = B /2 %1 (3)

with Lo = 4i1o - 7 volt s/Amp m.

In agreement with eq. 3, the sudden application of B = 1 Tesla = 1 N/Amp =

10,000 Gauss, as generated by a modest electromagnet and equal to 50,000 times

the earth's magnetic field, imposes the transient mechanical pressure of Pmag =

(1/87 x 10- 7) N/im2] = 0.4 MPA. For a super-conducting magnetic B = 100 Tesla,

and the pressure generated by sudden exposure would thus be 400 MPA, while the

sudden discharge of a capacitor through a coil can give rise to still much larger

pressures.

The possibility of very powerful compaction which this effect offers is used in

* a commercially available compactor manufactured by the Maxwell Corporation in
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San Diego, for example. The suppression of the bursting of an explosive-filled

pipe on ignition reported by N. Tselesin may be an example of the magneto-

mechanical effect, and also the experiments reported by Okazaki.

Non-Uniform Heating at Contact Spots, Through the Skin Effect, and at Spots of

Locally Increased Resistivity

Local heating, resulting in "flash temperatures" much above the average

temperature rise, can cause unexpectedly large local softening. A prime example

is machining under current flow. Here the superimposed current dumps Joule

heat at the very contact spots which are already being strongly heated through the

friction. Since electrical resistivity and thus Joule heating at same current

increases with temperature, the contact spots could indeed melt and thus provide

for local and very beneficial liquid lubrication.

Another source of uneven Joule heating and thus unanticipated temperature

* peaks is the skin effect. It derives from the same source as the magneto-

mechanical effect, as a current cannot exist without the associated magnetic field

and the magnetic field cannot penetrate a metal instantaneously. Thus

alternating currents are concentrated at the surfaces, the more so the higher the

frequency. In straight wires subject to short current bursts, the Joule heating is

correspondingly concentrated at the circumference and local temperature

increases can be much higher than anticipated. Since in thin wires the strength

at the surface is particularly important (as demonstrated so clearly in Rehbinder-

type experiments) differential heating of the surfaces must often give rise to

differences between current-pulsed thin wires and uniformly heated dummies.

Short current pulses in porous or otherwise multiply connected metals

concentrate the current about the circumference of the solid parts for the very

same reason. There is therefore yet another component to the effect of pulsed

* current-assisted sintering studied by Ozakai, i.e. preferential heating where
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particles contact mechanically, exactly where heating does the most good.

Besides, passing a DC current through a compressed metal powder will lead to

local heating at the contact spots also for the independent reason that current

constrictions arise there. Indeed evidence of high transient temperature spikes at

contacting spots between particles was clearly visible in the micrographs shown

by Okazaki.

In solid samples all areas of higher than average resistivity that are not

easily bypassed by the current flow, such as inclusions, pores, grain boundaries,

cause locally increased Joule heating and the corresponding temperature peaks,

since Joule heating is proportional to j2p with p the local resistivity and j the

current density. The combination of skin effect and locally increased Joule

heating at defects, causes temperature peaks at grain boundaries and inclusions

at and near the surface of current-pulsed samples. The same occurs as a result

* of exposure to micro waves. Due to the rapid local equilibration of temperature in

metals such effects are entirely negligible in DC heating. However, as already

indicated in a discussion remark to the paper by Kimrey and Janney by one of the

present writers, this effect can be significant in micro-wave heating, especially in

view of the critical role grain boundaries can play in plastic deformation.

Unexpected Stresses

Any and all types of non-uniform heating are associated with the corresponding

thermo-elastic stresses. To the extent that in bulk materials local thermal

expansions or contractions have to be accommodated by elastic if not plastic

strains, there is an equivalence between thermally-induced local tensile or

compression stress Gth (assuming essential uniaxial stress) and temperature

differences 6T, namely

Tth - c Y 5T (4a)

* where a designates the coefficient of linear thermal expansion and Y Young's
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* modulus. By a well-obeyed empirical formula linking a to the melting

temperature TM in Kelvin, namely c - 0.02iTM, one may also write

ath = 0.02 Y ATYTM (4b)

The magnitude of the thermo-elastic stresses will be appreciated if it is realized

that in accordance with eq. 4b the 0.02% yield stress corresponds to AYyield

TM/100, e.g. about 1000 C in aluminum.

The application of electric fields is unlikely to cause bulk effects in metals

since, according to Gauss's law, the interior of conductors is field-free except for

the minor electric fields associated with currents. However, external electric

fields cause polariation in both metals and nonmetals, and depending on

specimen shape, the forces with which the corresponding dipolar surface charges

mutually attract can be sizeable. For flat, smooth specimens subject to a

transverse electric fild the resulting compressive stress is

2
aE = EoK(V/D) /2 (5)

with V the applied voltage, D the distance between the polarized surfaces, K the

dielectric constant, and eo = 8.85 x 10-12 Amp sec/Volt m. In J. C. M. Li's

experiment, V/D = 107 V/m and K = 6 (as for undoped KC1), more or less,

rendering aE = 0.026 MPA. Considering that surface charge density and electric

field strength are inversely proportional to local radius of curvature, surface pits

and scratches are bound to be associated with stress peaks, and it seems safe to

conclude that polarization stresses were responsible for J. C. M. Li's results.

In cases of magnetic field applications to ferro-magnetic materials or

materials with ferro-magnetic inclusions, magnetostriction is another source of

unsuspected mechanical stresses. Minor internal stresses arise through

different orientations among grains, since magnetostriction is crystallo-

* graphically anisotropic. Higher magnetostrictive stresses are transiently
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S generated through the already dis,,.sed "diffusion" of magnetic fields into

metals, whereby the depth of penetration rises proportionally with the root of

elapsed time. Thus the depth to which currents, magnetic fields and

magnetostriction penetrate in steady state is proportional to 1/4v with v the

frequency of the current or magnetic field application.

Typically, magnetostriction stresses are smaller than thermo-elastic stresses

and they saturate already at relatively low external field strengths. The

magnetostrictive saturation strain is eM = 8 x 10-6 in iron and about five times

larger in nickel. The corresponding maximum mechanical stress to compensate

for CM in the same manner as mechanical stresses compensate for temperature

gradients is

-5
aM = MY=x1O Y=0.05 0.o0 2% (6)

* Thus one can hardly expect significant strength changes through

magnetostriction. However, Rehbinder-type effects might be triggered by

magnetostriction.

Side Effects Through Testing Equipment

Magnetic fields certainly cause magnetostriction also in testing equipment,

specifically for example in iron rods and grips of tensile testers. As these saturate

already at modest external fields an.Ld tend to be larger and more rigid than the

samples, the thusly imposed unexpected stresses can be sizeable. To the extent

that also current applications typically involve unscreened magnetic fields, one

should watch for possible machine-induced magnetostrictive strains also in all

cases of AC or pulsed current and/or electric field applications.

Another case of machine-induced stresses presumably is the polarity effect

in wire-drawing under current application, as was already pointed out by one of

* the present writers in the discussion. Namely, the voltage drop across a sliding
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contact at a wire is at the least about 0.2 V. The corresponding Joule heat at the

"upstream" contact will be largely dumped into the wire and may be sizeable.

Certainly it is likely to dwarf the Joule heat evolution along a length of wire of

typical metal resistivity p = 5 x 10-8 m. Namely, in such a wire a voltage drop of

0.2 V along a length of 1 m requires the current density

j (V/L)/p =0.2/5x10 - =400 A/cm 2  (7)

Thus each of the two sliding contacts required to pass a current through a wire

while being drawn will generate Joule heat at a rate which in a typical 10 cm long

wire would require a current density of 4000 A/cm 2 = 0.4 MA/m 2 . Now the voltage

drop at a sliding contact has a distinct polarity, i.e. normally it is only about one-

half to two-thirds as large when the smaller contact is negative relative to the

substrate than when it is positive. Thus, clearly the Joule heat deposited into the

wire by the "upstream" brush affects the test section much more than the

* "downstream" brush. Much the same source of easily overlooked Joule heating

subject to polarity exists, of course, in the case of rolling while current is applied.

Much more evident than either of the above, and therefore probably not so

easily overlooked, are thermal stresses as samples are heated between rigid grips.

Buckling may occur under certain conditions, i.e. with fairly slender samples

(and if the elastic strain is smaller than the thermal expansion) and this will

simulate a drastic reduction of strength in tensile testing.

LIMITATIONS ON POSSIBLE THEORIES

Dislocation Drag and Surface Films

The most widely accepted hypothesis for explaining effects of currents and

fields on mechanical properties are drag forces acting on dislocations, especially

due to conduction electrons. We know from the theory of plastic deformation that

dislocation drag is a (normally additive) contribution to the so-called "friction
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* stress". In terms of resolved shear stresses, the magnitude of the friction stress

(r) to the flow stress (t) is typically only to/r - 0.1. However, To can be relatively

larger. to can indeed dominate r at small strains at any temperature, and during

creep at all strains.

So far widely overlooked is another source of interesting effects due to

currents and fields. This is the already repeatedly mentioned presence of

invisible surface films. Thick surface films do, of course, contribute their

ordinary mechanical strength to a wire, for example. But more subtly, thin

surface films can hinder the egress of dislocations through otherwise free

surfaces, thereby converting surface zones from extra weak areas in which

dislocations are removed via image forces, into hard layers which present an

obstacle against dislocation motion. Rehbinder-type experiments give many

examples of such effects, to which in particular samples of relatively high

S internal perfection and relatively small dimensions are prone.

Highly relevant in connection with effects due to unsuspected surface films is

the time-dependent penetration of current and magnetic field into samples during

pulsed and AC applications, esp.,cially since the mechanical effects of surface

films tend to be temperature sensitive. To give a few guideline figures: The

penetration depths at v = 104 Hz are 8 = 0.85 mm, 0.66 mm and 1 mm for

aluminum, silver and brass, respectively, while as already stated &lv = constant.

Quantitative Limitations on Electron and Phonon Drag

The theoretically derived magnitude of electron drag given by Brailsford is too

small as that it could account for any of the reported effects, as follows. The stress

contribution to to due to electron drag at relative velocity vrel between dislocations

and conduction electrons is

te = BeVei /b (8a)
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with b = 3 x 10-10 m the Burgers vector. According to Brailsford, the electron drag

* coefficient is Be = 10- 5 dyn s/cm 2 = 10- 6 N s/m 2, independent of temperature. The

phonon drag coefficient is 10 to 100 times larger. Correspondingly, at the extreme

upper limit of possible dislocation velocities vmax = 103 m/s, one obtains cemax , 3

MPA. However, any differences of ro due to changes in re in experiments with

and without current application are proportional not to the dislocation velocity but

the conduction electron drift velocity, ve. At the highest reported current density

of about Jmax = 1010 A/m 2, with Ne - 102 9/m 3 the numerical conduction electron

density and e = 1.6 x 10-19 Amp-sec the lectronic charge, this is found as

Vemax = Jmax/Nee = 0.6 m/sec (9)

yielding

cemax = Bevema./b = B6Jm/bNee = 2000 N/m2  10- 3 to (8b)

Estimates by Soviet workers (see paper by Conrad et al on Electroplasticity) give as

* a maximum about an order of magnitude larger value for Be and in turn for

teraax.

Since phonons travel in the 103 m/s speed range and the phonon drag

coefficient is one or two orders of magnitude larger than Be, phonon drag can

contribute correspondingly much more to t, and in fact may well limit actual

dislocation velocities to values much below 1000 n/sec.

Dislocation Charge Effects

In insulators, dislocations can be charged in either of two ways: (i) They will

flex to approach charged defects to which they may be attracted as closely as

compatible with dislocation line tension and mobility. (ii) Charged mobile defects

migrate tc the dislocations and form Cottrell atmospheres on them. The

movement of dislocations charged through the mechanism (i) does not cause

* charge movement and thermfore electric fields do not exert any forces on such

dislocations.
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If a Cottrell atmosphere has an excess charge of me per length b of

dislocation line, wherein m will at the most be unity, the equivalent stress

generated by an electric field E is

TE = meE/b2 - 2mE [PA m/V (10)

At m = 1, therefore, an E = 106 V/rn electric field will generate tV = 2 MPA

equivalent stress on dislocations with charged Cottrell atmospheres. Assuredly,

such a value of zE can give rise to significant effects, and even more so the

proportionately higher stresses due to stronger electric fields. However, the

maximum speed of the resultant dislocation motion is that with which the

dislocations can drag their atmospheres, and chemical segregation, much as in

electrochemistry, will be observed at the electrodes. Once the dislocations break

away from their atmosphere, they no longer suffer forces due to the electric field.

* Clearly these were not the conditions in any experiments reported at the

workshop.

SUMMARY AND wNCLUSIONS

Theory shows that electronic drag on dislocations is too small as to generate

observable effects due to currents and/or fields. This deduction is in agreement

with observations on electrical brushes which suggest that there are no, or at the

least only insignificantly small, direct effects of electric currents and fields on the

mechanical properties of metals. However, observations on brushes do not rule

out such effects in the case of non-metals. Studies on the latter could be favorably

carried out by means of electrical contacts including surface films.

An important source of relevant effects are invisible surface films as are

ubiquitous on non-noble metals in the atmosphere. Specifically, about thirty to

* forty years ago Rehbinder of Russia, and following him many Western authors,
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* have studied subtle effects some of which are similar to those of currents and

electric/magnetic fields, which are largely due to unseen surface films. It is

proposed that special attention therefore be paid to such a possibility.

Electrical fields can exert equivalent stresses on dislocations in non-metals

when they drag charged Cottrell atmospheres. Effects resulting from such forces

will be strongly temperature dependent and will be associated with generally

small strain rates as well as with chemical depositions at the electrodes. Directly,

transverse electric fields can give rise to significant compression stresses in the

direction of the field lines. These may be alternatively interpreted as due to the

electric attraction of polarization charges or by the volume energy of the electric

field.

The application of pulsed or AC currents leads to the skin effect which

becomes important for normal laboratory specimens of 1 cm diameter or so when

* the frequency exceeds 100 Hz. In general, at frequencies of v Hz, only a skin of 5 =

10/'4v [cm] of the specimen will be penetrated by the current and similarly by

magnetic fields.

The non-uniform Joule heating resulting from the skin effect is bound to give

rise to thermo-elastic stresses which are concentrated at the surfaces, just where

surface films may have an unsuspected significant influence on mechanical

behavior. Similarly, also magnetostrictive stresses will arise at surfaces, albeit at

a typically uninterestingly low level.

A potentially very important corollarly to the skin effect is the peaking of

Joule heat at contact spots in compacted powders as also at crystal defects which

are not easily circumvented by a current. In combination with the electro-

mechanical effect, due to the sudden application of magnetic fields, pulsed

current applications can therefore be very useful in sintering. Beneficial effects of

* current passage during machining can be understood theoretically through
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selective Joule heating at the interface, supplementing friction heat and leading

* to local softening if not melting.
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ISSUES AND OPPORTUN1TIES

Hans Conrad
North Carolina State University

1. INTRODUCTION

The papers presented at this workshop affirm that externally-applied

electric, magnetic, electromagnetic or ultrasonic fields can have a significant

influence on the properties of inorganic materials (metals, semiconductors and

ceramics). The resulting effects thus need to be taken into account when

considering the use of materials (structural or electrjnic) in environments

containing such fields. Further, the effects may be beneficial in the working,

forming and processing of materials, offering opportunities regarding: (a)

difficult-to-fabricate materials, (b) more efficient processes and (c) improved

* properties of the product. In this discussion I wish to review some of the issues

involved and opportunities for research, and for application, which were brought

up during the Panel Discussion session and throughout the workshop. I must

point out that my reporting will reflect my background (materials science and

engineering) and will be somewhat biased towards the research areas in which I

have been active, namely the effects of electric fields and currents on the

properties and behavior of metals and alloys. The preceding discussion by Prof.

Doris Kuhlmann-Wilsdorf (with input from this writer) offers additional thoughts

and views on the subject. The comments in the letter by Dr. Rosenberg are also

highly appreciated in view of his extensive background in the subject of the effects

of electric fields and currents on the behavior and properties of materials (thin

films).



2. ISSUES

Major issues pertaining to the effects of the above-mentioned fields on the

properties of inorganic materials include the following-

1. What fraction of a reported effect results from indirect (side) effects

rather than a direct effect of the applied field?

2. What are the operative mechanisms?

3. What are some research opportunities?

4. What potential applications are indicated?

2.1 Side Effects

This issue pervaded discussions throughout the workshop and is considered

to be of prime importance. The principal side effects are heating and induced

mechanical stresses, including thermal stresses and those resulting from

electro-magnetic forces (electromotive or pinch, magnetostriction,

. electrostriction).

Joule heating is the major side effect when considering the influence of a

continuous dc current on the mobility of point defects (electromigration) and of

line defects (electroplasticity) in metals. It is usually taken into account by

considering that the rise in temperature produced by Joule heating has the same

effect as that resulting from conduction (convection) or radiant 'eating, and

excludes the existence of local "hot spots" produced by the scattering of electrons

at crystal defects. That such hot spots do not play a role in single phase alloys is

supported by the good agreement between the measured values of the atomic drift

velocity in Al, Cu and Au, and theoretical predictions [1-3].

When pulsed dc currents are employed, skin and electro-magnetic side

effects need to be considered in addition to Joule heating. The non-uniform

current associated with the skin effect can lead to temperature gradients and in

* turn thermal stresses. Skin effects were avoided in the studies with high-density
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electric current pulses by Troitskii of the Soviet Union and Conrad and coworkers

(reported here) in that the diameter (- 1 mm) of the wire specimens they used was

less than the calculated skin depth [4]. Regarding electro-magnetic forces,

estimates by Conrad and coworkers [4] indicated that they were insignificant

compared to the direct effects of the current. Further, the polarity effects reported

by Soviet workers [5-7] provide rather strong support that a significant portion of

the electroplastic effect results from a direct electron-dislocation interaction, since

the side effects of Joule heating and electro-magnetic forces should not depend on

current direction. Further evidence that Joule heating could not account entirely

for the increase in plastic strain rate which resulted from a current pulse

(Conrad) is that the magnitude of the effect in FCC metals increased with

increase in prior plastic strain even though an increase in temperature from

Joule heating is expected due to the increase in density of crystal defects produced

* by the deformation [4]. Also, in the work by Conrad and coworkers [4], thermal

expansion resulting from Joule heating was always measured and taken into

account.

Fuether support that electro-magnetic forces did not make a significant

contribution to the electroplasticity of Zn crystals deformed at 78K is that after

correcting for Joule heating a reasonable correlation was obtained between strain

rate i and current density j by taking = e/tpVp, where tp is the pulse duration time

and Vp the frequency of pulsing; see Fig. 4 of [8]. This suggests that the effect

produced by a given current density depends only on the total time the current is

"on" and is independent of the frequency of pulsing, which governs the electro-

magnetic forces and possible "shock" effects of the current pulse. Q nce the rest

interval between pulses will vary with vp (and to a lesser degree with tp), a

consant response for a constant product tpVp will however only occur if the defect

* structure does not change during the rest period. That changes in structure may
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* sometimes occur is indicated by the results of Stashenko and Troitskii [91, who

found that the increase in creep rate of Zn crystals varied with the time interval t,

between the individual pulses of paired pulses, other conditions being held

essentially constant. A change in structure during the rest interval between

pulses may be the reason that a variation in pulse frequency during the

electropulse annealing of Cu affected the rate of grain growth, whereas changes

in pulse duration time had no effect; see Fig. 6 in [10

In studies on the effects of an externally-applied electric field, such as those

by Li and by Conrad and coworkers, Joule heating is not a factor. Also, the

electrostrictive stresses are not of sufficient magnitude to produce the observed

effects. As mentioned in the discussion by Prof. Kuhlmann-Wilsdorf, the equation

for such stresses based on a parallel plate condenser is

a = A-/ A = 1/2 oKE2  (1)
dx0

where co is the permittivity of free space (= 8.854 x 10- 12 in inks units), K the

relative permittivity of the dielectric medium, x the spacing between the plates, A

the area of the plates and E the electric field. Taking K - 6 and E - 10' /rm for

Li's experiments on KCI, and K - 1 and E = 105 - 106 V/n for Conrad ot al's on Al,

Cu and Fe, we obtain a - 104 Pa and a - 10-2 - 1 Pa respectively for the two sets of

investigations. These electrostrictive stresses are considerably below the yield

stresses of the materials employed (CRSS (KCI) = 106 Pa; Y.S. (Al, Cu, Fe) - 106 -

108 Pa).

Heating and induced mechanical stresses are important side effects when

pulsed magnetic fields, lasers and ultrasonic waves are applied. The contribution

of these side effects to the results produced by the named fields is not clear to this

writer. Also not clear is what role the current played other than heating in

* electrodischarge compaction of metal powders (paper by Okazaki). Further, the
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e question was raised whether the decrease in activation energies for sintering and

grain growth in alumina using microwaves (Kimrey and Janney) was real or

merely reflected the occurrence of local hot spots.

From a quantitative standpoint, the direct effects of the various fields

considered in this workshop can in themselves produce changes in properties or

rates ranging from only a few percent to orders of magnitude, depending on the

material, the property considered and the intensity of the field. The direct effects

combined with the side effects of heating and induced mechanical stresses will in

general produce substantial changes in kinetics, microstructure and properties of

inorganic solids. The advantages of the combined direct and indirect effects need

to be considered when considering applications. Also, combined fields (e.g.

electric fields or currents plus ultrasonic waves) should be given consideration.

2.2 Mechanisms

Our understanding of the mechanisms by which the various externally-

applied fields influence the properties and behavior of solids and the kinetics and

microstructures associated therewith is still very meager. Only in the case of

electromigration do we have a relatively sound fundamental foundation, the

concept of an "electron wind" being an important building block. The action of an

electron wind also appears to be important in the electroplasticity of metals [8].

However, the magnitude of the expenimentally-derived electron wind push

coefficient Bew [8] is somewhat higher than the electron drag coefficient Be

predicted by rigorous theoretical calculations (paper by Brailsford). Moreover, the

temperature dependence of the experimentally derived value of Bew is not in

keeping with theoretical predictions of a temperature-independent Be. Further,

the fact that by far the largest effect of the current was on the pre-exponential of

the thermally-activated plastic deformation rate equation is somewhat puzzling

* and requires further study. The possible role of combined electron-phonon-
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dislocation interactions needs to be addressed regarding these departures from

predicted behavior based entirely on electron-dislocation interactions.

The explanations of electroplasticity and plastoelectricity in ionic crystals

(due to an applied electric field) based on charged jogs on dislocations (Li) seem

sound, but additional work is needed to quantify the behavior. Also, the question

arises whether charged defects in the lattice (e.g. charged vacancies or solutes)

form a Cottrell atmosphere about the dislocations and how does this atmosphere

influences the observed behavior (see discussions by Kuhlmann-Wilsdorf).

Charged dislocations also appear to be important in the photoplasticity of

semiconductors (papers by Galligan et al and by Hochman). The explanation

given by Galligan et al that the increase in stress which occurs upon exposure of a

semiconductor to a light pulse results from the irjection of electrons and holes

and their subsequent migration and interaction with charged dislocations

appears to be sound and a good starting point for future theoretical and

experimental studies.

How an externally-applied electric field produces changes in the center of 1-3

mm thick specimens in the time periods employed is a challenging question

which rises from the work of Conrad and coworkers on the effects of an external

electric field on superplasticity, recovery and recrystallization and hardenability

of steels. Exceedingly large diffusion coefficients would be required if the field

only produced changes at the specimen surface, which then diffused to the center.

On the other hand, electron theory of solids does not allow for the occurrence of an

electric field in the metal. Some questions which arise include: (a) Do the

charges which may exist on vacancies and dislocations in metals play a role? (b)

What role do grain boundaries play? and (c) To what degree does the electric field

influence the Gibbs free energy of a phase? and (d) Do the small currents which

* were observed in their experiments play a role?
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The mechanism by which high-intensity, high-frequency microwaves reduce

the activation energy for sintering and grain growth in alumina is also a

challenging question.

In summary, this writer is of the opinion that the mechanisms responsible

for the observed changes in properties or behavior resulting from exposure to the

various fields considered here are not well understood, first of all in regard to

separating the side effects from the direct effects and secondly, in regard to the

mechanisms responsible for the direct effects. From a philosophical viewpoint it

is clear that to understand the operative mechanisms materials scientists must

now include the electron in their hierarchy of microstructures, the dimensions of

which over the past fifty years have gradually decreased from 10- 4 cm (optical

microscope) to - 10-8 cm (field ion microscope, scanning tunneling microscope

and high resolution TEM) and must now make a quantum jump to the much. smaller dimensions of an electron. Moreover, we will now need to consider in

addition to temperature and pressure the possible influence of a given applied

field on the various parameters of the Gibbs free energy equation

AG = AU - TAS + pAV - fAx (2)

where AU, T, AS, p and AV have their usual meaning; f is an externally-applied,

or internal force and Ax is the distance through which it acts.

213 Resemdi Opportnilies

It is evident from the above that the subject matter of this workshop is only

little understood and there is need for additional work on the fundamental

mechanisms involved. From a fundamental standpoint, studies are needed

which define the charges carried by the various crystal defects and their

interaction with electro-magnetic fields. Moreover, studies are needed on

electronic energies (Fermi surface), phonon energies and electron-phonon,

* electron-crystal defect and combined electron-phonon-crystal defect interactions.
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* In this regard, computer calculations similar to those being carried out by Klein

(this volume) are very exciting and appear promising. The extent to which they

can contribute to answering some of the questions raised in this workshop needs

to be investigated. Additional experimental-theoretical studies similar to those by

Anderson (this volume) are also very desirable. Important to understanding

ultrasonic effects is a knowledge of the interaction between the ultrasonic waves

imparted to a solid and the phonon spectrum, and in turn their combined

influence on atomic and dislocation mobility.

Planned studies on the interactions between the excitations of the lattice and

the crystal defects should be carried out on high purity and well-characterized

single crystals to avoid the complicating influence of grain boundaries. Similarly,

studies of the phenomena considered here, i.e. electroplasticity,

magnetoplasticity, photoplasticity, acoustoplasticity and the other effects of the

* fields, should be carried out on single crystals. Direct observation of the behavior

of point defects (FIM, STM, HTEM) and dislocations (etch pits, TEM, HVTEM) are

needed. To establish the influence of grain boundaries, either bicrystals or

polycrystals with a wide range in grain size should be employed. To better

evaluate the effects of an electron wind, methods whereby ultra-high current

densities (103 - 107 A/cm 2 ) can be employed continuously without excessive

heating of the specimen need to be developed.

It is clear that the needed research overlaps the domains of solid state

physics and materials science and a close interaction between these two

disciplines is desirable for most efficient progress. It is however my

understanding that only few physicists are being trained in the general subject

area of interest here, namely the area previously known as solid state physics.

Materials scientists must therefore make up for this and become more

* knowledgeable in this subject area. Finally, it should be mentioned that much of
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* the research listed here for the effects of fields on materials also has a bearing on

superconductivity.

2.4 Applications

A good amount of the subject matter covered in this workshop is directly

relevant to the microelectronics industry (see papers by Huntington and by

Rosenberg) and better ties should exist between workers on the interaction of

fields with bulk specimens and those involved with thin films, i.e. specimens of

micron or nanometer size.

The Soviets claim to have applied high-intensity electric currents, magnetic

fields and ultrasonics to manufacturing processes with significant benefits (see

papers by Sprecher and Conrad and by Hochman and Tselesin). It is however not

clear the extent to which these processes are actually being employed on a

production basis in the Soviet Union. Except for electromagnetic forming and

* related processes, this writer is not aware of any commercial working or

processing operation in the Western World which takes advantage of the non.

heating effects of high-intensity fields. It does however appear that puised

magnetic fields are being employed by industry to give significant increases in

cutting tool life [11-13].

Some of the more promising areas where results obtained to date suggest

that significant improvements might be obtained in either processing or in the

properties of the product include:

1. Electric Current: Continuous or Pulsed

a. Rolling or drawing of refractory metals or intermetallic compounds

[8,14].

b. Compaction of metal powders [15,16].

c Recrystallization of metals (101.

d. Production or retention of non-equilibrium structures [15,16,16a].
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2. External Electric Field

a. Superplasticity and diffusion bonding of metals and intermetallic

compounds (8].

b. Hardenability of steels (171.

c. Precipitation hardening (17].

d. Joining of ceramics (18,19].

3. Magnetic Fields*, Continuous or Pulsed

a. Hardenability of steels [20,21].

b. Rolling or drawing of magnetic alloys [22].

c. Aligned composites [23].

d. Increased cutting tool life (11-131.

4. Microwaves

a. Sintering and annealing of ceramics [24-27].

b. Joining of ceramics [28].

The use of lasers is not included in the above list because the principal effects

appear to result from local heating, and the potential applications are covered in

detail elsewhere [29-31]. The use of ultrasonics in metal working and processing

appeared promising about 30 years ago, but interest died out shortly thereafter.

The papers by Green, Salama and Hochman at this workshop suggest that this

subject needs renewed consideration.

As mentioned above, both direct and indirect effects may be of benefit in

application of a given external field to a production process. Also, the

combination of two or more fields may be desirable, as indicated by Soviet work

(32]. Finally, an important consideration which needs attention and has not been

addressed at this workshop is the total energy required and the efficiency of a

given process or combination of processes.
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